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Preface

Emergence of modern high pressure science

In many respects, the science of materials has only fully utilized two of its three
fundamental tools —the variables of temperature and chemical composition. Pressure,
the third fundamental variable altering materials, is in many ways the most remarkable,
as it spans some 60 orders of magnitude in the universe. Yet, its true potential for
exploring the nature of materials was for years unfulfilled for a number of reasons: the
accessible pressure-temperature conditions were too modest to cause significant changes
in many materials, samples under high pressure could not be subjected to thorough
analyses, or theory was not sufficiently well developed to understand or predict the
variety of phenomena suggested by experiment or observed in nature. Thus, high pressure
research existed as a relatively minor subfield within the traditional disciplines of the
physical sciences.

This state of affairs has changed dramatically during the last decade. High pressure
science has experienced tremendous growth, particularly in the last few years. With
recent developments in static and dynamic compression techniques, extreme pressure
and temperature conditions can now be produced and carefully controlled over a wide
range. Moreover, a new generation of analytical probes, many based on third-generation
synchrotron radiation sources, have been developed and can now be applied for accurate
determination of the structural, dynamical, and electronic properties of matter under
extreme conditions. Finally, developments in computational techniques and advances in
fundamental theory tested against bountiful new experimental results are both deepening
our understanding of materials as a whole and guiding subsequent experimental work with
new predictions.

It was for this reason that this course on high pressure science was held at the Inter-
national School of Physics "Enrico Fermi" in July 2001. Though presented in a physics
forum, the title "High Pressure Phenomena" was chosen to reflect the broad scope of the

XIX
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field and the diversity of recent findings. Indeed, the field spans fundamental physics
and chemistry, materials science and technology, the geosciences, planetary science and
astrophysics, as well as biology. The highly interdisciplinary character of the field was
central to the organization of the School, though the sheer breadth of the field meant
that many topics could be treated in only a cursory fashion while others were examined
more in depth. The aim of the School was to present the state of the art in techniques
used in modern high pressure research, highlighting those topics where applications of
these technique are currently having a major impact. The lectures were therefore di-
vided into two types. The first were pedagogic lectures, in which basic methods (both
experimental and theoretical) for investigation of matter at high pressure conditions were
presented, together with general overviews of applications. The second type was devoted
to examining special topics. The topics were interpersed throughout the 10 days of the
School in 47 lectures and seminars; the written contributions (some containing material
from multiple lectures) fall naturally into the following categories for the Proceedings.

I. Static Compression: Overview and Techniques
II. Dynamic Compression: Overview and Techniques
III. Theory and Fundamentals
IV. Metals and Superconductors
V. Simple Molecular Systems
VI. Chemistry and Biology
VII. Liquids, Glasses, and Nanostructures
VIII. Earth and Planetary Science

Overview of the volume

Accelerating advances in static compression techniques, specifically, those based on
the diamond-anvil cell, have been one of the major reasons for the explosive growth
in the high pressure field. The first section begins with an overview of the meth-
ods by Hemley and Mao, who briefly review the development of opposed anvil meth-
ods as well as the growing array of in situ methods now used, including X-ray, neu-
tron, optical, and transport methods with these devices up to multimegabar pressures
(> 3Mbar or > 300 GPa). They then briefly discuss several applications that comple-
ment studies presented later in the volume; these include dense hydrogen, new materials,
dense oxides, and microbial activity. These techniques and applications can be com-
pared with those based on so-called large volume high pressure devices. As reviewed
by Yagi, these methods in principle permit studies with analytical methods that require
substantially larger volumes than are possible with conventional diamond-anvil cells.
These include, for example, the piston cylinder apparatus, multianvil DIA devices, and
double-stage apparatus. As for diamond-anvil cells, an important recent development
is the routine use of various large volume devices for in situ studies with synchrotron
radiation. Though the pressure range of the "large volume" devices (multianvil presses)
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is significantly lower than that of conventional diamond-anvil cells, pressures as high as
50 GPa have been reached with sintered diamond. As discussed by Hemley and Mao,
a particularly exciting current development is the marriage of conventional large vol-
ume and diamond-anvil cell techniques based on the creation of large diamond anvils by
chemical vapor deposition.

An important feature of the diamond-anvil cell is its use in generating very high tem-
peratures (> 5000 K) at high pressure with laser heating. Boehler et al. review the
laser-heated diamond cell and its applications to high P-T phase diagrams. Introducing
an example of the technique (see also Hemley and Mao), the lecture reviews melting ex-
periments and phase diagrams and the use of various criteria to identify melting. Exam-
ples of materials studied include alkali halides, simple metals, transition metals, alkaline
earths, rare earths, and noble gases. The determination of crystal structures is central to
static high pressure research, and underlies the topics discussed throughout the volume.
Loveday summarizes the critically important topic of high pressure crystallography, and
introduces the principal types of radiation used, X-rays and neutrons, comparing and
contrasting the complementary nature of the two. He also provides a brief overview of
powder diffraction versus single-crystal diffraction, current efforts to expand both the
accuracy and P-T ranges of these techniques, and widely used methods of refinement
techniques used to determine atomic positions.

Vohra and Weir present recent developments in CVD-based designer diamond-anvil
technology, which has matured in the last few years. New results include the creation
of designer eight-probe anvils for electrical conductivity measurements and designer loop
anvils for magnetic susceptibility measurements. They also present design concepts for
the next generation of designer diamond anvils with multi-tasking capabilities, including
joule heating, temperature measurements, diamond strain measurements, and integrated
electrical transport and magnetic measurements that complement the large anvil effort for
a new generation of "large and smart" anvil high pressure devices (see Hemley and Mao).

Section II provides an overview of dynamic high pressure (e.g., shock-wave) studies of
materials. Nellis introduces the topic, focusing principally on the gas-gun results. Some
of the unique aspects of shock compression include its use in probing high P-T states,
including the Hugoniot equations of state, which have been used in turn for developing
static high pressure scales. New techniques allow accurate determination of shock temper-
atures, shock profiles, elastic-plastic flow, sound speeds, electrical resistivity, and X-ray
diffraction. Recent applications include materials synthesized and recovered from high
dynamic pressures, such as nanostructures, films, superconductors, and hard materials.
Fortov and Mintsev then discuss more extreme states of matter, the hot dense strongly
coupled plasmas at very high temperatures and megabar pressures. Beginning with a
brief overview of shock waves and strongly coupled plasmas, including the techniques for
producing these states, the authors then summarize properties of plasmas under extreme
conditions, including equations of state, optical properties, electrical conductivity, and
behavior on adiabatic expansion. Representative examples of recent studies of elemental
materials provide a meeting ground for static compression and lower temperature shock
studies. A major goal of this work has been to confirm or contradict the hypothesis of a
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plasma phase transition (e.g., in hydrogen, as discussed in other lectures).
Section III provides an overview of the variety of theoretical approaches used to un-

derstand materials at high densities. Ashcroft begins with a thorough overview of funda-
mental theory, beginning with the formulation of the problem of the behavior of nuclei
and electrons with variable volume, the role of pressure in controlling the structure of
ions as determined by multicenter potentials, and electrons in static and dynamical lat-
tices. Anticipating the later experimental discussion on pressure effects on the structure
of liquids, he introduces the concept of the pair correlation. Specific applications include
hydrogen at high pressure, and the possibility of unusual effects of re-entrant melting and
liquid-like phases. Many theoretical studies require large scale computational techniques.
Scandolo introduces a particularly important method, first-principles molecular dynam-
ics —the Car-Parrinello method, which was first introduced at the 1985 "Enrico Fermi"
School. With its beginnings in classical molecular dynamics with variable shape simula-
tion cells and density functional theory, the Car-Parrinello method is well suited for high
pressure studies, including predictions of new phases and phase transitions. Applications
to elemental materials, including Si, C, H, and O, simple molecular compounds, and
metals are presented, followed by perspectives on future directions.

Complementing the above theoretical lectures, Cohen et al. examine new findings
regarding the role of magnetism in affecting phase stability, equations of state, and elas-
ticity in materials under pressure. Following a review of the basic theoretical treatment
of magnetism, the authors consider Mott insulators (important for a variety of systems
considered at the School) and the LDA + U method. Applications include Fe and tran-
sition metal oxides (FeO and CoO), especially important for the Earth's interior (as
discussed in later lectures) as well as from a fundamental point of view, in view of recent
experimental findings (see Goncharov et a l ) . High pressure studies of rheology, includ-
ing both elasticity and viscosity, are important for applications from materials science
to the geosciences. Poirier reviews fundamental equations, including phenomenological
equations of state, viscosity of solids and how this differs from the case of liquids, where
the applications to silicate liquids is especially important in Earth science (see Boehler
et al.).

The above topics lead naturally to Section IV, which concerns experimental stud-
ies of metals and superconductors under pressure. One of the surprises in recent work
in this area has been the structural complexity of simple metals at high pressure. As
discussed by Syassen, these systems are far from simple: recent examinations (and re-
examinations) using new synchrotron X-ray diffraction techniques are finding complex
structures, including incommensurate and multiple sublattices in elemental solids. Struc-
ture refinements by powder diffraction (supplemented with some single-crystal results,
see Loveday), together with first-principles methods discussed above are leading to new
insight and systematics. Examples include Cs, Rb, and Li; the latter has been predicted
to undergo symmetry breaking transitions with possible parallels to dense hydrogen (see
Ashcroft).

In addition to crystallographic studies of metals, breakthroughs in two additional
areas have led to the discovery of new phenomena in metals, particularly at megabar
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pressures. The first are the numerous new findings in superconductivity, including the
creation of new classes of superconductors from large band-gap insulators at ambient
pressure. Struzhkin et al. provide an overview of some of these developments, focusing
primarily on new magnetic susceptibility techniques that can now be used to multi-
megabar pressures (e.g., > 200 GPa). The lecture summarizes the evolution of these
methods, culminating in the development of the double modulation technique that is
currently used at the very highest pressures. Applications to simple metals, chalcogens,
and MgB2 are described. A new development in both the study of metals at very high
pressure (> 100 GPa) is the application of highly sensitive Raman scattering techniques.
Goncharov et al. review these developments, including details of the experimental tech-
nique and applications to Fe and Fe alloys, Re, and MgB2 (also discussed by Struzhkin
et al.).

Historically, simple molecular systems have been a particularly important class of
materials for high pressure investigations. With their very high compressibilities, solid
state densities can be increased by over an order of magnitude with modern techniques,
and the evolution of major changes in physical and chemical properties as a function
intermolecular distance can be monitored. Of these systems, hydrogen has been the focus
of by far the most interest since the earliest calculations of predicted pressure-induced
metallization for the solid. Nellis presents an overview of recent dynamic compression
studies of fluid hydrogen and related molecular systems, including the recent observations
of minimum metallic conductivity in fluid hydrogen at 140 GPa and high temperature,
after passing through an intermediate semiconducting state. The transition is interpreted
as a Mott transition in the high density fluid. He goes on to present recent measurements
of minimum metallic conductivity in oxygen and nitrogen. Notably, both hydrogen and
nitrogen are not metallic at these pressures in the low temperature solid (see Hemley
and Mao). Recent evidence is presented for protonic conductivity in water and chemical
decomposition of hydrocarbons, both of which have been addressed in static compression
experiments.

The following two lectures examine simple molecular systems from the standpoint
of static compression techniques. Ulivi reviews selected molecular systems using vibra-
tional and optical spectroscopy. Following a discussion of molecular systems in general,
including van der Waals compounds, nitrogen and oxygen are examined in some de-
tail, primarily in the lower pressure range, where the wealth of information that can
be obtained from spectroscopic studies has been demonstrated. This includes the mag-
netism in O2, which is unique for a simple molecular system, and the proposed pairing of
the molecules in high pressure phases. Loveday's second lecture presents an overview of
hydrogen-bonding under pressure. Also discussed in various other lectures, this relatively
weak interaction, which controls the behavior of a vast array of materials, including bio-
logical systems, undergoes intriguing changes with pressure that reveal a great deal about
the nature of the interaction itself. Crucial to the recent progress in this area has been
the development of high pressure neutron diffraction techniques, as well as vibrational
spectroscopic methods at higher (i.e., megabar) pressures.

Continuing the theme of molecular systems, Section VI focuses on the new insight
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high pressure studies have provided both for synthetic organic chemistry and the physical
properties of biological systems. In his first lecture, Jenner summarizes recent applica-
tions of organic synthesis, including pressure effects on rate constants and other aspects
of classical physical organic chemistry. Recent applications include investigations of cy-
coadditions, Michael and related reactions, and ionogenic reactions. Jenner's second
lecture then shows how pressure effects on kinetics can be used to identify these and
other mechanisms. Winter provides an overview of the high pressure effects in molecular
biophysics, which together with other related studies of soft matter constitute another
growing research area. After an introduction to lipid mesophases and model biomembrane
systems, he summarizes various experimental techniques, including scattering methods,
spectroscopy, and high pressure cells (mostly for < 1 GPa). There are surprising effects
of these modest pressures on the structure, energetics, and kinetics of transitions in lipid
systems; other applications to protein structure (both denaturation and renaturation),
and the possible use of pressure to address the protein folding problem. There are impli-
cations of these types of investigations in biotechnology and molecular biology, including
the behavior of extremophiles (see Hemley and Mao), food science, and understanding
fundamental structure-function relationships in biomolecules in general.

The following two chapters in Section VI address new developments in high pressure
solid state chemistry. Bini reviews chemical transformations in molecular crystals at
pressures in the 10–50 GPa range. Here crystallographic control provided by the solid
state, mixing of electronic states under pressure, and a competition between thermal
and photochemical reactions distinguish these reactions from the lower pressure solution
chemistry described above. Infrared spectroscopy is a particularly useful technique for
such study, as shown by examples of chemical reactions involving aromatic molecules,
alkenes, and other simple molecules, including their kinetics. McMillan focuses on inor-
ganic solid state chemistry at high pressures and temperatures, beginning with the work
of Bridgman, the later synthesis of diamond, and high P-T studies of earth materials.
As in the work reviewed by Bini, diamond-anvil cell techniques provide a uniquely pow-
erful window on reacting materials. This is demonstrated by recent studies of molecular
materials, including van der Waals compounds, CO2, and N2O, nitride spinels, icasohe-
dral B6O, and LiSi. There are important new opportunities, including the creation of
new superhard materials with improved techniques for recovery of materials from high
pressure.

Section VII reviews selected recent highlights in the study of liquid, amorphous, and
nanostructured materials under pressure. McMillan reviews the topic of liquid state poly-
morphism —the evidence for transformations in the liquid state analogous to those found
in solids. The best examples appear to be from supercooled (i.e., metastable liquids), but
recent results point to transitions in liquids within their thermodynamic stability fields.
The thermodynamic basis for the effects, including the relationship to melting curve max-
ima, microsopic two-state models, and the connection to pressure-induced amorphization
are reviewed. The last topic is examined in further detail by Arora, beginning with its
discovery in ice I and subsequent findings in the silica polymorphs, and other materials.
A metastable transition that is clearly affected by the inhibited kinetics of equilibrium
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phase transitions and therefore temperature, pressure-induced amorphization can occur
as a result of pressure-induced decomposition (chemical reactions). Finally, the high
pressure properties of carbon nanostructures are of great interest. Venkateswaran and
Eklund present high pressure Raman studies of single-walled carbon nanotubes, including
both pristine and iodine-doped bundles. They review structure, electronic, and vibra-
tional properties from the standpoint of the unique symmetry of these systems, and
present recent studies of the pressure dependence of the Raman spectra of pristine and
iodine-doped bundles.

A series of lectures on Earth and planetary interiors are collected in the final section.
The section begins with a broad introduction to the field of planetary interiors as a whole
by Stevenson. The interior structure, composition, and dynamics of the planets contain
a great deal of information about the evolution of our Solar System. In addition, they
serve as a testing ground for high pressure theory and as distinctly natural high pressure
experiments in which to observe the behavior of materials. The major classes of planetary
materials include rocks (minerals), ices (molecular systems), and gases. Approximate
methods can be used to determine the pressure as a function of depth within planets (the
pressures are known with high accuracy if seismological measurements can be performed).
External measurements that reveal information about internal state and past history
of the planet include heat flow and the character of magnetic fields. Nellis presents
experimental constraints obtained from recent shock wave experiments. An important
recent application to the Jovian interiors (of Jupiter and Saturn) is the observation of
electrical conductivity in fluid hydrogen discussed above and how convection can give
rise to the planet's large and turbulent magnetic field. These interiors may be compared
with those of the icy giant planets (Uranus and Neptune), which are composed of water
and water-rich molecular mixtures.

The final three lectures summarize the great amount of recent high pressure studies
of our planet's interior. Poirier provides an overview of the physics and chemistry of the
Earth's core. He outlines principal current problems, including composition, reactions
at the core-mantle boundary, viscosity, energetics and cooling of the outer core, as well
as the problem of the phase, crystallization, anisotropy and deformation of the inner
core. Boehler et al. examine materials of the Earth's core and lower mantle, focusing on
phase behavior, melting, and chemical reactions for major phases. The review shows how
differences in the determinations of melting temperature of iron give rise to the rather
different estimated temperatures for the center of the planet (compare Hemley and Mao;
Cohen et al.), and the role of additional elements is examined. Measurements of melting
of silicates imply a large thermal boundary layer at the core-mantle boundary. The
high P-T behavior of deep mantle materials is also reviewed in Yagi's second lecture.
Beginning with an overview of the structure of the mantle, he reviews the diversity
of techniques including opposed anvil, multianvil, and laser-heated diamond-anvil cells.
These are supplemented with in situ X-ray measurements discussed elsewhere as well
as analyses of recovered samples by energy-resolved transmission electron microscopy,
a technique that complements the X-ray spectroscopy and inelastic scattering discussed
earlier. Recent studies of the transformations of upper mantle minerals (olivine, pyroxene,
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and garnet) to assemblages of phases at lower mantle conditions that are dominated by
silicate perovskite —considered the most abundant mineral of the planet— are reviewed.
Once thought to be well understood, there is now evidence for surprising effects of Fe2+,
Fe3+, and A13+ partitioning on the physical properties of the silicate perovskite phase
that present new questions about the nature of the Earth's mantle.

* * *
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Essay questions

In the spirit of the school and to stimulate both students and lecturers, we found it
useful to present problem sets (quizes) periodically during the course of the program.
These questions were drawn from general discussions following each lecture and from the
students themselves. The following problem sets, mostly consisting of essay questions,
were given.

Problem Set 1
1. How can high pressure experiments shed light on the liquid state?
2. When does a hard-sphere system "look" like a dense plasma, and why?
3. What is the connection between pressure-induced amorphization and polyamorphism?
4. What are the conditions necessary for identifying a liquid-liquid "phase" transition in
a thermodynamic sense and has this been realized experimentally? Why not a gas-gas
phase transition?
5. Why are X-ray techniques and experiments so much more developed than neutron
methods so far (e.g., extending to higher pressures)?
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6. Contrast and compare polycrystalline (powder) and single-crystal diffraction: How
complex a structure can be accurately determined, and what is needed to extend the
techniques to the highest pressures?
7. What are the similarities and differences between inelastic light (optical) scattering
inelastic X-ray scattering (principles, techniques, excitations measured)?
8. What are the intrinsic sample size and pressure limits of magnetic susceptibility and
electrical conductivity technqiues? What is the role of "surface" effects for each?
9. What is the relationship between pressure-induced electronic transitions and struc-
tural phase transitions, and can one predict crystal structures directly from changes in
electronic structure?
10. How accurate are our pressure scales? When can we simply use P = F/A? What
exactly is being calibrated in these scales, and what is the difference between, and relia-
bility of, primary and secondary (and tertiary?) pressure scales?

Problem Set 2
1. What is the single most important experiment (calculation) to be done to understand
the Earth's interior?
2. You discover a terrestrial planet in another solar system; it has plate tectonics: Do
you suspect a magnetic field? What about the converse?
3. Why should the electrical conductivity be related to the thermal conductivity in a
metal? How can one estimate the effects of pressure?
4. Can properties of liquids be inferred from those of the corresponding crystals of the
same material? When is this misleading?
5. What factors control chemical kinetics at high pressure? What experimental difficul-
ties are encountered?
6. What kinds of reactions are found in molecular systems in different regimes of pressure
(1bar, 102bar, 104bar, 106bar)?
7. Why are "excited" electronic states considered in order to understand the properties
(chemistry) of "ground" states in molecules under pressure?
8. Are the "amorphous" states produced from crystals at high pressures like conventional
"glasses"? How do the conclusions depend on the probe used?
9. When is a pressure-induced transformation (constant temperature) not driven by a
negative volume of transition (AVt r)?
10. Can equilibrium thermodynamics be used to understand metastable transitions, and
what are the limitations to using a thermodynamic treatment?

Problem Set 3
1. Describe the "symmetry breaking" transitions in hydrogen under pressure (experi-
mentally observed, theoretically predicted). Why do they occur? In what sense is there
newly proposed "symmetry making" at higher pressure?
2. In what ways does the hydrogen system provide examples of the mother of all isotope
effects, and what information does this provide?
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3. How does the evidence for a transition to a conducting state in fluid hydrogen relate
to the liquid-liquid polyamorphism?
4. Why has the Mott criterion for metallization been invoked for dense fluid hydrogen,
and are there alternative points of view?
5. How can resonance Raman effects be used to infer pressure-induced changes in elec-
tronic structure? How does this relate to optical absorption versus different types of
band gap?
6. Why does the combination of static and dynamic compression offer the prospect of
accessing new P-T states? What are the complications?
7. Compare/contrast the principles controlling pressure-induced chemistry documented
in low-pressure solutions, high pressure crystals, and high P-T (e.g., shocked) fluids.
8. Distinguish between the negative AF+ (transition state) and AV (reactions); when
do they have different signs?
9. Under what conditions does silicate perovskite break down to simple oxides? How
sound is the proposal that the material is the most abundant in the planet?
10. How can the defect structure be determined at high pressure? Are defects in silicate
perovskite related to those in high Tc cuprates (also perovskites)?

Problem Set 4
1. What is the difference between hardness and toughness? Theoretical predictions?
Relationship to elastic constants?
2. How can diamond be synthesized far outside of its conventional P-T stability field
(i.e., by CVD)? Can other high pressure phases be produced in this way?
3. Distinguish between pressure gradient, different kinds of pressure inhomogeneity, and
uniaxial stress. How are these important in pressure calibration?
4. What is the meaning of negative pressure? How can it be produced in liquids, solids,
nanoparticles, and composites?
5. Why are efforts underway to enlarge samples at megabar pressures? How is this being
done, and what are the principal difficulties?
6. What are principal limitations of different types of molecular dynamics simulations
for various systems (e.g., hydrogen, transition metals, composite materials)?
7. How are the high pressure properties of carbon nanotubes (SWNT) similar to and dif-
ferent from, graphite, C60, or C70? What determines whether they are semiconducting
or metallic?
8. In dense ice, is it reasonable to expect a transition from a "bcc" to "hcp" oxygen
sublattice? What about "fcc"? Do other systems behave analogously?
9. How does one distinguish between a thermodynamic and "kinetic" boundary in a
computer simulations? What are some similarities and differences to the same problem
in real experiments?
10. What is the difference between a zwitterion, radical, and concerted transition state?
Which are favored under pressure? How?
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Problem Set 5
1. How might one define the shapes of ions in crystals? How might this vary with com-
pression? Can this be addressed experimentally?
2. Why do band gaps in certain materials increase with pressure, yet in others, they close?
Is this consistent with conjecture that all materials must eventually become metallic?
3. Detail the approximations that must be made in calculating the properties of materi-
als at high P-T conditions using density functional techniques.
4. Are van der Waals forces important in dense materials? How are they modified by
compression, or do they in fact exist at very high pressure?
5. Why do "van der Waals compounds" form at high pressure? Why are they not typi-
cally observed at ambient pressure? What might happen at very high pressures?
6. What happens to glass transitions under pressure? Do they increase or decrease in
temperature with pressure, or even terminate?
7. How does one determine the aggregate elastic properties from the single-crystal elastic
moduli? What approximations are made?
8. What assumptions are needed to predict the number and symmetry of vibrational
modes in a crystal? Under what conditions do these predictions break down?
9 Can polarized light spectroscopies be carried out at high pressure? What are some
problems and complications?
10. Does the magnetic character of O2 persist to very high pressure? In what way does
magnetism determine the phase diagram?

Problem Set 6
1. How can pressure studies be used to test mechanisms of superconductivity? What
factors increase (decrease) Tc with pressure?
2. Can an electronic topological transition (ETT) be "directly" observed under pressure?
What is its effect on physical properties?
3. How are quantum effects invoked to understand the behavior of the MgB2 supercon-
ductor? What is the experimental evidence and why is this a challenge to theory?
4. What would the phase diagram of iron look like if it were not magnetic?
5. Distinguish between P-T effects on magnetic moments, magnetic order, and magnetic
correlations.
6. Can liquid metals be magnetic? Is this important in Fe and planetary fluids?
7. How can we understand what dissolves (and what does not dissolve) in metallic hy-
drogen? What are the planetary implications, and experimental tests?
8. If you could propose and carry out a new mission to another planet, what would you
measure that would tell you the most about its internal state?
9. Does hydrogen bonding exist at very high pressure? What is the effect of pressure
versus temperature? How do the associated quantum effects evolve with pressure?
10. What are the P-T limits of new X-ray scattering techniques, and how can we expand
the range of these studies?
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Overview of static high pressure science

R. J. HEMLEY and H. K. MAO

Geophysical Laboratory and Center for High Pressure Research
Carnegie Institution of Washington – 5251 Broad Branch Road, NW
Washington DC 20015 USA

1. — Introduction

The steady development of static high pressure techniques over the last several decades
has culminated in a new era of research on materials under extreme conditions. When
pressure is increased on a material, interactions among atoms increase substantially as
the effective volume occupied by the constituent particles is reduced. Static, or sustained,
high pressures in excess of 300 GPa can be reached on samples in the laboratory (fig. 1).
Under these conditions, densities of materials can be increased by over an order of mag-
nitude, in many cases causing numerous transformations and new physical and chemical
phenomena to occur. The rich information now available from modern static high pres-
sure experiments has been made possible by the striking number of analytical probes that
have been developed and can now be used to investigate materials under these extreme
states. Indeed, many of the phenomena can be characterized in situ with an accuracy
and precision rivaling those of studies under ambient conditions, with implications that
span the sciences.

The pressures now available can induce changes in free energy in materials that ex-
ceed those of the strongest chemical bonds (> 10 eV), an effect that can completely
redistribute electronic densities, and driving profound changes such as turning materials
that are tenuous under ambient conditions into dense metals (fig. 2) [1]. Under these
conditions, chemical bonds and affinities of otherwise familiar elements and compounds
can be totally changed. At high pressures, "inert" gases are no longer unreactive and form
stoichiometric compounds [2,3]; likewise, normally unreactive transition metals form al-
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Fig. 1. - Advances in maximum calibrated static pressures achieved in the laboratory through
the years and pressures at depth within the Earth.

loys with alkali metals [4]; organic chemistry is altered and new molecular structures are
formed. In this way, the extreme pressures now reached provide fertile ground for the
creation of new materials, as indicated by the new phase transitions observed in scores
of materials studied to date. Of equal significance, entirely new classes of materials may
appear at high compression, including those having novel non-linear optical character,
superhardness, and electronic properties. Semiconductors exhibit complex structures
under pressure [5], and unusual pressure effects on deep-level impurity centers multiple
quantum well and superlattice structures [6]. Both the highest temperature supercon-
ductivity on record (164 K in Hg-bearing cuprates) [7] and entirely new superconductors
(some 22 so far from pure elements) [8, 9] have been produced under pressure (fig. 3).
These and other measurements also provide critical tests of fundamental theory. New
techniques now provide the means to carefully tune electronic, magnetic, structural and
dynamical properties of materials for a wide range of applications [10].

There are implications for other fields including Earth and planetary science to biol-
ogy. Many of the advances in static high pressure technique have been driven by basic
questions about the nature of the Earth's interior. Static high pressure experiments
have established that the structural frameworks of common rock-forming minerals are
destroyed and replaced by materials far different and never seen at the surface with
distinct structural and electronic properties [11, 12]. These major changes in physical
and chemical properties of minerals at high P-T conditions, not evident from studies
of materials in the near surface environment, are leading to new views about planetary
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Fig. 2. - Pressure-volume relations in CsI and Xe. Though adopting different structures under
ambient conditions, both materials undergo structural transitions at 20 GPa that culminate in
insulator-metal transitions near 150 GPa and similar closed-packed structures. Inset: free-energy
change associated with the pressure-volume work in CsI compared to the effect of temperature
up to melting (adapted from ref. [1]).

interiors, with new perspectives on the evolution of the Solar System and beyond [13].
New techniques are targeted toward the lower pressure range to address numerous ques-
tions in soft matter and biology, including the delicate interplay of forces that control the
structure of biological macromolecules and profoundly affect biochemical reactions [14].

This lecture is intended as a brief overview of the dynamic state of modern static
high pressure research. Intended as an introduction to the more detailed discussions
found in subsequent lectures, we begin with a brief summary of developments in static-
compression techniques, focusing principally on the diamond anvil cell but also highlight
connections and parallels with related devices and methods, including other opposed
anvil cells and shock-wave techniques. We then highlight selected examples from recent
work, again focusing on studies that complement those discussed in other lectures.
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Periodic Table of Superconductors
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Fig. 3. - Periodic table of the elements, showing the elements that have been transformed from
non-superconductors to superconductors under pressure. Note added in proofs: most recently
superconductivity has also been observed in Li under pressure (Shimizu et al., to be published;
Struzhkin et al., to be published).

2. — Pressure generation techniques

2"1. Evolution of very high pressure techniques. - The broad spectrum of high pressure
devices now in use from very low to very high pressures can be traced to fundamental
principles laid out by Bridgman [15]; reviews and recent developments can be found in
refs. [14, 16–18]. These instruments include, at lower pressures, large-volume gas me-
dia and hydrothermal apparatuses (see lectures by Winter and Loveday, this volume,
pages 413 and 73), as well as multi-anvil and the conventional "large volume" opposed-
anvil apparatuses (see Yagi, this volume, p. 41). The opposed anvil devices that have
evolved over the years are the basic Bridgman anvil design, the supported anvil Drickamer
cell, the Troitsk toroid cell, the Paris-Edinburgh cell, and the diamond anvil cell. Various
high strength materials, including steel, tungsten carbide, boron carbide, sapphire, cubic
zirconia, sintered diamond, and single-crystal diamond, can be used as anvil materials
for their strength, available sizes and shapes, optical clarity, X-ray transmission, and
other mechanical, thermal, electric, and magnetic properties. For instance, with an anvil
base-to-tip area ratio of 100, 30 GPa can be reached with tungsten carbide multianvils
or Bridgman anvils, 60 GPa can be reached with sintered-diamond Bridgman anvils, and
140 GPa can be reached with single-crystal diamond anvils. Pressures of 300 GPa are rou-
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Fig. 4. - Schematic of the diamond anvil cell. (a) Original beveled diamond megabar design.
(b) Double-sided laser heating technique.

tinely created with beveled-culet single-crystal diamond anvils with an area ratio of 1000.
Single-crystal diamond, the strongest material known, allows the attainment of pressures
far greater than any other materials. Even more significantly, single-crystal diamond
is essentially transparent to radiation below 5 eV and X-radiation above 10 keV. As a
non-magnetic insulator, diamonds are also suitable as an anvil material for electrical con-
ductivity and magnetic susceptibility studies (see Struzhkin et al., this volume, p. 275).

The use of single-crystal diamonds as Bridgman anvils began at the National Bureau
of Standards in 1959 [19]. With decades of development, the diamond cell has emerged
as uniquely providing the capability of a wide range of in situ measurements over a wide
P-T range [20]. Earlier limitations, including pressure uncertainty, stress anisotropy,
temperature gradients, lack of equilibrium, and small sample size, have been gradually
eliminated or turned into advantages. Mechanical improvements in the cell design allowed
pressures above 100 GPa to be reached [21]. The small culet face at the tip of the single-
crystal, brilliant-cut diamond anvil is polished to be parallel to the large table facet
within 0.5 mrad (fig. 4a). The ratio of the table area to that of the culet gives the
pressure intensification. Two opposing anvils compress a metal gasket which contains
the sample chamber at the center. Modification of the diamond by addition of a bevel to
the culet [22] formed the configuration of the second-stage anvils that allowed pressures
beyond 150 GPa to be reached routinely [23, 24].

The gasket in an anvil device serves three critical functions: 1 encapsulating the
sample, 2 building a gradient from ambient to the peak pressure, and 3 supporting
the tips of the anvils. Hardened steel has been used as an all-purpose gasket material.
High strength rhenium can be used for experiments requiring large thickness or high
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temperature. Composite gaskets can be constructed to optimize different functions at
different parts of the gasket; e.g., insulating inserts (MgO or Al2O3) can be placed within
a metallic gasket for introduction of electrical leads into the high pressure region. Recent
developments in diamond coating of the central flat region of the gasket greatly increases
the shear strength [25, 26]. Conventional diamond cells with opaque metal gaskets are
restricted geometrically by "tunnel vision" through the diamond anvils. Cells having
beryllium and amorphous boron gaskets have been developed for a wider access [27]
and for providing a side window for X-ray studies down to 4 keV in the radial direction
(fig. 4b). This range includes all transition element K edges and rare-earth element L
edges, useful for direct characterizations of electronic and magnetic properties of materials
at ultrahigh pressures through X-ray spectroscopies.

Many varieties of the diamond cell having different forms, shapes, and sizes optimized
for different measurements have been derived from the basic piston-cylinder arrangement
(fig. 5). These cells include devices designed for measurements of elasticity and rheology,
for radial as well as axial X-ray or neutron access to cover a wider range of reciprocal
space, for single-crystal diffraction in the 100 GPa range, for X-ray inelastic scatter-
ing and high-resolution X-ray emission spectroscopy, for simultaneous high P-T X-ray
diffraction under double-sided laser heating or cryogenic studies to millikelvin tempera-
tures, for Brillouin spectroscopy and X-ray diffraction with external resistive heating, and
for hydrothermal studies at lower (but very well controlled) P-T conditions. Diamond
cells completely made of high-strength beryllium have also been developed, allowing all
of reciprocal space from the sample to be accessible with high-energy X-rays, greatly
enhancing high pressure X-ray single-crystal structure determinations and inelastic scat-
tering studies. For years, natural diamonds were the only material capable of producing
static pressures greater than 50 GPa. The new single-crystal moissanite (SiC) cell has
reached 62 GPa [28]. The introduction of ultrapure synthetic single-crystal diamonds
provides a window on the samples that gives unprecedented clarity, and greatly extends
the range of optical studies [29, 30].

High pressure anvil devices can be scaled up or down; the sample volume is propor-
tional to the size of anvil and the press. Above 15 GPa, a "large sample chamber" refers to
millimeter- to centimeter-sized samples, which requires inch to meter size anvils and 200
to 50000 ton presses (see Yagi, this volume, p. 41). The sample diameter is limited by the
size of the anvil tip and the pressure intensification ratio. Miniature cells were originally
developed because of the small size of available diamond anvils. With typical diamond
anvils of 60 mg (0.3 carat) in weight and 2.5 mm in thickness, the sample chamber is
limited to 300 to 10 p,m diameter for the pressure range of 30 to 300 GPa, respectively.
The miniature high pressure cell (1 to 5 inch) is highly versatile for combining high pres-
sure with other extreme conditions, for example millikelvin temperatures [31, 32] or very
high magnetic fields [33]. These devices allow rotations along two or more axes for ac-
cess to all single-crystal orientations for X-ray and optical measurements [27, 34]. With
improvements in X-ray, optical, electrical, and magnetic microprobes, size requirements
have been greatly reduced to match conventional diamond cell samples. Further minia-
turizing the anvil can be desirable, for example, for IR spectroscopy near the diamond
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Fig. 5. — Examples of recent designs of high pressure cells. (a) Symmetrical diamond cell for
X-ray diffraction, (b) Brillouin scattering, and (c) radial diffraction/fluorescence; (d) long piston
cylinder cell for X-ray diffraction, and (e) Brillouin scattering; (f) "panoramic" cell for X-ray
diffraction/inelastic scattering, and neutron diffraction/scattering.

second-order absorption and X-ray spectroscopy below 12 keV. As discussed below, a
particularly exciting development is augmenting the size of single-crystal diamonds by
chemical vapor deposition (CVD) to fabricate very large diamond anvils.
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Fig. 6. — R1 ruby fluorescence pressure scale showing wavelength shifts determined in different
pressure-transmitting media. The earlier results of Mao et al. [39,41] and Alexandrov et al. [45]
are compared with the new primary scale determined by Zha et al. [43].

2'2. Measurement of pressure and stress. — Pressure determination is central to all
high pressure experiments. Pressure in the piston-cylinder apparatus is determined by
dividing the applied force by the cross-sectional area of the piston. Beyond the limit
of the piston cylinder, P-V equations of state are used for pressure calibration [35–37].
Experimentally the P-V relations can be determined by a pair of independent variables
related to the equation of state. For instance in shock-wave measurements, the paired
variables are particle velocity (Up) and shock velocity (Us)', the pressure-density relations
are calculated using the Hugoniot equation of state (see Nellis, this volume, p. 109), giving
a primary pressure calibration. Once calibrated against a primary standard, any other
pressure-dependent variable can be used as a secondary pressure standard. Secondary
standards are chosen for their accessibility and resolution in a specific high pressure
device. Fixed-point secondary standards are commonly used for large-volume apparatus
in which pressure-induced phase transitions of metals can be detected as discontinuous
changes in electrical conductivity (see Yagi, this volume, p. 41).

With the "continuous" ruby fluorescence scale, ruby grains are added to the sam-
ple chamber with minimum disturbance of the sample [38], and the pressure shift of the
ruby fluorescence wavelength shift is probed with a laser beam through the diamond win-
dow [39]. The ruby scale has been calibrated up to 180 GPa against primary shock-wave
standards [40]. The ruby fluorescence pressure scale has high intrinsic precision (±0.5% in
pressure under hydrostatic conditions above 20 GPa) but uncertain accuracy (±5%) be-
cause it is a secondary scale calibrated by less precise (±5%) primary standards deduced
from high-temperature shock-wave data on metals [39,41]. Alternatively, a primary pres-
sure scale can be determined by combining direct measurements of elasticity and density
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(e.g., ref. [42]), but until recently this has been limited to lower pressures. A primary
pressure scale has been derived from measurements of high-precision X-ray diffraction
and Brillouin scattering of MgO under hydrostatic pressures to 55 GPa (fig. 6) [43]. The
bulk sound velocity (V^) from Brillouin scattering is numerically integrated as a func-
tion of the density (p) from X-ray diffraction of MgO to yield the pressure as a function
of density, P = f V? dp. The measured ruby fluorescence shift with pressure is com-
pared with earlier secondary determinations [41, 44, 45] and is within 1% of the scale
determined under quasihydrostatic conditions (refs. [41,44]). Efforts are being made to
extend these primary calibration methods to combined high pressures and temperatures,
and to further refine secondary X-ray standards by cross-calibration.

Fluid media transmit hydrostatic pressure to a sample; i.e., the stress is uniform in all
directions. However, at room temperature all fluids eventually solidify under pressure,
requiring the use of solid media to transmit pressure under these conditions. Solids have
finite strength and cause pressure anisotropy (directional deviatoric stress at a point) and
pressure gradients or inhomogeneity (variation of stress conditions at different points in
the sample). Reducing or eliminating pressure anisotropy and inhomogeneity can be
achieved by choosing a soft pressure-transmitting medium. Methanol-ethanol mixtures
are commonly used in diamond cells as a fluid medium to 10 GPa [46]. Helium solidifies
at 11 GPa (room temperature) but remains a very weak solid up to at least 120 GPa [47].
In contrast, the heavier rare gas can become quite strong; radial diffraction experiments
show that Ar, which is often used as a medium, becomes as strong as steel at 50 GPa [48].
Indeed, when quantified, experiments under deviatoric stress provide rich information
about strength, elasticity and rheology that are unavailable with hydrostatic experiments.

2*3. Variable temperature. - Samples can be subjected to a broad range of temper-
atures from low to very high pressures (fig. 7). In principle, the use of high pressure
instrumentation does not affect the lowest temperatures possible for simultaneous high
pressure, low-temperature studies. For practical purposes, the small size and there-
fore low thermal load of miniature anvil devices are ideally suited for low-temperature
studies with flow and bath cryostats as well as refrigerators. Diamond cell experiments
into the megabar range (> 100 GPa) are routinely performed with cryostats at liquid-
helium temperatures [49, 50]. Studies to ultralow temperatures (< 30 mK) at pressures
of ~ 30 GPa [31] and most recently to 160 GPa have been performed [32].

Heating can be achieved using both external and internal resistive methods. With re-
sistance coils external to the diamond anvils, well-defined P-T conditions can be achieved
to ~ HOOK, for hydrothermal (< 5 GPa) [51] to multimegabar conditions (300 GPa),
where in situ (e.g., X-ray) measurements have been performed [52]. The singularly high
thermal conductivity of diamond causes the temperature variation within the sample
chamber to be typically less than ±1 K. Because stress-bearing components, including
the sample gasket, diamonds, diamond seats and the cell body, are also heated, the max-
imum temperature is limited to 1500 K due to softening of these components at high
temperatures. Internal resistive heating is used with the conventional large volume de-
vices mentioned above (see Yagi, this volume, p. 41). For higher pressures in the diamond
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Fig. 7. — P-T ranges possible for modern static compression experiments. The estimated tem-
perature profiles for the geotherm of the Earth and other planets are indicated (see Stevenson,
this volume, p. 587).

cell, the internal heater, which is often the sample itself, must be significantly smaller.
Iron wire or foil of 5–20 p,m size has been heated to its melting temperature by passing
electric current [53,54].

Temperatures in excess of 5000 K can be achieved for samples under pressure in di-
amond cells by heating with IR lasers (see also Boehler et al., this volume, p. 55) [55].
The temperature is measured from the black-body (or grey-body) radiation, which at
high P-T conditions is intrinsically superior to the use of a thermocouple, which is a
secondary calibration and is affected by stress on EMF as well as by possible sample
contamination effects [56]. In addition, the spatially resolved black-body measurements
provide a real-time non-intrusive probe of the temperature profile. Due to the tran-
sient nature of laser heating and the steep temperature gradient, contradictory results
have been reported by different laboratories in the past, causing confusion about the
reliability of the laser-heating technique. However, significant progress in shaping and
defining the temperature distribution in laser-heated diamond cells has been made in
recent years [57–59]. Most notable has been the development of the double-sided laser
heating technique. Here, the heating laser is split into two beams that pass through the
opposing diamond anvils to heat the sample simultaneously from both sides. In a recent
version of the technique, TEM00 and donut-mode beams of a Nd-YLF laser are precisely
combined [60,61] to create a flat temperature distribution with a deviation of less than
1%. A double "hot-plate" configuration is created where the heat generation and temper-
ature measurement are concentrated at the planar interface of an opaque sample layer
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and transparent medium. The axial temperature gradient in the sample layer in the
diamond cell is eliminated within the cavity of the two parallel hot plates. Temperatures
on the two sides are measured separately with an imaging spectrograph and CCD and
equalized by controlling the beam splitting. Uniform temperatures of (3000 ± 20) K have
been achieved in a high pressure sample of 15 ̂ m diameter x10 /mi thickness. With
this technique, laser heating is approaching the accuracy of other high P-T techniques
using internal heaters. The method is readily combined with in situ X-ray diffraction at
these P-T conditions and can also be applied to other characterization techniques (e.g.,
vibrational spectroscopy).

3. — In situ high pressure probes

A great many recent advances in high pressure science have come about because of
developments in analytical probes. To accurately measure physical and chemical prop-
erties in situ at ultrahigh pressures, powerful micro-sampling probes must be developed
to reach minute samples through the strong anvils and gasket of the pressure vessel and
to separate the weak sample signal from that of massive surrounding vessel materials.
Without such probes, all properties, including the pressure itself, cannot be quantified.
Indeed, although pioneering multimegabar experiments were reported in the early 1970s,
the attainment of megabar pressures was later established by laser microprobe of ruby
fluorescence, which in turn was calibrated by X-ray diffraction. The development of a bat-
tery of laser, synchrotron, and other microprobe techniques has revolutionized the field.

3'1. Synchrotron radiation. - Synchrotron radiation has grown to become arguably
the ultimate probe in high pressure research. Synchrotron radiation is produced by the
centripetal acceleration of charged particles in a storage ring, causing transverse emission
of electromagnetic radiation in the tangential direction of the ring. Originally a byproduct
of high-energy physics experiments (first-generation sources), synchrotron radiation was
produced from dedicated accelerators that were built in the 1980s and optimized as light
sources (second-generation sources). In the 1990s, the third generation sources took the
next leap forward by being optimized for "insertion devices" (undulators and wigglers) at
the straight sections between bending magnets as the main radiation sources. Insertion
devices enhance the brilliance and energy of the radiation by up to 10 orders of magnitude
relative to first-generation sources.

Synchrotron radiation has many extraordinary properties. First, its energy range ex-
tends continuously from the far IR (10–4 eV) to hard X-ray (105 eV), thereby providing
probes over an exceptionally wide portion of the electromagnetic spectrum. Infrared
radiation (e.g., at the VUV ring of the NSLS) has up to ~ 104 times the brightness
of a conventional thermal (lamp) source. Because of the significant enhancement in
the ability to probe microscopic samples provided by this source, it is ideally suited to
studies of minerals under extreme pressures. Second, the highly parallel radiation orig-
inates from a very small source (0.01–0.1 mm). It can produce a very small focal spot
(submicron in X-ray region) with exceptional brightness or spatial resolution. Third, it
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has a well-defined time structure of 10 to 100 ps per pulse for potential kinetic studies.
Fourth, it is linearly polarized in the plane of the electron orbit and elliptically polarized
above and below the plane. These properties of synchrotron radiation are ideal for fo-
cusing to micron-sized dimensions to probe high pressure samples. Early high pressure
X-ray measurements using conventional sources were limited to lower pressures, lower
spatial resolution (50 /mi), and very long measurement times (days to weeks) [62]. With
first- and second-generation synchrotron sources, samples which are as small as 3-10 /zm
have been characterized above 300 GPa, by collimation or focusing beams to compara-
ble dimensions. With new focusing techniques (e.g., Kirkpatrick-Baez mirrors), beam
sizes down to 1 /zm can be produced for the long working distances needed for sample
characterization within high pressure cells.

3'2. Polycrystalline X-ray diffraction. - X-ray diffraction (XRD) of polycrystalline
samples provides a means for definitive identification of transformations in crystalline
materials, amorphous solids, determination of atomic positions in a crystal or radial
distribution functions in a glass, and yields precise unit cell and equation-of-state data
for crystalline solids as functions of pressure and temperature. High-energy synchrotron
sources offer X-radiation capable of penetrating the strong pressure container to probe
high pressure samples. For the multianvil [63] or Paris-Edinburgh cells [64], hard X-rays
above 20 keV can penetrate through low-absorption gaskets; diamond anvils are transpar-
ent to X-rays above 12 keV. The newly developed high-strength Be gasket extends this
limit down to 4 keV. Angle-dispersive X-ray diffraction (ADXD) with a monochromatic
beam, or energy-dispersive X-ray diffraction (EDXD) with polychromatic or a "white"
beam, can be obtained in situ at high pressure.

In ADXD the incident X-ray beam is monochromatized at a fixed wavelength, A.
In the Bragg equation, nA = 2d sin0, d-spacings are determined from the observed 9
angles. The wavelength, A in A, is related to the X-ray photon energy, E in keV, by
\E = 12.4 A keV. A single-crystal monochromator is used to select a small segment of
energy, typically several eV, for high-resolution ADXD. The highly collimated monochro-
matic X-ray beam impinges upon a polycrystalline material in the high pressure vessel
and produces powder diffraction rings of various 20 angles which are collected by area
detectors such as an image plate or CCD [64]. Two-dimensional data collection not only
increases efficiency, but also provides more reliable peak intensities by integrating the
intensity along each diffraction ring, thus reducing the effects of coarse crystallinity and
preferred orientation. Intensity information from ADXD has been used extensively for
high pressure crystal structure determination with Rietveld and maximum entropy meth-
ods. The high resolution of ADXD (typically Ad/dfwhm of 0.001) is crucial for many
studies: splitting of peaks in low-symmetry crystals can be resolved (see Syassen, this
volume, p. 251), and multiple phases can be separated; high-order parameters of P-V-T
equations of state can be determined unequivocally, and second-order phase transitions
can be identified. Often, the intrinsic resolution of ADXD can be realized only with
a sample under hydrostatic stress conditions, requiring for example a helium pressure
medium or careful sample annealing.
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EDXD uses the entire X-ray energy spectrum of synchrotron radiation and does not
select a small segment with a monochromator [27]. The collimated polychromatic (white)
X-ray beam passes through the high pressure vessel and impinges on the specimen.
The polychromatic diffracted beam is collimated at a fixed 16 angle and collected by a
solid-state detector which disperses the diffracted photons in the energy spectrum. The
advantages of EDXD with a point detector over ADXD with area detectors are a minimal
requirement of accessible angle as well as high spatial resolution along the primary X-ray
beam path. The small opening of the cell for X-ray access leaves available support of
the anvils for reaching maximum pressures. Because both primary and diffracted beams
can be finely collimated, the detector only receives signals from the small sample volume
where the two beams overlap, and none from the anvils or gasket. Minute samples at
ultrahigh pressures [65, 66] and samples of low diffraction intensity (low Z) [47, 67] can
be studied with minimal interference due to scattered X-rays from the anvils. Accurate
intensities can thus be obtained; this can also be crucial for diffraction of amorphous
materials at high pressures [68], which yield very broad diffraction patterns comparable
in some respects to the background signal from non-Bragg scattering of the diamonds
or the amorphous boron epoxy gasket. By utilizing the entire X-ray spectrum of the
polychromatic beam, EDXD is highly efficient. The time resolution provided by the
technique is an additional advantage for high pressure laser-heating experiments and
for kinetic studies. The principal disadvantage of EDXD is the lower energy resolution
relative to ADXD.

3"3. Single-crystal X-ray diffraction. - Single-crystal diffraction is the most definitive
technique for high pressure crystallography as it yields considerably more information and
higher resolution than poly crystalline diffraction, and in principle can provide accurate
electron density distributions (see lectures by Loveday, this volume, p. 73). Uncertainties
in peak positions and intensities caused by overlapping reflections in a polycrystalline
pattern can be avoided, with reflections separated in reciprocal space. For each diffraction
condition satisfied for a single crystal, only one peak (hkl) is present. When using a
He pressure medium, for example, the range for meeting this condition is very small
(rocking curves of < 0.1°), so reflections can be resolved despite twinning, multiple
crystals, mosaic spread, or continuous changes in symmetry caused by displacive phase
transitions. Overtone (nh, nk, nl) and superlattice (h/n, k/n, l / n ) diffraction peaks
appear in the same EDXD spectrum, which provides a convenient and powerful way to
detect and study superstructures. With X-ray photon energies up to 100 keV, momentum
transfers (Q = 47rsin#/A) as high as 20 A–1 are accessible. The large Q range can also
be used for direct electron density determination of single crystals at high pressure. To
meet all diffraction conditions of a single crystal under pressure, the high pressure vessel
must have a large portion of its reciprocal space accessible by X-rays, and one must be
able to turn the entire vessel around two axes. Both are difficult conditions to achieve
with large-volume presses but easy with small diamond cells.
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Fig. 8. — Radial diffraction and spectroscopy technique. (a) Transmission of diamond and
beryllium (5 mm and 4 mm, respectively, as typically used). (a) Radial diffraction. 03 and a\
are axial and radial stresses; A and B refer to the stress and pressure calibrants [69].

3'4. Radial X-ray diffraction. - An important extension of the above methods is the
radial diffraction technique (fig. 8). This advance has been made possible by the devel-
opment of the high-strength X-ray transparent gaskets, which provide access to samples
over a full 180° in </>, the angle between the unique stress axis (diamond-cell axis) and
the vector of the diffraction planes. At each i/>, the diffraction patterns corresponding to
crystallographic orientations (hkl) are obtained either by EDXD or ADXD. The relative
intensities of the peaks as a function of V reveal the preferred orientation, strength and
deformation (rheological) properties of the sample. The technique can also be used to
determine the pressure dependence of second-order elastic tensors. The dependence of
d-spacings as a function of tp and hkl, together with additional constraints provided by
hydrostatic X-ray diffraction data are used. The stress state of the specimen compressed
between two anvils is a superposition of the hydrostatic pressure, OP = (#3 -I- 2<7i)/3,
and the differential stress components, t = 03 — a\, where 03 and a1 are axial and radial
stresses, respectively. In some experiments, two X-ray markers can be used to constrain
the uniaxial stress [69]. The experimentally measured di^(hkl) as a function of ip can
be derived from anisotropic linear elasticity theory [70-72], and has the following form:
d^(hkl) = dp(hkl)[l + (1 — 3 cos2 *l>)Q(hkl)], where dp(hkl) denotes the d-spacing under
hydrostatic pressure a p. An extension of this technique involves the use of a two-layer
sample configuration to determine the axial stress, 03 and a p. The method has been
used on a variety of materials, including transition metals, simple oxides, sulfides, and
even rare gases (see refs. [73, 74]).

3"5. X-ray spectroscopy and inelastic scattering. - Numerous high pressure X-ray spec-
troscopy and inelastic-scattering techniques have been made possible by the combination
of the dramatic improvements in intensity from synchrotron radiation sources, the advent
of the high-strength transparent gaskets described above, and new panoramic anvil cells.
These techniques have made possible new classes of investigations of atomic coordination,
structures, vibrational dynamics, and electronic properties of materials. X-ray absorp-
tion and emission spectroscopies (XAS and XES) in the vicinity of absorption edges (e.g.,
K, L, or M) of an atom contain a wealth of information regarding the structural, elec-
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tronic, and magnetic interactions of the atom with its neighbors. XAS is a widely used
spectroscopic technique in high pressure synchrotron radiation research. XES has been
developed for the study of strongly correlated electronic systems at high pressure [75].
Here, deep-core electrons are excited, and the core holes then decay through radiative
processes and produce fluorescent photons. The energies of the fluorescent photons are
analyzed with sub-eV energy resolution of the emission spectral lineshape to provide in-
formation on the filled electronic states of the sample. The final state of the fluorescent
process is a one-hole state, identical to the final state of the photoemission process. Near
edge X-ray absorption fine structure (XANES) provides information on electronic proper-
ties, whereas extended X-ray absorption fine structure (EXAFS) provides local structure
information. For magnetic samples, X-ray magnetic circular dichroism (XMCD) can be
observed in both XANES and EXAFS by using circularly polarized X-rays. These mea-
surements can be combined in different ways for new classes of experiments; for example,
XMCD in XANES measures spin-resolved electronic densities of states, and XMCD in
EXAFS provide local magnetic structural informations.

Another method made possible by recent developments in synchrotron radiation is
inelastic X-ray scattering (IXS) [76]. Like inelastic optical scattering and neutron scat-
tering, it probes elementary excitations, such as phonons and plasmons (e.g., a Raman
effect). These measurements provide a direct determination of the dynamical structure
factor, S(q,ui). Recent phonon dispersion measurements on single-crystal diamond have
demonstrated that the resolution of IXS could be comparable to that of inelastic neutron
scattering (INS) in its coverage of full momentum space [77]. Recently, pioneering mea-
surements have been performed on single-crystal Ar to 20 GPa [78] and on polycrystalline
£-Fe to 110 GPa [79]. The phonon densities of states (DOS) and the acoustic velocities
are obtained. The measurement of the electronic excitations by IXS is particularly im-
portant because it provides a means for directly probing higher-energy excitations in
spectral regions between ~ 5 eV and ~ 4 keV which have been essentially unexplored
under pressure in every material. For hydrogen, the electronic states are predicted to
change from free-molecule-like to those of a wide-gap insulator with bound excitons to
indirect-gap closure, and eventually to those of an alkali metal-like free electron gas (fol-
lowing structural transitions; see Ashcroft, this volume, p. 151). Recent measurements
of the dispersion of the excitons in solid He at low pressure (0.2 GPa) demonstrate the
viability of the technique [80]. The difficulties of this technique have been resolved to
a large extent by the recent improvements in both flux and brightness in sources, the
development of micro-focusing optics, the use of transparent gaskets, and a panoramic
scattering geometry [66, 76]. A related electronic scattering technique is Compton scat-
tering, which measures electronic momentum distribution in a system. Feasibility studies
on Na in a Paris-Edinburgh cell have demonstrated the viability of the technique [81].

The temporal structure of synchrotron radiation can be exploited to perform nu-
clear resonance spectroscopy in the time domain for high pressure Mossbauer spec-
troscopy. This has been used successfully in high pressure studies of Fe and Eu com-
pounds at second-generation synchrotron sources [82–84]. Measurements of phonon den-
sities of states can be obtained by exploiting nuclear resonant inelastic X-ray scattering
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(NRIXS) [76]. The method, applied to the Mossbauer isotopes (e.g., 57Fe), has produced
DOS measurements at ambient conditions identical to the INS results. The NRIXS tech-
nique has been successfully applied to high pressure and the DOS of e-Fe up to 153 GPa
has been measured [85]. Properties such as zero-point vibrational energy, vibrational en-
tropy, and vibrational heat capacity, Debye temperature, Gruneisen parameter, thermal
expansivity, longitudinal wave velocity, shear wave velocities, bulk modulus, and shear
modulus can be derived from the phonon DOS.

3'6. Neutron diffraction and scattering. — High pressure neutron diffraction is crucial
as a complement to X-ray techniques but for many years has lagged behind X-ray meth-
ods [72]. Great progress has been made in high pressure neutron diffraction and scattering
methods in recent years. Neutron measurements have several unique advantages for the
study of materials and phenomena of interest to both geoscience and materials science,
and are complementary to the synchrotron X-ray studies, particularly for low-Z elements
and magnetic materials. Pioneering work using diamond anvil cells was carried out in
the Soviet Union in the 1980s, including the attainment of 30 GPa on metals and solid
molecular D2 [86]. Numerous polycrystalline diffraction studies have been carried out
with Paris-Edinburgh cells (e.g., ref. [87]; see lectures by Loveday, this volume, p. 73).
Magnetic diffraction to pressures in the 50 GPa range has been carried out [88]. Finally,
inelastic scattering studies (also with the Paris-Edinburgh cells) have been performed to
above 10 GPa [89, 90]. Because of the sensitivity to the hydrogen (or deuterium) sub-
lattice and the ability to determine internuclear distances directly, the measurements
provide complementary information to X-ray techniques (which are sensitive to heavy
atoms and probe electron distributions). These include measurements carried out with
large diamond and moissanite anvils that allow significantly larger samples (initially well
over an order of magnitude in volume) to be compressed at high pressure. This effort is
essential for the development of the state-of-the-art high pressure techniques needed to
take full advantage of the Spallation Neutron Source at Oak Ridge National Laboratory,
which will be the most intense neutron source in the world, upon its completion in 2006.

3'7. Optical spectroscopy. — The transparency of diamond cells make them excep-
tionally useful for optical studies, including the large number of laser spectroscopies
now possible for probing materials. The use of laser microprobes has opened new areas
for high pressure optical (absorption, luminescence, and reflectivity), Raman scattering,
and Brillouin spectroscopies. As mentioned above, the pressure tuning of fluorescence
spectra provide a scale for calibrating the pressure itself at ambient [41, 91] and high
temperatures [92]. Raman spectroscopy is widely used for characterizing materials at
high pressure. Although it is most commonly used for probing vibrational states, opti-
cal Raman scattering can also be successfully applied to study magnetic and electronic
excitations under pressure [93]. Developments in Raman technology have taken several
significant leaps in the past two decades: from the scanning double-monochromator sys-
tem in the 1970s to the subtractive-grating filter stage and dispersive spectrograph with
a diode array detector in the 1980s, to the single-grating imaging spectrometers with
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notch filters, CCD detectors, and holographic transmission gratings in the 1990s. New
Raman spectrometers are much more sensitive and compact, and thus easily coupled with
diamond cells for measurements at ultrahigh pressures. Moreover, recent work has shown
that ultra-pure synthetic diamond anvils provide a window of unprecedented clarity for
such optical studies at ultrahigh pressures [94].

Acoustic wave velocities can be obtained at high pressure by Brillouin spec-
troscopy [95]; in this technique an optical beam is scattered by an acoustic wave and
the Doppler shift of the laser frequency reveals the wave velocity. Because wave number
shifts are less than ~ 3 cm–1, a multiple (3- to 6-) pass Fabry-Perot interferometer is
typically used for gaining extremely high resolution and rejecting the background caused
by Rayleigh scattering of the laser line. By measuring velocities of a primary (longitu-
dinal) wave, Vp, and two secondary (shear) waves, VS, as functions of orientation in a
single crystal, the elasticity tensor (compliance Sij or stiffness Cij) can be determined.
Refractive indices and phase transitions at high pressure can also be investigated by Bril-
louin spectroscopy as a by-product [96]. This method has been applied to crystalline and
amorphous materials to above 60 GPa [97]. Acoustic wave velocities can also be obtained
(e.g., up to ~ 20 GPa) with a related laser technique, impulsive stimulated scattering
(ISS) [98]. In ISS, a laser beam is split into two beams and recombined to form a stand-
ing wave grating in a material; a second laser is scattered from the grating. The data are
obtained in the time (rather than the frequency) domain. In addition to acoustic veloci-
ties, thermal diffusivity at high pressure can be obtained with ISS. Recent developments
have combined the two techniques for simultaneous measurements in both frequency and
time domains. Other techniques include coherent anti-Stokes Raman scattering (CARS)
and multiphoton fluorescence and ionization [99]. In fact, virtually the entire array of
laser techniques used for ambient pressures is possible for high pressure study, includ-
ing non-linear optical studies carried out in both the time and frequency domains. We
also point out here that even higher energy laser sources are also being used to perform
shock-wave experiments on pre-compressed high pressure samples, thereby providing a
marriage of static and dynamic compression methods [100].

Infrared spectroscopy provides detailed information on bonding properties of crystals,
glasses, and melts, thereby yielding a microscopic basis for thermodynamic parameters,
information on bonding and crystal structure, and transformation mechanisms. Infrared
measurements also provide information on electronic excitations, including crystal-field,
charge-transfer, and excitonic spectra of insulators and semiconductors, interband and
intraband transitions in metals, and novel transitions such as pressure-induced metal-
lization of insulators. Whereas there have been some applications of IR laser methods,
most studies to date have used broad-band Fourier transform techniques. Developments
in broad-band synchrotron IR techniques have been particularly important, for example,
providing the means to probe samples in absorption and reflectivity to pressures above
200 GPa [101]. The work is setting the stage for the application of free-electron IR laser
methods that are coming on line [102].
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3'8. Electrical and magnetic methods. — Electrical conductivity measurement tech-
niques have been developed and extensively used for large-volume presses [15, 103, 104]
and early on for diamond cells [105, 106]. Numerous advances have been made in the
diamond cell techniques as a result of improved techniques for miniaturization and the
development of new (i.e., composite) gasket methods [107, 108]. The electrical conduc-
tivity technique, based on the use of "conventional" wire techniques (both four-probe and
pseudo—four-probe methods), has been instrumental in the discovery of a variety of new
phenomena at megabar pressures [109], as described below. New methods have been
developed for depositing metallic probes on diamond anvil surfaces together with epi-
taxial diamond films for direct measurements of electrical conductivity at megabar pres-
sures [110]. High pressure magnetic susceptibility techniques have also been dramatically
improved, particularly the double-modulation methods developed by Timofeev [111],
which have been extended for measuring superconducting transitions at megabar pres-
sures [112] (see Struzhkin et al., this volume, p. 275). With recent improvements in
sensitivity, measurements on small samples down to 10 fj,m are now possible, which per-
mits experiments to be performed to above 200 GPa. Moreover, studies of ferromagnetic
transformations are also possible [113]. Developments in other magnetic methods include
the extension of NMR methods [114], applications of EPR [115] and NQR [116] spec-
troscopies, ultrahigh pressure electrical measurements in magnetic fields [107], studies in
very high fields [33], and de Haas-van Alphen measurements of Fermi surfaces of single
crystals (< 2 GPa in piston cylinder devices) [117].

3'9. Other techniques. - Developments in other methods include acoustic, transport,
and macroscopic strain techniques. At pressures up to 10 GPa, elastic properties can
be obtained by direct measurements of acoustic wave travel time or echo interference
techniques, which can be applied to opaque and/or polycrystalline samples. Recent
breakthroughs have extended acoustic interferometry to high P-T conditions in multi-
anvil devices [42, 118], and most recently diamond anvil cells (GHz interferometry) [119].
Acoustic emission can also be recorded at very high pressures (80 GPa) [120]. Advances in
other high pressure transport methods include thermal conductivity techniques employ-
ing laser heating and optical pyrometry, which have been used to measure the pressure
dependence of thermoelectric power [121]. The pressure dependence of nuclear (electron
capture) rates can be determined from measurements of the ^-particle production [122],
and there is the prospect of high pressure muon-spin relaxation [123]. Finally, another
class of techniques is that involving macroscopic measurements (i.e., of the entire sam-
ple) at very high pressures or stresses; this includes deformation, shear strength, and
equation of state [124]. Further development of many of these techniques requires larger
gem anvil cells, as discussed below.

4. — Selected applications

4"1. Dense solid hydrogen. - Among the many problems being examined in the field
of high pressure science, the behavior of hydrogen is perhaps the most profound and



OVERVIEW OF STATIC HIGH PRESSURE SCIENCE 21

t

(a)
Lattice modes Vibron

200 400 600 800 1000 1200 3400 3600 3800

Raman Shift (cm-1)

5000

4000

§ 3000

2000

1000

0

Raman

Raman

4600 4800 5000 6000 6200 64004000 4200 4400 0

Wavenumber (cm-1)

50 100 150 200 250 300

Pressure (GPa)

Fig. 9. - Hydrogen at ultrahigh pressures. (a) Raman and IR spectra at 250 GPa and at 205 GPa,
showing the high-frequency vibrons and lower-frequency librons and phonons (as sidebands in
IR). (b) Vibrational frequency shifts for the vibrons and phonons. Type-I beveled (8-10 degrees)
diamonds with 30-50 /um culets were used [94, 133].

fundamental (see Ashcroft, this volume, p. 151). First produced in liquid and solid
forms in the laboratory just over a century ago, hydrogen was subsequently predicted
in the early years of quantum mechanics to become a dense metal at sufficiently high
pressure [125]. Subsequent calculations indicated that the unique quantum character of
the lightest element will impart dramatic and equally unique properties to the material
at very high densities [126], including novel superconductivity and singular high-energy
density. There have been discoveries of new phenomena (e.g., electronic transitions,
metallization, and volume collapse) in the fluid at 140-200 GPa [127, 128] (see Nellis, this
volume, p. 317) and high temperatures and in the solid (e.g., three phases, I, II, and III,
with changes in optical properties) at comparable pressures but lower temperatures [129].
However, numerous attempts to compress solid hydrogen in order to transform it into a
conducting state [130-132] have not been successful in reaching pressures in the critical
range above 250 GPa or in characterizing the sample definitively.

Recent studies have extended vibrational spectroscopy measurements in solid hydro-
gen to 285 GPa [133]. Raman and IR spectra at 250 GPa reveal the complete set of
vibrational excitations (vibrons, phonons, and rotons/librons; fig. 9). Most notably,
the measurements indicate that the molecular solid persists to the maxumum pressures
reached (285 GPa). The observed narrow low-frequency bands associated with librations
and translations of molecules are in accordance with previous work [50]. Comparison
of the frequencies of the IR high-frequency bands with those from low-frequency Ra-
man spectroscopy suggest that they originate from combinations of the IR vibron and
lattice modes [134]. Comparisons of the measured frequencies with the results of re-
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cent theoretical calculations [135] show some discrepancies including the number of the
modes observed and their activity, although the pressure dependence is in reasonable
agreement. The structure of phase III proposed in ref. [135] (see also ref. [136]) contains
two different site symmetries for hydrogen molecules, giving rise to a larger number of
predicted excitations. The experimental data indicate that the splitting between IR and
Raman vibrons is dominated by vibrational (or factor-group) splitting (see also Ulivi.
this volume, p. 337). Extrapolating the vibron and phonon frequencies to where they
might be expected to converge at higher pressure gives an upper bound on the stability
of the molecular state of approximately 500 GPa (at low temperature). There has also
been significant progress in using these spectroscopic methods to examine bonding and
melting of H2 at high temperatures and pressures (to 1000 K at > 60 GPa) [137] (see also
ref. [138]), for comparison with recent shock wave results [127] (see Nellis. this volume,
p. 317).

With pressure increase an absorption edge appears on the high-energy side and shifts
to lower energies. This arises principally from a reduction of the absorption threshold of
diamond under nonhydrostatic stress, as calculated from first-principles [139] and doc-
umented previously [65, 140]. Resonance Raman scattering can provide an independent
way of measuring the bandgap of the sample since a resonant increase in intensity of
the Raman signal occurs when the incoming (and outgoing) photon energies approach
that of the bandgap. This effect has been reported previously in H2 at visible excitation
energies [130], and most recently by Loubeyre [141]. Direct observation of sample ab-
sorption was also reported at the highest pressures reached in these studies (~ 320 GPa
in ref. [141]; > 250 GPa in ref. [130], where only a lower bound could be obtained [129]).
Extrapolation of dielectric models based on interference fringe measurements provide ad-
ditional information on the general behavior of the direct gap [142]. Recently calculated
(and empirically corrected) bandgaps for predicted P21/c and Cmc21 structures are in
agreement in terms of the slope but show smaller values [143–145]. The recent spectro-
scopic data give a lower bound on metallization of 325 GPa. Direct measurements of
electrical conductivity as a function of pressure in hydrogen are discussed below.

4'2. Pressure-induced metallization and superconductivity. - High pressure studies
have been central for tuning superconductors, pursuing new classes of superconduc-
tors, and understanding the origin of high-temperature superconductivity. Indeed, the
highest superconducting temperature on record (164 K) has been obtained on oxides
HgBa2Ca2Cu3O8 at 30 GPa [7]. In the past, investigations of such transitions, including
insulator-metal transitions themselves, at higher pressures (e.g., > 100 GPa) have had
to rely on optical techniques. Signficant advances have come from a new generation of
electrical transport as well as magnetic susceptibility studies. The results of resistance
measurements for selected materials to pressures above 100 GPa at 300 K are shown in
fig. 10. All show a marked decrease in resistance with pressure. Sulfur transforms to
a metal near 100 GPa [146], in agreement with earlier optical measurements [147], and
is also superconducting with an initial Tc of 14 K; this increases to 17 K at 160 GPa, as
shown by magnetic susceptibility [148, 149] (see Struzhkin et al., this volume, p. 275).
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Fig. 10. - Measurements of electrical conductivity at megabar pressures. (a) Resistance of
selected samples as a function of pressure: S [146], CsI [108], Xe [32], B [8], and N [167].
(b) Schematic of the technique. Four electrodes made of platinum foil are placed on the surface
of the gasket to contact the sample. Two electrodes are inserted into the sample; direct electrical
contacts between the pairs of electrodes allow tests of whether electrodes happen to break during
loading. This arrangement of electrodes allowed the use of quasi-four-electrode measurements of
resistance [8]. Experiments have also been carried out using a conventional four-probe technique
(to 180 GPa). (c) Pressure dependence of resistance in B at low temperature, showing the
transition to the superconducting state near 175 GPa [8].

CsI is isoelectronic with Xe and has been studied over a similar range of pressure [108].
The rare-gas solids are considered the simplest molecular solids, and as a result of their
closed-shell electronic structures, they are important systems for examining insulator-
metal transitions (e.g., by band overlap). Xenon has the smallest band gap among the
rare gases (that are readily available for study), and therefore has been a classic system
for the study of pressure-induced metallization. In these experiments [32], a measurable
resistance R appeared at 60 GPa, which dropped with further increase in pressure. A
noticeable change in slope was observed at ~ 75 GPa. The pressure of the observed
transition from semiconducting to metallic behavior between 121 and 138 GPa at 300 K
is close to (but lower than) that deduced from the optical studies [150, 151]. Samples
were cooled from 300 K to 27 mK using He cryostats and 3He and 3He/4He refrigerators.
At temperatures below 25 K the resistance noticeably increases. An observed increase
in resistance at low temperatures in the vicinity of the transition (~ 155 GPa) could
be indicative of the formation of an excitonic insulator. When the energy gap becomes
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smaller than the binding energy of an exciton, the ordinary ground state of the crystal
becomes unstable with respect to the spontaneous formation of excitons, which at low
temperature give an insulating state [152].

Boron provides an example of additional phenomena. First-principles calculations
predicted that the array of icosahedra that comprise this structure break down near
200 GPa to form a metallic solid [153]. The conductivity of boron was measured as a
function of pressure and temperature to 250 GPa [8]. Near 175 GPa, the material exhib-
ited metallic behavior; moreover, cooling to very low temperature shows that the phase is
also a superconductor, with Tc ~ 6 K, increasing at a remarkably high rate of 0.05 K/GPa
to 11.5 K at 250 GPa. Although the observation of superconductivity in this system ap-
parently has not yet been explored theoretically, the observed metallization pressure
is compatible with that predicted from first-principles calculations. The mechanism of
metallization (e.g., band overlap vs. structural transition) as well as the mechanism of
superconductivity is not yet completely understood (see Ashcroft, this volume, p. 151).

Metallization of oxygen reported at 95 GPa based on optical measurements [154] was
confirmed by electrical conductivity; moreover, extension to low temperatures revealed
superconductivity at these pressures, with Tc = 0.6 K [155]. Experiments have demon-
strated metallization in the 100 GPa range of a variety of other systems (including iodine,
bromine, SnI4 and iodinal, see ref. [107] for a review), as well as most recently Fe [9].
There has been great interest in the direct measurement of electrical conductivity as a
function of pressure in hydrogen. Early on, the search for the high-density metallic phase
of hydrogen inspired several early attempts to measure electrical conductivity in diamond
indentor-type devices and multianvil presses [156, 157]. Notably, hydrogen is the most
difficult material to contain at high pressure, as it tends to embrittle and mechanically
weaken the gasket and anvil. So far, no measurable conductance in hydrogen has been
found at and below 300 K to maximum pressures of 210 GPa (R > 150 MQ) [158]. The
results confirm that the transition to phase III is not associated with an insulator-metal
transition, in agreement with IR spectroscopy [159, 160].

4"3. Polymeric nitrogen and other new materials. - Density functional calculations
have predicted that nitrogen can transform from the molecular phase, where each atom
is triply bonded to only one other, to a monoatomic structure with each atom bonded to
three near neighbors by single covalent bonds [161-163], with an equilibrium transforma-
tion at 50-90 GPa. There was also evidence for a transition to a collapsed non-diatomic
state in the shock-compressed fluid at even lower pressure but high temperature [164].
In addition, more recent molecular quantum chemical calculations have predicted the
existence of polyatomic nitrogen molecules (e.g., ref. [165]), some of which are expected
to be stabilized at high pressures. Electrical transport measurements were performed
to examine whether the phase is metallic or non-conducting. We performed a series of
runs at 300 K to 80 K, to maximum pressures of 240 GPa. In the experiments carried out
at room temperature, measurable sample conductance appeared at 130 GPa, coinciding
with the gradual onset of visible absorption at 300 K [166]. In contrast, measurements
carried out at 80 K showed that the sample transformed near 190 GPa to the new phase.
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Measurements of the temperature dependence of the resistance demonstrated that the
material persisted in a semiconducting state to the maximum pressure of 240 GPa [167].

N2 indeed breaks down to a non-molecular form at 150 GPa as shown by various
spectroscopic measurements. Low-temperature spectra measured on decompression show
that the transition exhibits a remarkably large hysteresis with a midpoint of 100 GPa,
in excellent apparent agreement with theory [161–163]. The non-molecular phase was
observed to persist to ambient pressure at temperatures below 50-100 K, opening the
prospect for recovery of this unusual material at zero pressure. Subsequent work has
revealed additional findings, results that were not predicted by theory. Study of the
optical and vibrational spectra indicates that the material formed on compression at and
below 300 K is disordered [168]. There is also optical evidence that transformations oc-
cur within the non-molecular phase on decompression, with spectral changes that appear
to parallel the behavior of phosphorus. Spectroscopic and X-ray diffraction studies of
the phase diagram to 900 K and 100 GPa revealed new classes of structures and demon-
strated that the phase diagram may be far different than previously thought. The low
pressure diagram, in particular the 6-6loc transition, has also been explored with CARS
techniques [169].

New behavior has been uncovered in CO2 at high pressures and temperatures. Raman
studies showed evidence for the formation of a "quartz-like" structure (named CO2-V)
based on the close similarity to the spectral signature of quartz [170], though subsequent
diffraction data suggest a structure close to one of the lower pressure silica phases [171].
First-principles calculations independently predicted the stability of framework struc-
tures with tetrahedral carbon [172] (see also refs. [173–175]). Laser heating of solid C02
followed by Raman scattering and X-ray diffraction at 30-80 GPa showed that the com-
pound breaks down to oxygen and diamond [176]. At pressures higher than 40 GPa the
decomposition is preceded by the formation of a new CO2 phase (CO2-VI). These findings
are consistent with thermodynamics and limit the stability of nonmolecular CO2 phases
to moderate temperatures. On the other hand, N2O, which is isostructural with CO2,
transforms on laser heating to a novel NO+NO3

- structure [177]. Previously inferred
from Raman studies at low pressure, Raman, IR, and X-ray diffraction studies following
laser heating identified the structure of this novel charge-transfer ("zwitterionic") phase
reminiscent of phase III in hydrogen.

Numerous other molecular systems have been transformed to new, non-molecular
forms under pressure. The behavior of H2O at very high pressures (above 50 GPa) has
been the subject of considerable focus recently, in particular the predicted transition to
the symmetric hydrogen-bonded phase, which was identified at 60 GPa (see lectures by
Loveday, this volume, p. 357). The Raman spectrum of ice was obtained through the
transition [29], confirming the identification of the transition by IR spectroscopy [178,179]
and X-ray diffraction [67]. Methane can persist metastably to above 120 GPa at 300 K, in
contrast to its breakdown under laser heating below 15 GPa [180]. Numerous new phases
were observed in CH4-H2O [181], Xe-H2O [182], H2-H2O [183], and newly discovered
high-density van der Waals compounds (see refs. [184,185]).
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Fig. 11. - (a) XES of FeO at 140 GPa before and after laser heating [194, 213]. (b) Pressure
dependence of the NRIXS measurements giving the partial phonon density of states [196]. The
experiments were carried out at the SRI-CAT (Sector 3) of the APS.

4'4. "Simple" silicates and oxides. - The properties of silicates and oxides at high
P-T conditions are crucial for understanding the nature of the Earth's deep interior (see
Boehler et al. and Yagi, this volume, pages 627 and 643). These materials exhibit nu-
merous interesting phenomena of fundamental interest as well. In particular, the silica
exhibits numerous intriguing equilibrium and metastable transitions under pressure (see
lectures by McMillan and Arora, this volume, pages 511 and 545). The transformation in
stishovite, the form of silica having the rutile structure with Si in octahedral coordination
by oxygen, has been the focus of numerous studies in recent years. Single-crystal and
polycrystalline X-ray diffraction of stishovite confirmed the transition to the CaCl2-type
structure near 50 GPa [186,187] identified previously by Raman spectroscopy and pre-
dicted by first-principles theory [188]. The single-crystal X-ray diffaction measurements
were carried out during compression and decompression to 65 GPa (at room tempera-
ture) [186]. All of the spectroscopic, X-ray diffraction, and theoretical results have been
combined to develop an order parameter model for the transition based on Landau the-
ory [189]. The associated elastic instability at the transition is expected to give rise to
an anomalous decrease in the shear wave velocity, which provides a seismic signature
that could be diagnostic of free silica in the deep mantle. There is also evidence for the
a-PbO2-type structure predicted theoretically [190]; this is formed at higher pressure
(> 80 GPa) from different starting materials [191] (though it has not been observed in
all experiments [187]) and in recovered meteorite samples [192].

The electronic and magnetic properties of simple transition metal compounds at high
pressures are of interest for a wide range of problems (see also Cohen et al., this volume,
p. 215). In particular, theoretically predicted pressure-induced magnetic collapse [193]
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is important for transition element ions, that, with their variable valence and magnetic
states, control major geochemical and geophysical processes such as oxidation and reduc-
tion, chemical differentiation, elasticity, geomagnetism, conductivity, and radiative heat
transfer. Wustite (Fe1_xO, x — 0.02-0.08; hereafter called FeO) is a highly correlated
transition metal oxide that is also an end-member component of the Earth's deep mantle
and core. The spin state of iron in FeO has been determined by the analysis of the Fe Kp
spectrum by XES. The emission spectrum of high-spin iron is characterized by a main
peak with an energy of 7.058keV, and a satellite peak located at lower energy due to
the 3p core-3<i hole exchange interaction in the emission final state. In the 2+ oxidation
state of iron (d6 configuration), the low-spin state is characterized by a total magnetic
moment equal to zero. This collapse of the 3d magnetic moment has a distinct signature,
since the exchange interaction (and therefore the lower-energy satellite) vanishes and the
resulting spectrum consists of a single narrow line. Kp XES measures show no changes
on room temperature compression to 140 GPa [194] but a significant shift following laser
heating (fig. lla). X-ray diffraction measured at the highest pressure indicates that the
material remains rhombohedral. Comparing the observations with previous Mossbauer
data [195], there must be a maximum TN above 300 K and 40–60 GPa with re-entrant
behavior back to the paramagnetic phase above 80 GPa [194]. In comparison, measure-
ments on troilite (FeS) show a high-spin to low-spin transition at 4 GPa coinciding with
the FeS I-II structural transition [75]. Likewise, a high-spin to low-spin transition occurs
in hematite at 50 GPa [194].

The NIXRS technique was also applied to FeO in order to understand the changes in
phonon structure, in particular as it relates to the soft-mode behavior associated with
the transition to the rhombohedral phase, and possible magneto-elastic coupling in the
material under pressure [196]. Measured spectra and partial phonon density of states
of FeO obtained from spectra are compared with the complete phonon density of states
obtained from inelastic neutron scattering in fig. l1b. In contrast to the measurements for
Fe, the measurements for FeO give only the partial DOS; the high-frequency vibrational
modes involving oxygen are not probed. Notably, a peak at low-energy transfers (Debye-
like part of the spectrum) appears at 10 GPa and persists to higher pressure; it is most
prominent in the vicinity of the transition from the paramagnetic Bl to antiferromagnetic
rhombohredal structures (near 17 GPa) [197]. This transition appears to be driven by the
softening of C44. The data can be used to constrain the pressure dependence of magneto-
elastic coupling, which affects the shapes of the phonon dispersion curves. In a crystal
field of cubic symmetry, residual angular momentum contributes to the energy balance
through spin-orbit coupling and the direct effects of orbital magnetic moments, resulting
in observable magnetostriction effects. In FeO, the magnetic anisotropy energy is thought
to make a substantial contribution. The calculated effect on the sound velocity is 10-15%
within the energy range of 0-5 meV, in very good agreement with the enhancement of
the DOS documented experimentally.

4'5. Iron in the Earth's core. - The Earth's core consists mainly of iron. Unlike
the high pressure silicates and diamond that are quenchable and can be studied under
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Fig. 12. - Iron at Earth core pressures, (a) In situ X-ray diffraction of Fe at 160 GPa and 2500 K
as determined by X-ray diffraction with double-sided laser heating [200] (see also ref. [74]). (b)
The aggregate compression and shear wave velocities, Vp and Vs, which are related to the
(adiabatic) Ks and Gs by VP = ^(Ks + (4/3)Gs)/p and Vs = y/Gs/p. The analysis uses Ks
(where KS = /^(l+cryT)) and p determined by X-ray diffraction. The open circles and squares
are the results of radial diffraction experiments; the solid square is a large-volume ultrasonic
measurement at 16.5GPa [69]. The short dashed line is first-principles calculations reported in
ref. [202]. Shock-wave data are shown by the long-dashed line [203].

ambient conditions after releasing pressure, the dense form of iron observed by shock-wave
compression is non-quenchable, and must be studied in situ at high pressure. In 1964,
Takahashi and Bassett [198] developed an X-ray diffraction technique to probe samples
in a newly invented diamond cell and identified the hexagonal close-packed phase of iron
(e-Fe) above 13 GPa. The material is also of fundamental and technological interest.
Indeed, recent discoveries make it clear that a detailed understanding of the nature of
iron at high pressure is not yet in hand (see Cohen et a/., this volume, p. 215). Theory
suggests that magnetic interactions are present in e-Fe and are needed to reconcile the
difference between theory and experiment for the density and equation of state of the
phase [199]. Indeed, it has recently been reported that £-Fe is a superconductor at
pressures of 30GPa [9].

Accurate determination of the phase diagram of iron is a problem of first rank in
Earth science, and it is a necessary starting point for understanding the composition,
thermal state, and dynamics of the core (see Boehler et al. and Poirier, this volume,
pages 627 and 619). Significant strides toward the resolution of this problem have been
made in this area, owing to the development of the double-sided laser heating techniques
discussed above. In situ high P-T synchrotron X-ray diffraction studies to above 160 GPa
and 3000 K with double-sided laser-heating techniques demonstrate that the hexagonal
close-packed phase (e-Fe) has a wide stability field extending from deep mantle to core
conditions (fig. 12a) [200]. Direct measurements of the melting line of e-Fe to above
100 GPa provide constraints on the temperature and density at the inner core boundary.
Notably, X-ray measurements of molten iron in Paris-Edinburgh cells reveal structural
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changes in the liquid up to 5 GPa and 2500 K, but the shifts do not reflect discrete
transitions [201]. Pressure-induced structural changes in the liquid have been proposed
at pressures and temperatures beyond the range of current experiments (see McMillan,
this volume, p. 511, for a general discussion).

A broad range of complementary studies have now been performed on e-Fe up to
megabar pressures. Vibrational spectra providing information on thermodynamic prop-
erties have been measured on Fe to above 150 GPa with Raman spectroscopy [30] (see
Goncharov, this volume, p. 297). The NRIXS method described above has also been
applied over the same pressure range [85]. The DOS at selected pressures as well as the
phonon contribution to thermodynamic functions are obtained from the analysis of these
data. The DOS calculated with first-principles (pseudopotential) theory shows broad
agreement, although there are significant differences at higher frequencies. As for FeO,
the form of the phonon DOS as E > 0 gives another determination of aggregate sound
velocities, and there is excellent agreement with the analysis of the radial diffraction mea-
surements carried out at room temperature to 220 GPa [69]. The pressure dependence of
Vp and V$ determined from analyses of the data compare well with ultrasonic measure-
ments at 16.5 GPa (fig. 12b). Agreement with theory [202] is fair but tends to improve
at higher pressures. Shock-wave data [203] are used to estimate the velocities core tem-
peratures and pressures. The magnitude (and even existence) of elastic anisotropy for
the inner core has been the subject of much recent controversy. An extended theoretical
method has been developed that self-consistently takes into account the effects of texture
in the calculation of the elastic moduli [204]. The IXS measurements of polycrystalline
£-Fe to 110 GPa at ambient temperature mentioned above have been limited to Vp [79];
the results agree (within error bars) with radial X-ray diffraction and NRIXS data.

The dynamics and processes associated with possible texture development in the in-
ner core have been under intensive investigation. Seismic anisotropy reflects oriented
texture in elastically anisotropic minerals. In the radial diffraction experiments, strain
anisotropy was observed that corresponded to variations in diffraction intensities and
suggests the presence of crystallographic preferred orientation. From the regular changes
in intensities as a function of sample orientation, the orientation distribution for e-Fe
was calculated [205]. The distribution exhibits a strong concentration of c-axes parallel
to the axis of the diamond anvil cell (5–7 multiples of a random distribution). Assuming
that this pattern was attained during axial compression, it provides insight into deforma-
tion mechanisms at high pressure. Polycrystal plasticity theory predicts c-axes parallel
to the compression direction as a result of basal slip, if basal slip is either the primary
or secondary slip system. These deformation experiments at inner core pressures pro-
vide information about flow processes within the Earth and are relevant to the possible
development of anisotropy during outer core convection. It is now necessary to extend
these studies to alloys and compounds of iron with hydrogen, carbon, oxygen, silicon,
sulfur, and nickel (see Boehler et a/., Poirier, and Stevenson, this volume, pages 627, 619
and 587).
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4"6. Pressure effects on biological systems. - Effects of pressure on biological mate-
rials occur at comparatively low pressures (e.g., below iGPa; see Winter, this volume,
p. 413). Pressure-induced denaturation of proteins was first observed by Bridgman in
1914 in egg albumen. Defining the P-T limits of life is critical for testing the hypoth-
esis of the "hot, deep biosphere" and the question of the habitable zone of planets in
the Solar System. Previous work related to this question has relied on studies of the
behavior of isolated biomolecules, indirect measurements of cellular growth, or quench
studies. There is some evidence that elevated pressure may also have interesting effects
on cellular physiology [206, 207]. An exciting new development has been the direct in-
vestigation of the effect of pressure on living systems, albeit in a lower pressure range.
In particular, diamond anvil cell techniques have been used to study the viability of
selected micro-organisms in aqueous environments [208]. Experiments were conducted
on two bacteria, Shewanella MR1 and E. coli with Bassett-type hydrothermal diamond
anvil cells. Detailed visual observations were conducted to determine the presence of the
characteristic non-Brownian motion indicative of the living state. Raman measurements
of the consumption of formate were used to check for metabolic activity (microbial for-
mate oxidation, which is a fundamental metabolic function in anaerobic environments).
Standard microbiological stains indicating the presence of living cells were also used.
Finally, numerous controls were conducted to check against possible artifacts.

Visual observations of Shewanella MR1 indicated the presence of non-Brownian mo-
tion of the microbes at pressures as high as 1.6 GPa at room temperature (fig. 13). In the
mixtures studied, this is the pressure at which ice VI crystallizes. The Raman data indi-
cate rapid oxidation of formate and, in the presence of inhibitors such as sodium cyanide,
the oxidation rates were significantly reduced. Both cell-free and dead-cell controls indi-
cate that the oxidation resulted from biological activity. Moreover, even at 1.6 GPa the
organisms become concentrated within the crystallites of the ice; over time the veins con-
taining them grow and the textures change, indicating continued viability. Although the
combined effects of temperature and pressure have not been explored, these observations
expand the potential habitable zone in the Solar System by an order of magnitude in
pressure, and include the possibility of life extending to depths of 50 km within the Earth
as well as within deep water/ice layers of planetary satellites. Numerous new studies,
including selection and the direct adaptability of piezo-tolerance in situ at high pressure,
should now be performed.

4'7. New generation of high pressure devices. - The field of high pressure science is
driven by technological developments, and these advances continue unabated. Despite
the wide array of methods that can be used at ultrahigh pressures, many experiments are
not yet possible (or cannot be carried out with sufficient accuracy and precision) because
they require large volumes of sample under well-defined static pressures. Scale-up of
sample volume requires larger anvils. Large natural single-crystal diamonds are rare and
prohibitively expensive, as the cost increases with the square of the weight, while perfect,
inch-size, natural diamonds are simply unavailable at any cost. With the recent develop-
ment of high pressure single-crystal growth techniques, large synthetic diamond crystals
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Fig. 13. - Observations of microbial activity through a diamond anvil cell at pressures up to
1.4GPa. The images show the bacteria (stained with methylene blue) in aqueous solution co-
existing with ice VI at the highest pressures. Viability at these pressures was demonstrated
by bacteria motility (non-Brownian motion), the persistence of metabolic activity as shown
by in situ Raman spectroscopy of nutrients (formic acid), and numerous control experiments.
Reprinted with permission from ref. [208]. Copyright 2002 American Association for the Ad-
vancement of Science.

of gram size are becoming available commercially. An alternative is the possibility of
producing high-quality diamond by low pressure chemical vapor deposition (CVD). Cur-
rently, the CVD method is the most promising technology for producing low-cost bulk
diamond material [209,210]. The use of CVD diamond for such an application, however,
was not considered viable due to the existence of grain boundaries of polycrystalline CVD
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Fig. 14. - Towards a new generation of diamond anvil cells, (a) Photograph of seed and as-
grown unpolished single-crystal produced by CVD. The magnification of the corner of the CVD
diamond shows even growth rate of the 4 sides of the diamond cube [211]. (b) Schematic of a
large-volume diamond anvil cell with supporting belt.

diamond produced by this method as well as the slow growth rate (typically 1/im/h).
In a recent pilot project, we have found that high-quality single-crystal diamond can
be produced by CVD at very high growth rates of 50 /rni/h, with smooth transparent
top surfaces identical to that of the high P-T synthetic diamond used as the substrate
(fig. 14a) [211]. Produced at growth rates that are up to two orders of magnitude higher
than those of standard processes, this high-quality CVD diamond could form the basis of
the next-generation high pressure cells needed for experiments at new neutron sources and
X-ray beamlines; it may also find numerous important applications in electronic devices.

Future extension of the maximum pressure depends upon improvements in diamond
cell design, which include diamond anvil quality, diamond culet configuration, gasket
materials, diamond support, cell alignment, and loading devices (fig. 14b). In situ mi-
croprobing capabilities are essential for characterizing the pressure distribution and im-
proving the pressure vessel itself. Experiments and finite element modeling show that
diamond failure results when the cupping reaches a critical value such that the trans-
mission at the rim is about one half of that within the cup [66, 212]. With new X-ray
methods, simultaneous two-dimensional transmission and diffraction radiographs will be
useful for development of the next generation of high pressure vessels by testing radically
different new concepts to improve the sample volume and stability and to advance toward
the terapascal region.

5. — Conclusions

Recent breakthroughs in high pressure techniques are opening up new research fron-
tiers in a wide spectrum of disciplines. In condensed matter physics, the newly developed
methods will take us into uncharted territory as materials are altered in radical and
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unexpected ways, just as superconductivity and superfluidity were unheard of a century
ago, prior to the development of cryogenic techniques capable of reaching the low tem-
peratures required to observe these phenomena. In chemistry, experiments are creating
a new dimension to the venerable Periodic Table, as elements develop redefined reactivi-
ties under compression. Moreover, techniques developed for ultrahigh pressure study can
now be used to tune and control key reactions in organic chemistry and biogeochemistry.
There are obvious and significant materials science implications, with the potential for
new technological materials and the discovery that phases can be recovered to ambi-
ent from remarkably high pressure conditions through precisely tuned P-T paths. In
geoscience and planetary science, characterization of materials at the conditions equiv-
alent to those at great depths within planets is crucial for understanding the Earth as
well as the plethora of recent astronomical discoveries. Recent observations are opening
up strategies to address problems in high pressure biology, including understanding the
principles that make life in extreme environments possible. In summary, this new era of
high pressure research provides us with new opportunities to fully exploit the pressure
variable in order to solve major materials-based problems. An important component of
this effort is the coupling of brilliant synchrotron X-ray sources and high flux neutron
sources with new devices that are coming on line. The latter includes efforts to produce
large-volume gem anvil cells that will make possible new classes of experiments possible
(e.g., neutron scattering, nuclear magnetic resonance, and ultrasonic measurements at
megabar pressures). These advances are setting the stage for continued development of
high pressure science for the coming decades.

We are grateful to numerous collaborators for their contributions to the work described
above and to P. LOUBEYRE and J. H. EGGERT for communicating their results prior
to publication. This was supported by the NSF, NASA, DOE, and the W. M. Keck
Foundation.
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Experimental overview of large-volume techniques

T. YAGI

Institute for Solid State Physics, University of Tokyo
5-1-5 Kashiwanoha, Kashiwa, Chiba 277-8581, Japan

1. - Introduction

Many different types of high pressure apparatuses have been used to study various
properties of materials under pressure. Among them, the diamond anvil cell has be-
come quite popular recently and it is used for a wide variety of studies. Large-volume
apparatuses, on the other hand, play an important role, particularly for studying high
pressure minerals and in materials synthesis. In these studies, stable and uniform high
temperature, which is still difficult to achieve in the diamond anvil apparatus, plays a key
role. Moreover, in studying the behavior of minerals, very often more than two phases
are formed and in order to study their properties, it is necessary to have a sufficiently
large sample chamber. In some low temperature experiments, a large volume also plays
an important role. In physics, precise electrical conductivity measurements in a large-
volume apparatus provide ample information about the transport properties of materials.
Therefore, there are many studies in which large-volume techniques are indispensable.
This lecture reviews the brief history, basic experimental techniques, present status, and
prospects of large-volume high pressure techniques.

2. — Development of large-volume apparatuses

2'1. Evolution of the piston-cylinder apparatus. - Among many different types of
large-volume apparatuses, I will discuss mainly multi-anvil apparatuses, which are most
widely used for studying the high pressure behavior of minerals. P. W. Bridgman studied
the behavior of a wide variety of materials [1] under pressure using a piston-cylinder
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Piston-cylinder apparatus

Opposed-anvil apparatus

Bridgman anvil Drickamer anvil

Multi-anvil apparatus

Tetrahedral press

Fig. 1. - Various types of high pressure apparatuses.

apparatus (fig. 1). Using this apparatus, it is possible to obtain the pressure-volume
relationship of the sample directly by measuring the applied load and stroke of the
piston. The attainable pressure, however, was limited to about 3 GPa, mainly due to the
strength of the piston. In a piston-cylinder apparatus, pressures applied to the sample
are equal to those applied to the piston, and 3 GPa is the maximum pressure a tungsten
carbide piston can sustain. By properly designing the apparatus, however, the attainable
pressure was extended almost one order of magnitude.

There are two guiding principles for achieving higher pressures: "massive support"
and "lateral support". If the top and bottom areas of the piston are equal, the pressure
applied to the sample becomes equal to that at the bottom of the piston. However, if the
bottom area is larger compared to the top one, the pressure at the bottom becomes less.
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Fig. 2. - "DIA-type" apparatus.

because the force applied to the top is dispersed in the massive body. Tapered parts for
high pressure generation are called "anvils". When a large force is applied to the anvils,
a portion near the top suffers tensile stress rather than compression stress because of the
deformation of the anvil, and a fracture of the anvil occurs. If a proper lateral support
is applied to prevent the deformation, much higher pressures can be achieved without
breaking the anvils. Great progress in multi-anvil apparatus design has been achieved
by taking advantage of these two principles.

The "Bridgman-anvil" and the "Drickamer-anvil" arrangements (fig. 1) are two
opposed-anvil-type designs that use these principles, and they can achieve much higher
pressures compared to the piston-cylinder apparatus. However, their pressure chambers
are too small to accommodate a furnace for heating the sample, and multi-anvil appa-
ratuses were developed to overcome this problem. In the multi-anvil apparatus, four to
eight anvils are used to compress a solid pressure-transmitting medium. In the early
days, independent hydraulic presses were used to drive each anvil and a large press such
as a "tetrahedral press" was constructed. This is because it was easy to make the whole
system by connecting several hydraulic presses, since most of the manufacture was pos-
sible using a lathe. These days, it is more common to compress a "guide block" using
a single hydraulic press and drive 6 to 8 anvils, because the development of machining
technology has made it easy to manufacture various types of guide blocks.

2'2. The "DIA-type" apparatus. - One type of multi-anvil apparatus used widely now is
called the "DIA-type" apparatus, in which a cube-shaped pressure-transmitting medium
is compressed by six anvils using a guide block [2]. As shown in fig. 2, the top and bottom
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"Split-sphere" apparatus
V

"Kawai-type" apparatus
(6-8 type or MA-8 type)

Fig. 3. - Double-stage apparatuses.

anvils are fixed to the upper and lower guide blocks, respectively, while four other anvils
are fixed on the side blocks, and driven by the slopes of two guide blocks. Thin teflon
sheets or glass epoxy plates are used for insulation and lubrication between side blocks
and guide blocks. This type of apparatus is very easy to use and pressures up to about
10 GPa can be achieved routinely. Moreover, unlike the tetrahedral press, one of the
anvils, either the bottom or top one, never moves during operation and the position of
the sample is easy to determine. This is very convenient for high pressure in situ X-
ray experiments because precise knowledge of the sample position is crucial for proper
alignment and 2-theta angle measurement of X-ray diffraction. Many apparatuses of this
type are now being used at various synchrotron radiation facilities for high pressure and
high temperature in situ X-ray diffraction studies, as will be described later.

2"3. Double-stage apparatus. - It is not easy to achieve pressures higher than 10 GPa
using the single-stage cubic anvil but pressures up to about 26 GPa are routinely achieved
by using a double-stage apparatus. This type of apparatus (fig. 3a) was developed origi-
nally by Kawai's group as "split sphere" apparatus [3]. They split a sphere into six blocks
and formed a cube-shaped space in the middle, and put eight cube-shaped second-stage
anvils in the sphere. One of the apices of each cube is truncated so that the octahedral-
shaped pressure-transmitting medium is compressed by these eight anvils. After putting
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together a pressure medium, eight second-stage anvils, and six outer blocks, they cov-
ered it with two half-shells made of rubber and put it into oil in the high pressure vessel.
By increasing the oil pressure, an equal force is applied to the outer six blocks, and
the eight second-stage anvils are compressed evenly. By properly designing the gaskets
between anvils, which are critical for applying proper lateral support, pressures up to
26 GPa were achieved routinely and many precise quench experiments were carried out
in the 1970s. Operation of this apparatus, however, was not easy because each time the
entire assembly was immersed in the oil and then taken out of it. Modifications have
been introduced such that at present no oil is required to compress six outer anvils. As
shown in fig. 3b, three anvils are each fixed to the upper and lower blocks of the uniaxial
hydraulic press [4]. This "Kawai-type apparatus" (also called 6-8 type or MA-8 type)
has been widely used, not only in Japan, but also by many groups in the world, such
as those at Stony Brook in the USA and at Bayreuth in Germany. In some groups, a
DIA-type cubic-anvil apparatus has also been used to drive the second-stage anvils of a
double-stage apparatus. It can compress eight second-stage anvils evenly, which is crucial
when sintered diamond is used as anvils. Later, D. Walker made some simplifications of
the Kawai-type apparatus; this type of double-stage apparatus, which is called "Walker-
type" [5], has been used widely, especially by the experimental petrology laboratories to
extend the pressure range in replacement of the piston-cylinder apparatus.

Other than these multi-anvil apparatuses, a combination of opposed-anvil designs
with a concave and circular groove, named "toroid-type device" [6], and a compact
"Paris-Edinburgh press" [7] are popular large-volume arrangements for neutron and X-
ray diffraction studies. Pressures up to 10 GPa can be generated routinely for a sample
volume of 100mm3.

2'4. Use of sintered diamond. - The pressure attainable by the double-stage multi-
anvil apparatus is limited to about 26 GPa, even when high-quality tungsten-carbide
anvils are used. When a larger load is applied, plastic deformation of the anvils occurs,
which prevents the generation of higher pressure and results in the fracture of anvils.
Therefore, anvil materials harder than tungsten carbide were required to extend the
pressure limit and great progress was made using sintered diamond as anvil material [8].
Sintered diamond is a material made of polycrystalline diamond cemented by either
cobalt or silicon carbide as a binder. Although this material is much harder than tungsten
carbide, it is much more brittle as well and breaks easily when improperly used. Because
of its hardness, this material is difficult to machine mechanically, so the electric-discharge
method is usually used for machining.

At the beginning, anvils of the DIA-type apparatus were replaced by this material.
Some extension of the maximum pressure was achieved, but it was not as great as ex-
pected. When they were used as second-stage anvils driven by a DIA apparatus, pressures
close to 40 GPa were achieved [9], Since it was difficult to get large sintered diamonds,
cubes of about 10mm in edge length were used for the anvils. In this case, a maxi-
mum load applicable to the first stage is about 400 tons, because of the limitation of the
strength of first-stage tungsten-carbide anvils. Recently, larger cubes have become avail-
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Fig. 4. - Sample assembly for the large cubic-anvil apparatus [11].

able, and using 15mm cube anvils, pressures of about 50GPa have been achieved [10].
Truncations of anvils are typically only 1.5 to 2.0 mm, and it is necessary to prepare very
precise parts to use such an apparatus properly. Since sintered diamond is relatively
transparent to high energy X-rays, the use of sintered diamond made it possible to per-
form high pressure in situ X-ray studies using the double-stage apparatus. Before that,
only single-stage apparatuses like the DIA type were used, and the pressure was limited
to about 10 GPa. Thus, use of sintered diamond has extended the pressure range of
simultaneous high pressure and temperature X-ray experiments more than three times.

3. — Basic technique for large-volume experiments

Many different types of sample assembly have been developed by various groups,
depending on the purpose of the experiment. Here I am going to show some typical
examples.

3*1. Single-stage cubic anvil. - The sample assembly for this apparatus is usually
simple and it is possible to make many experiments in a short time, although the attain-
able pressure is rather limited. Figure 4 shows an example of the sample assembly for a
large cubic-anvil apparatus used for material synthesis [11]. The pressure-transmitting
medium is a cube made of pyrophyllite about 20 to 30% larger than the truncation of
anvils. When it is compressed, the oversized area flows into the gaps between the anvils
and works as a self-forming gasket. Inside the cube, a cylindrical furnace, electrode, and
thermocouple are placed. The sample is placed directly or, when necessary, enclosed
in a capsule, in the furnace. In a cylindrical furnace, a temperature gradient is formed
and the central portion has a higher temperature than the margins. This temperature
gradient sometimes helps to show the effect of temperature clearly at a given pressure,
but when necessary, the temperature gradient can be reduced considerably by properly
designing the furnace or the sample chamber.
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A Cubic-Anvil Device
FRP PLATE UPPER FLANGE
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He GAS OUTLET '

.(UPPER)

(a) LN2 SUPPLY
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VACUUM SEAL VALVE
50 cm
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Fig. 5. - Cubic-anvil apparatus for low temperature experiments [12].

The cubic-anvil—type high pressure apparatus has been successfully used not only for
high temperature experiments but also for low temperature experiments. As shown in
fig. 5, it is easy to make precise electrical-conductivity measurement using four anvils as
electrode. For such experiments, the sample capsule is made of teflon and a sample with
four thin gold wires is placed in it, together with a pressure-transmitting fluid. Pressure
is increased at room temperature and then the entire apparatus is cooled to liquid-helium
temperature [12]. This way, various transport properties of materials can be measured
precisely up to about 10 GPa.

3'2. Double-stage apparatus. - Two distinctly different types of sample assembly are
used for the double-stage apparatus, one for the quench experiment, in which a relatively
simple assembly is used, and the other for the in situ X-ray measurement, where a rather
complicated assembly is required to allow X-ray measurement. In both cases, the use of
a pre-formed gasket is indispensable.

Figure 6a shows an example of the assembly for the quench experiment routinely
used at the Bayeriches Geoinstitut. The pressure-transmitting medium is usually made
of semi-sintered magnesia. Either rhenium metal or lanthanum chromite is used for the
heater. Typical sizes for the sample chamber and the corresponding pressure range are
summarized in table I. By changing the capsule material and heater, the oxygen fugacity
in the sample chamber can be controlled to a certain extent. Temperature is measured
by a thermocouple.
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b)

(7)
2mm

(1) Pressure transmitting medium (MgO)
(2) Thermal insulator (B+epoxy)
(3) Heater (TiC+diamond)
(4) Electrode (Mo)
(5) Sample
(6) Thermocouple (WO.95ReO.05-WO.74ReO.26)
(7) Pressure marker

Fig. 6. - Sample assembly for the double-stage apparatus.

Figure 6b shows an example of an assembly used for in situ X-ray observation [13]. In
order to avoid materials which give complicated or strong X-ray diffraction, the sample
chamber and the path for X-rays are made of amorphous boron hardened by mixing a
small amount of epoxy resin. The sample is sandwiched between two plate heaters, which
are made of a mixture of TiC and diamond powder. The thermocouple is placed in the
middle of the sample chamber. As is clear from the figure, it is necessary to prepare many
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TABLE I. - Sample size and attainable pressure of the "Kawai-type" large-volume apparatus used
at BGL

Octahedron size Truncation of anvil Sample size Maximum pressure

(mm) (mm) (inner diameter of the heater, mm) (GPa)

25 17 4.9 8

18 11 2.0 12

14 8 1.5 17

10 5 1.5 21
10 4 1.2 24

7 3 1.0 26

small parts to do this experiment. Previously, all these parts were made by hand, but
the development of the so-called "modeling machine" makes this work much easier. By
properly designing these parts, one can then use a computer-driven machine to fabricate
the parts from a large block of either pyrophyllite or semi-sintered magnesia. Use of these
precise parts enables us to do these experiments much more easily and the difficulties
associated with experiment are considerably reduced. Many groups have developed their
own designs for sample assembly, depending on the purpose of the experiments.

4. — Combination with synchrotron radiation

High pressure in situ X-ray observation provides the most basic and important infor-
mation about the behavior of materials under pressure, such as crystal structure under
given conditions, equation of state (volume-pressure-temperature relation), precise pres-
sure in the sample chamber, and so on. The diamond anvil has been used extensively
for studying the behavior of materials under pressure at room temperature. The multi-
anvil apparatus, on the other hand, had been the only means for studying materials
under simultaneous high pressure and high temperature. Although many efforts have
been made recently to do high pressure and temperature experiments using laser-heated
or externally heated diamond anvils, there are still many advantages of the multi-anvil
apparatus in these experiments.

Pioneering studies of high pressure and temperature in situ X-ray diffraction were
made using tetrahedral presses [14]. In this apparatus, however, the position of the sam-
ple changes by the balance of four anvils, which makes precise X-ray measurements diffi-
cult. Much more accurate experiments have been possible when the DIA-type apparatus
is used for X-ray experiments [2]. Further improvements have been made by combining
it with a rotating-anode X-ray source and energy-dispersive X-ray diffraction [15].

The quality of measurement has been improved dramatically when this type of appa-
ratus was combined with synchrotron radiation. In 1980, an apparatus named "MAX-
80" [16] was constructed at the Photon Factory in Tsukuba, using the DIA-type ap-
paratus. High intensity, small divergence, and the wide energy range of synchrotron
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TABLE II. - Large-volume apparatuses combined with synchrotron radiation.

T. YAGI

Facility Name

Photon Factory "MAX80"
(Tsukuba) "MAX-III"

SPring-8 "SPEED-1500"
(Nishi Harima) "SMAP180"

NSLS "SAM85"
(Brookhaven)

APS
(Argonne)

DESY
(Hamburg)

SRS
(Daresbury)

ESRF
(Grenoble)

Type of apparatus

DIA-type
DIA-type

double stage
DIA-type
Paris-Edinburgh press
DIA-type

DIA-type and T-cup
DIA-type and T-cup

DIA-type

Walker-type

Paris-Edinburgh press

Maximum load

300 ton
700 ton

1500 ton
180 ton
30 ton
250 ton

1200 ton
250 ton

250 ton

Comments

double-stage experiments using
sintered diamond anvils are possible

double stage only with WC anvils

double-stage experiments using WC
anvils are possible

radiation made many new studies possible under high pressure and temperature condi-
tions. Among them are the study of the kinetics of phase transitions, structural studies
of molten material, and viscosity measurements of silicate melts. Accuracy of structural
information and equations of state have been improved dramatically as well. By us-
ing sintered diamonds as anvils, precise equation-of-state studies were carried out under
lower-mantle conditions [13]. After the construction of MAX-80, similar apparatuses were
installed at NSLS(USA) and DESY(Germany). At the Photon Factory, improvements
were continued and "MAX-90" and "MAX-IIF were constructed subsequently.

In 1998, a third-generation synchrotron source called SPring-8 (Japan) started oper-
ation, and a new large-volume 1500 ton press called "SPEED-1500" was constructed [17].
This apparatus was designed to use double-stage tungsten-carbide anvils for X-ray diffrac-
tion studies. Since the energy range of the incident X-rays is very high, a small 2-theta
angle for diffraction can be used to cover the wide range of d-values in the energy-
dispersive technique. Therefore, by making small grooves in the first-stage anvils, X-rays
diffracted at a 2-theta angle of about 6 degrees can be measured in a horizontal plane.
Although a double-stage apparatus has been successfully operated at both MAX-80 and
MAX-90, it was necessary to use sintered diamond as the anvil material in these appa-
ratuses. The limited size of the sintered-diamond anvils (10mm cubes compared to the
26mm cubes of tungsten-carbide) made the experiment very difficult. In SPEED-1500,
on the other hand, the sample assembly used in the laboratory press for quench experi-
ments can be used with only slight modifications. This made the high pressure and high
temperature in situ X-ray experiments accessible to many users. A variety of studies
are now in progress using this apparatus. In other third-generation synchrotron sources,
a similar large cubic-anvil press is installed at APS(USA) while a "Paris-Edinburgh"
press is installed at ESRF (France). Large-volume apparatuses which are combined with
synchrotron radiation are summarized in table II.
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5. - Pressure and temperature measurements

Anvils used in large-volume apparatuses are opaque and no optical method can be
used for measuring either pressure or temperature. Electrical resistance of the sample
can be measured easily in a large-volume apparatus and the sudden change of resistance
accompanied with phase transitions of standard materials, such as Bi, Ba, Sn, ZnS, GaAs,
GaP, and Zr are used as fixed pressure points. Once the applied load for achieving these
fixed pressure values is known, the pressure in the sample chamber can be estimated from
the applied load by interpolating these data. There is, however, still much argument
about the accurate values of these pressure fixed points [18]. Moreover, no reliable fixed
pressure point is available above about 30 GPa. Fixed points described above can be
used only at room temperature. The pressure in the sample chamber changes when the
temperature is changed, and the reliable pressure can be measured only when X-ray
diffraction is used.

There are many factors that alter the pressure in the sample chamber, such as the
volume change of the sample associated with the transition and flow and thermal pressure
of the gasket material and the pressure-transmitting medium. Therefore, the best way of
measuring pressure at a given temperature is to make in situ X-ray observations of the
unit-cell volume of some standard material in the sample chamber. Chemical stability,
simple structure, and high X-ray scattering power are the important requirements for the
standard material [19]. Commonly used materials are Au, Pt, MgO, and NaCl. For these
materials, various equations of state are proposed based on different approaches. The
difference of the pressure value obtained by using different equations of state could be
as much as 10% in the pressure range above 20GPa. Moreover, a systematic difference
sometimes is obtained when more than two standard materials are used at the same
condition. Further efforts are still necessary to establish reliable equations of state.

Temperature is usually measured by a thermocouple. Since the size of the sample
chamber is small, care should be taken concerning the temperature gradient. The ther-
mocouple works as a heat sink as well. In order to minimize all these effects, in situ X-ray
observations are usually made at a point very close (within 100 um) to the hot junction
of the thermocouple. Still, it is difficult to know the accurate value of the temperature,
because the effect of pressure on the emf of the thermocouple is only poorly known. Us-
ing a piston-cylinder apparatus, some measurements were made up to about 3 GPa [20],
and the results indicate that the effect varies depending on the material. If we simply
extrapolate these data to high pressures, the corrections are not negligible. The pressure
effect on the emf of the thermocouple is a complicated function of both pressure and
temperature gradients along the path of the thermocouple, and it is not easy to deter-
mine it. Because of the lack of reliable data, no correction is usually made. It should be
noted that the uncertainty in temperature is transferred to the uncertainty in pressure
when the equation of state of a standard material is used to calculate the pressure.
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6. — Advantages and problems of large-volume apparatuses

As has been described so far, in a large-volume apparatus samples are heated by a
resistance furnace embedded in the pressure-transmitting medium. This enables us to
create a uniform and stable heating of the sample, regardless of the property change of the
sample. In contrast, although many improvements have been made recently [21], heating
the sample in diamond anvil has still many problems. In laser heating, the temperature
of the sample is determined by the energy absorbed by the sample, not by the energy
irradiated to the sample, and absorption of the laser light by the sample changes as a
result of many factors. Therefore, even when the laser power irradiated to the sample is
highly stable, it is almost impossible to keep the temperature constant during a phase
transformation.

As a result of the differences in temperature stability, the silicate perovskites, for
example, synthesized by these two methods have quite different crystallinity. When
samples are observed by a transmission electron microscope, the sample prepared by
a large-volume apparatus has much better crystallinity and is much more stable under
the irradiation of an electron beam than samples produced in a diamond anvil cell.
Therefore, some properties which are very sensitive to temperature fluctuation, such as
the diffusion profile and various properties of silicate melts, can be measured only by
using a large-volume apparatus.

The biggest disadvantage of large-volume apparatuses is the limitation of the maxi-
mum attainable pressure. By using sintered diamond as the anvil material, the pressure
range is extended considerably, still it is far less than that of the diamond anvil cell.
Many efforts are in progress to further extend the pressure capability.

7. — Current prospects for large-volume techniques

One direction of efforts in further developing large-volume techniques has focused
on increasing the size of the sample chamber. This is particularly important for the
industrial efforts to make bulk amounts of super-hard materials. For this purpose, very
large presses with a maximum load of over 10000 ton have been constructed. However,
it is time- and labor-consuming to run such a large press, and it is not easy to keep
operating it routinely for scientific purposes. In many laboratories, large presses up to
about 2000 ton are working efficiently.

Many efforts are also in progress to extend the pressure limits using sintered diamond,
as was discussed above. In the multi-anvil apparatus, however, geometrical restrictions
make it impossible to compress the sample infinitely. By increasing the applied load,
gaskets are compressed much faster than the pressure-transmitting medium, and it is
difficult to keep increasing the pressure in the sample chamber. On the other hand, in
the opposed-anvil apparatus, there is no limit of the stroke. Because of the increase
in pressure gradient, the pressure-generating efficiency increases with increasing applied
load, so long as no deformation of the anvils occurs. Large sintered diamond anvils are
more easily obtained than large single-crystal diamond anvils, and it is also possible to



EXPERIMENTAL OVERVIEW OF LARGE-VOLUME TECHNIQUES 53

put a resistance furnace in the sample chamber. In situ X-ray observation of silicate
perovskite under lower-mantle conditions was first made with this type of apparatus [22]
and efforts to develop this opposed-anvil-type apparatus are ongoing [23].

8. - Summary

Although the attainable pressure is rather limited compared to the diamond anvil
apparatus, the large-volume apparatus has various advantages for studying the proper-
ties of materials under high pressure. Its most characteristic feature is the uniformity
and stability of the temperature in simultaneous high pressure and temperature experi-
ments. For experiments in which a very well-controlled temperature field plays a critical
role, such as growing high-quality crystals of high pressure phases, diffusion of elements,
experiments on multi-component system, and so on, the large-volume technique plays
an essential role. Because of the ease of the electrical-conductivity measurements, it is
also very useful for precise transport property measurements under high pressure and low
temperature. It is important to understand the characteristic features of the large-volume
technique and use it properly, depending on the purpose of the experiments.

The author is grateful to D. DOBSON, D. FROST, A. SUZUKI, and N. NISHIYAMA
for valuable discussions in preparing this manuscript and S. GRANOCH for improving the
manuscript.
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1. - Introduction

The phase behavior of materials at very high pressures and temperatures is very diffi-
cult to predict accurately and there exist only a limited number of experimental methods
for making measurements in the regime of megabar pressures and thousand degree tem-
peratures. The two techniques capable of generating very high pressure and temperature
conditions are laser-heated diamond cells and shock compression. In laser-heated dia-
mond cells maximum pressures of 200 GPa (2 Mbar) at temperatures of 4000 K have been
achieved [1]. At lower pressures temperatures up to over 6000 K have been reached and
accurately measured. The main advantage in using diamond cell over shock experiments
is that P-T conditions can be kept constant for long periods of time (hours), and this
allows a large variety of visual, spectroscopic, and X-ray diffraction measurements. The
principal drawback to the diamond cell is the small sample size and in some cases chem-
ical reactions of the sample with the diamond or hydrostatic medium. The installation
of high pressure beam lines at synchrotron facilities, along with recent developments in
X-ray diffraction techniques, have significantly improved our ability to examine phase
diagrams in the solid phase as well as along the melting curve.

© Societa Italians di Fisica 55
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In comparison to the wide range of temperatures and pressures accessible to diamond-
cell methods, experiments using guns or lasers provide measurements of densities and
sound velocities only along a single P-T Hugoniot path (see the lectures by Nellis, this
volume, p. 109). Consequently, melting can only be determined at one P-T condition
and slopes of melting curves or phase boundaries cannot be determined. The maximum
pressures attainable by shock methods are virtually unlimited. A crucial drawback to
the shock method for examining opaque materials is the lack of a reliable technique
for measuring the shock temperature which at the present time must be determined by
theoretical methods. Other drawbacks are the short experimental time scale and the large
gap in data between previous low pressure static experiments and shock experiments.

The specific limitations of the two techniques may have been the source of the large
discrepancies reported previously for the melting temperatures of iron which is key for
estimating the temperature in the Earth's center. Measurements of the iron melting
temperature by static and shock methods are now converging. Without improvements
in the two methods during the last few years, the uncertainty in these estimates would
still far exceed 1000 K. Measurements of the crystal structure of iron at high pressures
and high temperatures show considerable disagreement based on the methods used, but
recent results are helping to resolve current controversies.

In this lecture, we describe experimental techniques for obtaining reliable data at
simultaneously high pressure and high temperature employing the laser-heated diamond
cell. We report the results of recent measurements of melting temperatures and phase
diagrams of rare-gas solids, metals and alkali halides. These results demonstrate that
further developments in the diamonds cell technique, employing new spectroscopic and
X-ray methods, have the great potential for opening new fields of high pressure research,
including the study of structural changes in the liquid state (see the lecture by McMillan,
this volume, p. 477), and examining geochemistry at deep mantle and core conditions
(see additional lectures by Boehler et al., Poirier and Yagi, this volume, pages 627, 619
and 643).

2. — The laser-heated diamond cell

A schematic cross-section of a laser-heated diamond cell is shown in fig. 1. De-
pending on the absorption of the sample YAG (Nd-doped Yttrium-Aluminum-Garnet,
A = 1.06/mi) and YLF (Nd-doped Yttrium-Lithium-Fluoride, A = 1.05/um) lasers at
laser wavelengths of about 1 /um, or Co2 lasers (10 /um) are used. In order to achieve a uni-
form temperature distribution in the samples, laser powers of at least 50 W are required
with additional requirements of a homogeneous beam profile (for example TEM00), high
stability in power and beam position. We now combine two YLF lasers and a diode-
pumped YAG laser which together provide a very stable beam of about 100 W (see also
ref. [2]). CO2 lasers with a typical power of 150 W can be stabilized with an electronic
feedback mechanism, which uses the incandescent light of the sample to regulate the laser
power. In such laser-heating experiments the temperature stability can be within about
10K.
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Fig. 1. - Schematic diagram of a laser-heated diamond cell. The sample is thermally insulated
from the diamonds by an inert, soft, low-conductivity pressure medium and absorbs most of the
laser radiation. Laser absorption and emission of incandescent light by the pressure medium and
the diamond anvil are negligible. The laser beam is defocused. Incandescent light is collected
from a micron-sized area of the sample with mirror optics which are free of chromatic aberration.
Pressure can be measured from unheated ruby chips during heating.

Both type-I or type-IIA diamonds may be used. At 10/um wavelength about 30–40%
of the laser radiation is absorbed by a 2mm thick type-I, and about 10% by a type-IIA
diamond. Diamond possesses very high thermal conductivity, about five times that of
copper. Thus, at high pressure a large portion of the heat produced in the sample by
the laser is conducted away through the diamond anvils. In order to reach high temper-
atures in the sample, the laser beam in the earlier experiments had to be tightly focused
because the laser power was limited. This, however, caused high temperature gradients.
Higher power lasers and the use of a pressure medium with low thermal conductivity are
therefore a necessity for achieving uniform temperature in the sample. Ideal pressure
media are the noble gases because in addition to their low thermal conductivity they
also possess low shear strength, chemical inertness, and low absorption of the laser light.
Their disadvantage, however, is high compressibility, which at high pressures reduces the
thickness of the thermally insulating layer between the sample and the diamond. Alkali
halides, especially those exhibiting low thermal conductivity at high pressure (e.g., KBr,
Csl, CsCl), are also well suited, but in some cases these react with the sample.
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Fig. 2. - Examples of temperature measurements showing the collected emission spectra and
the Planck fit (and fitting error). The sample was MgSiO3, a low-emissivity material heated
with a CO2 laser at 100 GPa.

Pressures in laser-heated diamond cells can be measured routinely by the ruby fluo-
rescence method. Ruby has a strong fluorescence spectrum with a large pressure shift,
but unfortunately also a large shift with temperature. Pressures in a laser-heated di-
amond cell with a hydrostatic pressure medium can be accurately measured, however,
from unheated ruby chips anywhere in the pressure chamber. At non-hydrostatic pres-
sures the thermal pressure increase in the sample during heating may be more accurately
measured by X-ray diffraction. Stress gradients in heated samples embedded in a soft
pressure medium are limited by their yield strengths, which for most materials at high
temperatures are likely below 1 GPa.

Temperatures are measured by collecting the incandescent light from the sample.
This can only be achieved accurately by using reflecting optics with zero chromatic
aberration because spectra are measured over a large spectral range (between about
500 and 800nm). Microscope objectives used in previous experiments cause significant
distortion of the emission spectrum and errors in the temperature measurements of the
order of 1000 K. With these reflecting optics temperatures can be measured from very
small areas (equivalent to 1–3 um diameter) within the laser-heated hot spot of the sample
and this allows accurate measurements of temperature gradients. The incandescent light
is easily measured with CCD detectors which have been calibrated with a light source
(in general a tungsten ribbon lamp) with known intensity vs. wavelength distribution.

The Planck radiation function

(1) J(A) =
-5£ • Ci\

ec2/\T _
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is used to calculate the temperature, T, from the measured intensities (I), at each wave-
length (A). c1 and c2 are constants, and e is the emissivity, which for a black body is
one, and for a gray body less than one. E is wavelength dependent, but this dependence
is only known for a limited number of materials (such as iron and tungsten) at ambient
pressure and high temperature. For the temperature calculation e in general is taken
as wavelength independent. At about 3000 K, temperatures are lowered by about 100 K
if a wavelength dependence measured for iron or tungsten is applied. The reliability
of the temperature measurement was tested by measuring the melting temperature of
tungsten in vacuum using laser heating (see below). Sixteen measurements resulted in a
melting temperature of 3671 ± 90 K, compared to a literature value of 3680 K. Figure 2
shows a typical example of a measured emission spectrum and the associated Planck ra-
diation function. For routine measurements the quality of the fits yields a precision and
reproducibility of order ±10 K, largely independent of pressure, temperature, or material.

Temperature gradients are always present in laser-heated diamond cells but require-
ments vary for different types of experiments: For example, for melting experiments on
metals, where heating, melting, and temperature measurement occurs at the sample sur-
face, only radial temperature gradients have to be considered. For the measurement of
phase equilibria or high temperature equations of state, axial temperature gradients play
a role but they can be minimized using very thin samples.

3. — Melting experiments and phase diagrams

Melting can now be routinely and reliably measured in the laser-heated diamond
cell. Discontinuous changes of the slopes of the melting curves combined with room
temperature structural studies by X-ray diffraction often provide sufficient information
for deriving phase diagrams. Here a number of examples for alkali halides, a large class
of metals, and noble gases show the complexities but also trends for systematics in the
melt behavior.

Melting is detected most commonly by direct visual observation by illuminating the
hot spot with a blue argon laser beam which produces a laser-speckle pattern. At melt-
ing, motion on the surface can be readily observed and melting temperatures can then
be reproducibly measured by temperature cycling through melting and freezing with a
precision of about 100 K. Samples are either heated directly by direct absorption of the
laser radiation, or indirectly, if their absorption is low at either laser wavelength (1 or
10/um). In that case, the sample is heated in contact with an absorbing metal that does
not react with the sample. As soon as the heated metal surface reaches the melting
temperature of the sample, motion in the laser speckle pattern is observed.

An additional method for detecting melting is by the observation of melt textures on
the sample surface. A typical example is shown in fig. 3 for molybdenum. The originally
flat surface of the sample shows bead-like textures which can only be produced by bulk
melting of the material. The highest pressures we attained are over an order of magnitude
greater than those in previous studies [3].

The method of determining melting and phase transitions by in situ X-ray diffraction
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Fig. 3. - A Mo sample shown before (top) and after melting (bottom) at 17GPa. The temper-
ature difference between top and bottom was 50 K. The formation of the bead in the bottom
picture is due to melting.

requires precise knowledge of temperature gradients and crystallinity of the sample. For
example the crystal size, and therefore the X-ray pattern, may change significantly during
heating. Moreover, for metals the absorption of the laser radiation and the temperature
measurement occur at the sample surface. Because this surface is always hotter than
the interior, and the X-rays examine the bulk structure, melting temperatures will be
overestimated.
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Fig. 4. - Melting curves of some alkali halides. A for Csl, x for KC1, and + for KBr. The change
in the melt slope for NaCl at about 30 GPa is due to the B1-B2 transition. The insert shows
the perfect agreement between piston-cylinder data (dots) and diamond-cell data (crosses).

4. - Alkali halides

In order to test the accuracy of melting measurements in the laser-heated diamond
cell, results are compared with data taken at lower pressures where melting temperatures
were accurately measured with thermocouples and by detecting the latent heat (DTA
method). Figure 4 shows data for some alkali halides. The significance is the large
change in the melt slopes and their similarity at high pressure. The insert shows the
perfect agreement between data for NaCl from diamond cells [4] and piston-cylinder
work.

The melting curve of NaCl shows the effect of the B1-B2 (NaCl-CsCl) transition on
the melt slope. The melt slope increases discontinuously because the volume change in
the solid is abrupt, whereas the structure in the melt changes continuously.
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Fig. 5. - Comparison of melting temperatures of aluminum from different studies: laser-heated
diamond cell to 770kbar [5], piston-cylinder data to 60kbar [6,7], theoretical pseudopotential
calculations [8], and the shock-melting point at 1250 kbar [9]. The solid line, which is the Simon
equation fit to the data, also passes through the shock data.

5. — Aluminum

Another test for diamond cell melting results is the melting curve of aluminum which
has been studied by a variety of methods. Our diamond cell data [5], shown in fig. 5,
extrapolate smoothly to the previous melting measurements in a multianvil apparatus
at lower pressures and to the calculated shock melting point of 4750 K at 1.25Mbar by
Shaner et al. [9]. From a theoretical point of view aluminum is a well-understood metal
and theoretical calculations using two different ion-ion potentials predict melting curves
in good overall agreement with experiment.

6. — Transition metals

Transition metals are good examples investigating systematic trends linking melting
slopes to crystal structures. Crystal structures of these metals show sequences determined
by changes in their electronic configuration. With increasing atomic number, at ambient
conditions, the transition metals exhibit the structural sequence hcp-bcc-hcp-fcc as the
d-electron bands become progressively filled [10,11]. The bcc transition metals are known
to have very stable structures. Mo, W, Ta and Cr are predicted to remain in the bcc
structure to 420, 1250, 1000 GPa and 700 GPa, respectively [12]. Diamond anvil X-ray
studies confirm the absence of room temperature phase transitions in Mo to 560 GPa and
in W to 420 GPa [13].

Figure 6 shows the melting curves of the bcc transition metals Mo, Ta, W, V. Cr
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and Ti [14]. Ti is hep at room temperature, but melts from bcc. W, Ta and Mo show
a gradually increasing melting temperature with increasing pressure up to 40 GPa. At
higher pressure, the melting slopes approach dT/dP ~ 0. The 3d metals V, Cr and Ti
have noticeably higher melting slopes at all pressures. V and Cr have virtually identical
melting curves. Ti, at room temperature, is known to make a first-order transition from
bcc to the w phase at 8 GPa [15]. The w phase has a hexagonal lattice with three atoms
per unit cell. The uj phase remains stable to the highest pressure studied, 87 GPa [15].
The melting curve shows no indication of a phase transition.

High pressure melting data for Mo and Ta have been obtained dynamically from
sound velocity measurements in shock experiments. For Mo two phase transitions have
been reported [16] at 200 and at 390 GPa. The second was interpreted as being due
to melting, at a calculated temperature of 10000 K. In view of the present data this
shock data is most likely in error. For Ta a marked discontinuity in the measured sound
velocities occurs near a pressure of 295 GPa [17]. Assuming there are no solid-solid phase
transitions along the Hugoniot, an extrapolation of the present melting curve to higher
pressure leads to an estimated melting temperature near 4000 K.

The three Group VIIIA 3d metals Fe, Co and Ni melt from the fcc structure over a
large pressure range. Figure 7 shows new diamond-cell melting results for Fe, Co, and Ni,
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Fig. 7. - Melting curves of Fe (dash-dotted curve) [1], and new data (open circle), Co (solid
triangles) and Ni (open squares). All new measurements were made using an argon pressure
medium below and above the argon melting curve (also shown).

all in an argon pressure medium in comparison with the melting curve of iron reported
previously [4].

The three metals have nearly identical room temperature compression curves up to
200 GPa. Due to the similarity in their structural behavior and compressibilities it is no
surprise that their melting curves lie almost within experimental error. Fe, Co, and Ni
have significantly higher melting slopes than the bcc transition metals, particularly in
the lower pressure range. But the data suggests that the difference in melting slopes will
diminish at very high pressure.

An explanation of the trend that bcc metals generally have melting slopes smaller
than close-packed metals and rare gases was proposed by Wittenberg and DeWitt [18]
who suggested that this was a consequence of the close-packed-like structure of the liquid.
Since the packing ratio for bcc (~ 0.68) is lower than for fee or hep (~ 0.74) it can be
expected that the volume change for the melting of a bcc solid will be smaller than for
a close-packed solid. Hence, the melting slope, dT/dP, will be lower for bcc melting.
Clearly, Al and Mg which are fcc polyvalent metals characterized by sp3 bonding electrons
are very different from the transition metals in which d-electrons play a dominant role.
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7. - Alkaline-earth metals

The melting curves of alkaline earth metals Mg, Ca, Sr, and Ba were measured to
80 GPa [19]. These metals have essentially empty d-bands and therefore relatively large
compressibilities. The d-band occupation increases with increasing atomic number, and
with increasing pressure [20]. Systematic changes in the melting slopes were found to
be associated with the phase transitions observed at room temperature and with the
increasing d-electron character of these metals. Mg, Ca and Sr show a flattening of the
melting curve (dT/dP —> 0) when they melt from the bcc structure. In detail, the phase
diagrams look more complicated, because under compression the structures, except for
Mg, show an unusual trend in going from highly symmetric structures to more complex
open structures. The appearance of complex structures is believed to be the result of
spd hybrization [21, 22]. These complex structures are responsible for unusual features in
the melting curves. The classic examples are the alkali metals, Rb and Cs, which exhibit
unusual phase transitions induced by sp —> d electron transfer that are associated with
temperature maxima in the melting curves [23].

The phase behavior of Sr and Ba is too complicated to be discussed in detail here and
therefore only that of Ca and Mg is briefly described. Mg at room temperature transforms
from the hep structure to the bcc structure at 50GPa, with a small volume change,
AV/V ~ 1% [24]. At low pressures, the melting slope of Mg is 6K/GPa approaching
zero above 70 GPa. This decrease in the melting slope is likely to be associated with the
presence of the bcc phase. The fact that melting from the bcc phase leads to relatively
flat melting slopes is even more pronounced in the case of Ca, the phase diagram of
which is shown in fig. 8. At ambient conditions Ca is fcc and transforms to the bcc phase
at 19.5 GPa. With increasing pressure Ca goes to a 6-fold coordinated simple cubic
(sc) structure at 32 GPa accompanied by a large volume change (AV/V ~ 8%) [24]. At
42 GPa [24] Ca transforms to an unknown phase, predicted by Ahuja et al. to be bcc [25].

At ambient pressure Ca melts from the bcc phase at 1100 K. Above 5 GPa the-melting
stays flat up to about 32 GPa. This behavior is typical of bcc melting and provides
additional support to the idea that the fee -»• bcc transition at 19.5 GPa [24] (where
AV/V ~ 2%) could be connected to the low pressure and high temperature fee -> bcc
transition [6] (see fig. 2). The sharp increase in the slope above 32 GPa is most likely
associated with the transition to the simple cubic phase. We estimate the bcc-sc-liquid
triple point at 32 GPa and 1550 K. The melting slope again flattens above 45 GPa and
remains nearly flat to the highest pressures attained in this set of experiments. The
flat melting curve above 45 GPa is consistent with a bcc structure and the prediction by
Ahuja et al. [25] that the high pressure crystal structural trend is bcc —>• sc —> bcc.

8. — Rare-earth metals

From the solid-solid and melt phase diagrams of the heavy alkali metals and the
alkaline-earth metals, it is clear that with increasing complexity in the electronic config-
uration of metals the prediction of melting behavior at high pressure becomes a serious
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problem. This is even more evident for the rare-earth metals, where f-electrons play an
additional role in the phase behavior.

The lanthanides have two particularly interesting features stemming from their elec-
tronic structure. With increasing pressure these metals exhibit a sequence of structural
transitions in the direction: hep —>• Sm-type —>• dhcp —fcc —>• distorted-fcc (dfcc) [26].
This sequence of relatively high symmetry structures has been related to an increase
in the d character of the conduction band (s —> d transition) [27]. It appears that the
regular rare-earth sequence has no connection with f-electrons since it is also observed
for compressed Y, a transition metal which has no / states at all [28]. At the completion
of this series, low-symmetry structures have been observed in Pr [26], Nd [29], Sm [28]
and Gd [30]. These structures are believed to be characterized by the delocalization of
f-electrons into a narrow band [26, 30,31].

For cerium, which has been studied previously, the remarkable feature in the melting
curve is a minimum in the melting curve 3.3 GPa. This has been interpreted as being due
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to the onset of delocalized 4f-electron behavior [33]. We measured the melting curves for
the rare-earth metals, Pr, Nd, Sm, and Gd, to nearly 100 GPa and 3500 K [22]. f-electron
volume-collapses are observed as large increases in the melting slope associated with triple
points for Pr (25 GPa and 1450K) and Gd (65GPa and 3150 K). These pressures are
close to those at which the volume collapses have been observed at room temperature.
For Sm, the f-electron collapse, which has not been observed at room temperature,
appears at high temperature as a broad minimum in the melting curve (71 GPa and
2200 K), similar to that observed for Ce, at around 0.7 GPa. For Nd a melting minumum
was observed at about 50 GPa.

For simplicity only the phase diagram and the new melting data of Sm are shown
here demonstrating the complexity in the phase behavior and the effect of f-electron
delocalizazion on the melting curves. The occurrence of a bcc-fcc-liquid triple point has
been observed in Nd, Sm and Gd. Moreover, we have found a second triple point in Pr
and Gd as well as a Ce-like minimum in Sm. The phase diagram of Sm, shown in fig. 9,
is similar to that of Nd and Gd. In this case, the transition from dfcc phase, Sm(IV), to
the primitive hexagonal phase, Sm(V), occurs near 37 GPa [31]. Between 60 and 80 GPa
the Sm(V) phase exhibits a Ce-like minimum in the melting curve. Because the next
higher pressure phase appearing at 90 GPa is a bet-like phase [31], called Sm(VI) similar
to that in Ce at pressures above its melting minimum [34], the occurrence of a melting
minimum in Sm could be evidence of f-electron delocalization.

A low-symmetry phase has been also observed in Gd above 60 GPa at room temper-
ature [30]. The transition to this phase is accompanied by a large volume change (11%)
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and has been identified as an f-electron volume collapse. A decrease in the melting slope
as observed in Ce and Sm indicates that the density of the liquid must be greater than
that of the solid. For Sm this may be understood as changes in the melt structure with
increasing pressure such that the melt acts as a precursors of the higher density solid.

It is worth also commenting that before the f-electron delocalization takes place, the
melting slopes of Nd, Sm, and Gd follow the same trend as that observed for Fe [1] which
is a typical transition metal whose cohesion energy is basically determined by d-electrons.
This behavior of the melting curves is then in agreement with the expected increase of the
d character of the conduction bands under pressure. It may be related to the completion
of the s-to-d electron transfer that has been theoretically predicted to be at the end of
the close-packed structural sequence [27].

9. — Noble gases

The melting curves of argon, krypton, and xenon were measured up to nearly 80 GPa.
For the three gases we observed a considerable decrease in the melting slopes (dT/dP)
from the predictions based on corresponding states scaling starting near 40, 30. and
20 GPa, respectively. We interpret this melting anomaly as being due to hep stacking
faults which act as solutes in a binary fcc-hcp system.

High pressure X-ray diffraction studies for solid fcc xenon at room temperature have
shown that hep diffraction lines start to appear over the pressure range from 3.7 to
14 GPa [35038]. The ratio of hcp/fcc increases continuously with increasing pressure up to
about 70–75 GPa where the conversion to hcp is complete [35, 39]. The transformation is
initially present as stacking disorders in the fcc phase which evolve into the hcp structure
at high pressure without evidence for a density discontinuity [39]. Hcp-like patterns have
also recently been observed for krypton and argon [39, 40].

Argon melting temperatures have been measured in an externally heated diamond cell
to 6 GPa [41], and in a laser-heated diamond cell to 47 GPa [42]. For krypton one melting
data point at 23 GPa and 2300 K has been reported [42]. For xenon the only data above
0.7 GPa are two data points near 10 GPa and 2000 K [42]. The new measurements of the
high pressure melting curves of xenon, krypton and argon plotted in fig. 10 are to 43, 61
and 77 GPa, respectively [43]. Up to about 20, 30, and 40 GPa, the measurements for
Xe, Kr, and Ar, respectively, are in good agreement with predictions from corresponding
states scaling from the neon melting curve [44]. Above these pressures there occurs a
significant lowering of the melting temperatures from corresponding states.

A discontinuous change in the melt slope is usually indicative of a solid-solid phase
transition. At such a transition the density of the solid increases abruptly in contrast to
that of the liquid, and the melting slope turns up. However, the present case is quite
unusual in that the melting slope decreases. In the case of xenon, the slope predicted
by corresponding states melting above 20 GPa is dT/dP ~ 56 K / GPa while the slope
observed is only 24 K / GPa. Such a large decrease in the slope infers either that at the
transition the liquid density increases or the density of the new solid phase decreases.
It is difficult to find a reasonable mechanism in favor of either of these two possibilities.
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Since the unexpected decrease we observe in the melting slope occurs over roughly the
same pressure range as the appearance of significant fractions of stacking faults, it is
reasonable to assume that the two phenomena are closely related.

It is known that the addition of impurity atoms into a crystal to form a disordered alloy
leads to a decrease in the melting temperature with respect to the pure crystal [45,46]. In
Ar, Kr, and Xe hcp microstructures may behave as impurities in the fee lattice leading
to a lowering of melting temperatures. Since the ratio of hcp increases linearly with
pressure, we assume that the mole fraction of hep-like defects increases linearly with
increasing pressure starting from 22 GPa, the pressure at which the experimental and
corresponding states melt curves cross. In approaching the pressure regime of pure hcp
near 75 GPa the defect solute particles will have the fcc structure and the melting curve
should curve upwards approaching that of the pure hcp phase. This approximate model
shown in fig. 11 with a predicted increase in the melting slope above 40 GPa is presently
being tested.

Total energy calculations for several close-packed structures of xenon predict that
hcp and fcc have nearly the same energy at ambient pressure, and at high pressure the
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is the predicted xenon melting curve obtained by corresponding states scaling. The dashed line
was calculated using the mixing model discussed in text.

hcp structure becomes increasingly stable relative to fcc. However, since the energy
separating the fcc and hcp lattices is small, it is reasonable to expect that thermal
fluctuations will occasionally slide the position of an fcc plane to an hcp arrangement
leading to an hcp stacking fault. The fact that diamond-cell studies [35, 39] show the
fraction of hp increases with increasing pressure is consistent with this picture. Stacking
faults are defects that act to raise the free energy with respect to the perfect crystal and
therefore lower the melting temperature. Since the number of stacking faults increases
with increasing pressure, this leads to a lowering of the melting slope, as shown in fig. 11,
and an expected reversal when fcc faults become the defect in the hcp lattice.

The present results raise the possibility that the creation of thermally close-packed
stacking faults may be a more general phenomenon than has previously been considered.
For iron, it may explain why X-ray diffraction studies have reported a confusing number of
close-packed high pressure phases [47], and stacking faults may also explain why melting
temperatures of iron obtained in static experiments are lower than those in rapid shock
experiments or molecular simulations. For example, total energy calculations for iron
predict that the energy difference between the close-packed structures fcc, hcp, dhcp in
iron near melting at 200 GPa is ~ l0mRy [48]. This difference in structural energy is
considerably less than the thermal energy which at melting is kT ~ 35 mRy.
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Crystallography at high pressure
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1. — Introduction

The structure of a crystal can be decoupled into two components: the repeating units
that fill space—-the unit cells—and the arrangement of atoms within the unit cell—the
basis. If the structure of the crystal is measured in a diffraction experiment, then the
shape and size of the unit cell will determine the scattering angle, while the intensity of the
scattering is determined by the position of the atoms within the unit cell. Crystallography
is concerned with the analysis of these intensities and the determination of the atomic
positions from them. Such structural information is very basic since it underpins the
interpretation of almost all other properties of condensed matter [1].

The study of structures at high pressure is a stringent discipline since in addition
to the problems of pressure generation, common to all high pressure experiments, it
has to be possible to obtain accurate measurements of scattered intensity over a large
volume of scattering (reciprocal) space. Considerable effort has been devoted to solving
the problems of high pressure structure determination; as a result, it is now possible to
obtain accurate structural information over a wide range of pressures. In this lecture, I
will provide an overview of the techniques currently available and outline their strengths
and limitations.

2. — Radiation

Two types of probing radiation are available for these high pressure studies; X-rays
and neutrons. X-rays interact with matter by scattering from the electrons while in
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general neutrons scatter from the nucleus; this difference in scattering process means that
the two radiations have different and complementary strengths. X-ray sources have the
advantage that they produce many orders of magnitude more flux than neutron sources.
This allows much smaller samples to be used which in turn means that higher pressures
can be achieved. High flux also increases the sensitivity to subtle detail in the structure
—for example, small distortions of symmetry or weak superstructures. Furthermore,
since the X-ray scattering cross-section increases with the square of the atomic number
(Z), so the X-ray scattering of a sample tends to be dominated by the higher-Z atoms
in the structure. Diffraction dominated by a small subset of the atoms has advantages
for the solution of an unknown structure, since it is easier to locate a small subset of the
atoms and hence obtain a partial structure from which the full structure can then be
obtained. Finally, since X-rays probe the electrons, they can be used to determine the
electron density distribution in the structure.

In spite of the weakness of even high-flux neutron sources, neutrons have very powerful
advantages. The variation in neutron cross-section with Z is much smaller than for X-
rays and at low Z it is pseudo-random. As a result, light atoms such as hydrogen, oxygen,
nitrogen and carbon are all strong scatterers of neutrons. It also means that important
species with similar Z (for example, Al/Si and Mg / Fe) have very different cross-sections
and can be distinguished. In addition, since all the atoms in the structure contribute
more equally to the neutron scattering than to X-ray scattering, neutron diffraction is
better for measuring detail within a structure. The advantage is enhanced by the fact
that neutrons scatter from a point source (the nucleus) rather than electron clouds as
is the case for X-rays. As a result, neutrons are better suited to the measurement of
atomic thermal and multisite disorder in a structure. Finally, since the neutron has a
magnetic moment, it can scatter from the moments of a magnetically-ordered system.
Unlike X-rays, where the magnetic scattering is many orders of magnitude smaller than
the charge scattering, neutron magnetic scattering cross-sections are comparable to those
of the nucleus.

As can be seen, the two radiations have complementary advantages. X-rays are better
for initial identification of the structure of a new phase, correct determination of the unit
cell, space group and the heavy-atom structure. Neutrons provide information on the
light atoms, accurate measurements of bond lengths, thermal motion, and identification
of disorder [2].

3. — Data collection—powder diffraction

The most generally applicable technique for diffraction studies is powder diffraction.
Here the sample is composed of a large number of crystallites and the diffraction is in the
form of a series of Debye-Scherrer rings (fig. 1). Powder diffraction is often preferred over
single-crystal studies because it is faster and powders are often more readily available
than single crystals. In addition, for high pressure studies, pulverising phase transitions
that destroy single crystals are common. Powder diffraction does have the drawback
that the 3-dimensional structural information is collapsed onto a 1-dimensional powder
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Fig. 1. - Image plate diffraction pattern collected from InSb at ~ 5GPa.

pattern. This introduces ambiguities into the data since reflections whose scattering
angles are the same overlap. The resulting loss of information limits the complexity of
structures that can be studied.

3'1. X-ray powder diffraction. - The field of X-ray powder diffraction studies at high
pressure was revolutionised by the development of image plate detectors. Image plates
are a reusable phosphor storage device in which the plate is exposed and the pattern sub-
sequently read by a scanning laser. They provide a large-area detector with high dynamic
range and sensitivity. Initial applications for high pressure diffraction were developed by
Fujii and co-workers in Japan [3]. The technique was then further developed by Nelmes,
McMahon and co-workers in the United Kingdom [4]. Here, the key innovation was to
exploit the large area of the plate by the use of beryllium-backed diamond cells originally
developed for single-crystal studies [5].

A typical setup for high pressure X-ray powder diffraction is shown in fig. 2. The

Image plate
Powder rings

Pressure cell

X-rays

Fig. 2. - A schematic of a setup for image plate powder diffraction.
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Fig. 3. - Anomalous dispersion in InSb. The insets show (much enlarged) the intensity changes
in very weak reflections as the incident X-ray energy is moved from far (f) from the indium K
absorption edge to near (n) it. Reproduced from Physical Review B [7] with permission.

X-ray source can either be a synchrotron or a laboratory-based source (sealed tube or ro-
tating anode source). Laboratory-based sources have adequate flux for studies of a wide
range of samples—depending on the level of structural complexity even organic systems
can be studied [6]. However, the vastly higher flux of synchrotron sources is often essen-
tial to detect the weak features needed to identify correctly both the unit cell and full
symmetry. Laboratory-based sources thus are best used in a complementary role to syn-
chrotrons; for example, for the study of the pressure dependence of structural parameters
in previously solved structures. The tunability of synchrotron sources also offers the pos-
sibility of resonant scattering. Here the change in scattering factor as the X-ray energy is
tuned to a particular element's absorption resonance allows similar atomic species to be
distinguished. This is particularly useful for high-Z materials where adjacent elements
often have similar neutron cross-sections as the example in fig. 3 shows [7].

The use of cells with a wide-cone opening allows access to as much of the powder
ring as possible is a crucial innovation. Access to the full ring maximises the signahnoise
and provides optimal data. It also alleviates the problem of powder averaging caused by
the necessarily small high pressure sample that does not contain enough crystallites to
produce smooth powder rings (like that shown in fig. 1). Access to information on the
variation of intensity around the powder rings also provides information on non-random
orientation of the crystallites in the sample. These preferred orientation and texture
effects are quite common at high pressure. Information on the azimuthal variation of
intensity makes it possible to decouple the modelling of preferred orientation and texture
from the structure [8,9]. Similarly, the information on the azimuthal variation of the
diffraction peak positions provides a means to characterise non-hydrostatic effects and
to determine the elastic constants at high pressure [10,11].
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This discussion has been entirely confined to angle dispersive techniques. The white
beam of a synchrotron also allows diffraction to be recorded at fixed scattering an-
gle as a function of the scattered photon energy—Energy Dispersive X-ray Diffraction
(EDXD) [12]. This technique is widely used for high pressure studies of equations of
state, phase diagram mapping and phase analysis in synthesis experiments, but has al-
most never been successfully used for the accurate determination of structures (i.e. the
atomic positions). This is largely due to the fact that although the advantages of image
plate techniques for full ring access could be applied to EDXD, to do so would be harder
and EDXD would still suffer from poorer resolution and signal:background. While EDXD
is a valuable technique for surveying and monitoring, it is not applicable for structure
determination.

The advantages of image-plate diffraction have allowed a considerable number of high
pressure structural investigations at pressure up to and beyond lOOGPa. As a result
facilities for image plate studies are widely available at synchrotron sources around the
world.

3'2. Neutron powder diffraction. - As has been stated, the flux of neutron sources is
relatively small and this requires the use of a much larger sample volume than for an
X-ray experiment. As a result, the key challenge for high pressure neutron diffraction
studies has been to construct cells suitable to compress samples of up to 100mm3 volume.
There have been two approaches to this problem.

A project started at the Kurchatov Institute in Moscow and more recently carried
on by workers at Dubna and the Laboratoire Leon Brillouin in France has attempted to
scale up the classical diamond anvil cell for neutron studies [13,14]. These studies are
largely based on reactor neutron sources where the incident beam is monochromatic and
the powder pattern is recorded as a function of diffraction angle. The pressures achieved
are remarkable and hold the current record for maximum pressures in neutron diffraction.
The small size of the pressure cell also facilitates cooling, and work down to millikelvin
temperatures using a dilution refrigerator has been carried out [15]. However, the long
neutron wavelengths needed to achieve the high flux required by small samples and the
low count rates have prevented full structural studies at these high pressures. Instead,
work has concentrated on identification of the magnetic ordering in known structures [16].

The second approach —a collaboration between the Universities of Edinburgh and
Pierre et Marie Curie in Paris— has tackled the problem by reducing the size of classical
large-volume apparatus. The resulting Paris-Edinburgh cell (fig. 4) [17] has an overall
mass of 50kg with a load capacity of 200 tons compared to classical apparatus with
this capacity that would typically have a mass in excess of 1000kg. The load is used
to generate pressure by squeezing a sample surrounded by a metal gasket between two
opposed anvils made from either tungsten carbide or sintered diamond. The anvils have
a toroidal cup and groove design conceived by Khovstansev [18], which both stabilises
the gasket and maximises the sample volume. As a result, the cell is capable of achieving
pressures in excess of lOGPa with a sample volume of ~ 100mm3 or 30GPa with a
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Fig. 4. - A schematic diagram showing a cross-section of the Paris-Edinburgh cell.

sample volume of ~ 30mm3. These volumes are sufficient to obtain high-quality neutron
diffraction data (fig. 5).

The cell was originally conceived for use on the UK pulsed neutron source, ISIS, at
the Rutherford Appleton Laboratory. ISIS is an accelerator-driven source that produces
neutrons by firing pulses of high-energy protons at a tantalum target. The pulsed nature
of the source, where neutrons of a wide range of energies are all produced at the same time,
makes it ideally suited for time-of-flight diffraction. Instead of measuring the diffraction
pattern as a function of scattering angle, as for image plate techniques described above,
the diffraction pattern is collected at a fixed scattering angle as a function of the time
taken by neutrons to travel from the source, diffract from the sample and reach the

Ice VIII 25 GPa 230K

I *•

0.5 1.0 1.5 2.0 2.5
d-spacing (A)

3.0

Fig. 5. - A diffraction pattern collected from 30 mm3 of ice VIII at 25 GPa. The data were
collected in a Paris-Edinburgh cell of the PEARL difrractometer [19] at ISIS.
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detector. This fixed-scattering angle approach has distinct advantages for work at high
pressure in that it simplifies the shielding needed to remove scattering from the pressure
cell materials surrounding the sample [20].

The relatively small size of the cell means that it can be readily cooled to ~ 90 K.
The opposed anvil geometry is simpler to assemble than a classical multi-anvil apparatus;
as a result, it is relatively straightforward to KM' liquids, gases and mixtures into the
Paris-Edinburgh cell [21]. To assist in this and to enable samples to be loaded in dry or
oxygen-free atmospheres, loading clamps have been developed to allow precompression
of samples outwith the main cell [22]. The large sample volume of the Paris-Edinburgh
cell offers the possibility of including a furnace to heat the sample. Such internal heat-
ing setups have been widely used in classical large-volume apparatus but never applied
to neutron diffraction. However, high-temperature applications have been developed re-
cently by workers at Los Alamos National Laboratory [23] and by a collaboration between
the Universities of Cambridge and Pierre et Marie Curie [24]. Both of these projects
show considerable promise and are achieving simultaneous pressures and temperatures
of ~ 1500 K and - 10GPa.

3'3. Powder diffraction concluding remarks. - As a result of these developments, it
is now possible to obtain accurate structural information more or less routinely from
powder diffraction data. As a consequence, the number of structural studies carried out
during the past ten years has increased markedly over the previous decade. Highlights
of recent work include: the study of metallisation in the halogens (the initial motivation
for development of image plates) culminating in studies of the electron density [25,26];
a comprehensive re-examination of semiconductor structures at high pressure that re-
veal completely unexpected behaviour and remarkable complexity [27]; studies of high
pressure ices [28-31] and ice mixture structures [32-34] that provide the first structural in-
formation on these systems at high pressure; studies of hydrous minerals at high pressure
which address the important problem of hydrogen within the Earth's mantle [35,36].

One trend to emerge from all of these studies is that structural complexity increases
with increasing pressure. This presents a challenge for structural techniques because the
quality of the data inevitably degrades with increasing pressure. As a result of these
two trends, the intrinsic limitation of powder diffraction, the ambiguity which results
from the collapse of a three-dimensional reciprocal lattice into a one-dimensional powder
pattern, becomes an increasingly important limitation.

4. — Single-crystal diffraction

The principal advantage of single-crystal diffraction is that it preserves the vector
nature of the diffraction information. As a result, the overlap of reflections at the same
momentum transfer inherent to powder diffraction (see above) is avoided. A further
advantage is that since all the reflected intensity is directed into a relatively small spot,
rather than being spread into a powder ring, better peak-to-background ratios can be ob-
tained and weaker reflections observed. Hence, much more accurate information can be
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Fig. 6. - Single-crystal diffraction from Ba phase IV [39].

obtained and this allows more complicated structures to be successfully studied. Further-
more, the avoidance of overlap and the better signal:background means that diffraction
data can be collected to higher momentum transfers. This reduces the size of the smallest
feature that can be resolved in the structure. This means that bond lengths can be mea-
sured more precisely, and properties such as the atomic thermal motion and multi-site
disorder in the structure can be measured accurately.

Single-crystal studies accounted for the majority of the early measurements of struc-
tures at high pressure [5, 37]. These early studies illustrated the need for accurate
structural information and provided a basis for the more recent development of pow-
der diffraction techniques. More recently, there has been a trend to return to the use of
single-crystal techniques. This has been driven by the need to overcome the increasing
structural complexity at high pressures discussed above and by improvements in instru-
mentation. The availability of charge-coupled device area detectors for X-ray studies has
speeded up data collection times, alleviating one of the principal limitations of single-
crystal methods. The availability of high-temperature diamond anvil cells for X-ray
studies provides a means to grow single crystals in situ so that studies are not confined
to materials which can be compressed without inducing a pulverising phase transition.
This trend has been assisted by the discovery that some systems naturally tend to form
single crystals at high pressure. The use of area detectors provides advantages for this in
that it is much easier to study a sample which consists of more than one single crystal,
as is often the case for in situ grown samples. This return to single-crystal techniques
has resulted in recent studies of organic and small molecule systems [38], and complex
guest-host structures in metals (fig. 6) [39].

As for powders, single-crystal neutron diffraction studies suffer from the difficulty
of compressing relatively large sample volumes. A number of studies using McWhan
piston-cylinder cells [40] and opposed sapphire anvil cells [41] illustrate the advantages
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of neutrons for the measurement of complex multi-site disorder and thermal motion.
However, the maximum pressure has been limited to 2.5GPa. Recently, developments
have started to overcome this limitation. Kuhs, Lehman and co-workers have carried
out successful trials with samples in a diamond anvil cell using a neutron image plate at
the Institut Laue Langevin reactor in Grenoble [42]. More recently, an effort has begun
to scale up the size of the opposed gem cell for use with neutrons [43]. A collaboration
between the Carnegie Institution of Washington, University of Edinburgh, and ISIS aims
to take advantage of the increase in size of diamond or moissanite anvils available to
increase the pressure range for samples of 0.1–1 mm3 volume using the single-crystal
diffractometer at ISIS (SXD). Both of these projects use white-beam (Laue) methods to
collect the data.

White-beam single-crystal X-ray studies have also been carried out. Here the excellent
peak-to-background ratio has been exploited for the study of low-Z systems like ice
VII [44], LiH [45], and hydrogen [46] because of the greater ability to suppress background
scatter with fine beam collimation. The very high count rates achieved allow very small
samples, and pressures approaching 200 GPa have been achieved. However, as has been
the case for powder EDXD, structural analysis has not yet been successful due to the
difficulty in making wavelength-dependent corrections to the measured intensities. To
date measurements have been confined to equation-of-state studies.

5. - Data collection-—concluding remarks

From the discussion above, a theme emerges. Access to accurate structural informa-
tion from X-rays has come from the development of monochromatic (angle dispersive)
techniques whereas for neutron diffraction it has come from the development of time-
of-flight (energy dispersive) methods. This is partially due to the differences in sample
sizes. The small volumes of X-ray samples mean that single-crystal diamond anvils may
be used. The relative paucity of reflections from a diamond single crystal means that the
contaminant scattering from the anvils can be tolerated. The scattering from the powder
anvils used in neutron diffraction cannot be tolerated and so a fixed-geometry technique,
where collimation is easier, is preferable. Time-of-flight methods are also the natural and
most efficient way to collect data at a pulsed-neutron source. Since reactor sources have
now reached their flux limit, the trend for the future is towards an increasing dominance
of pulsed sources and hence of time-of-flight methods.

6. — Analysis

Prior to analysis, data must be corrected to produce a reliable set of relative inten-
sities. There are corrections like those for incident flux and detector efficiency which
must be applied to ambient-pressure data. For single-crystal studies and for neutron
powder data such corrections are generally included in the data analysis programs of the
diffractometer. For image plate data the two-dimensional images must be integrated to
produce a one-dimensional powder pattern as well as making the corrections. Several
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programs exist to do this and are freely available [4,47,48]. These programs also allow
interactive processing of the image so that spurious effects may be removed. Corrections
must be applied for the attenuation of the incident and diffracted beams by the pressure
cell. Procedures to make these corrections or to alleviate and avoid the effect exist and
are widely available [49–51]. Finally, preferred orientation and texture effects are com-
mon in high pressure powder samples. These can be fitted along with the structure at
the analysis stage (see below). However, access to the full powder ring, particularly if
the cell is rotated, allows such effects to be modelled without recourse to the structure.
This procedure offers the most accurate approach.

Once reliable intensities have been obtained, they must be Fourier inverted to obtain
the structure. This process confronts the central difficulty of structural studies. For a
simple Fourier transform the phases of the Fourier components as well as their ampli-
tudes must be known but the phase information is lost in a diffraction experiment. For
samples whose basic structure is known, this process is achieved by the calculation of the
scattering from the basic structure and then the comparison of this calculated scattering
with that observed. The difference is then minimised by adjusting the structural model
by a least-squares procedure. This procedure, called structure refinement, allows the re-
sponse of the structure to changes of pressure and temperature to be measured or various
different detailed models to be tested against the observed data. For single-crystal data
the integrated intensities are used as observed data in the refinement. This approach
was originally used for powder diffraction, but this technique was revolutionised by the
Rietveld method [52] where the fitting procedure uses the observed powder pattern (pro-
file) as input data. Programs to carry out both single-crystal and powder refinements
for all the techniques described here are widely available.

For a sample whose structure is unknown, the situation is more complicated. Ini-
tially, the dimensions of the unit cell must be determined by a procedure known as
indexing. A wide range of programs exist and can be found from the ccp14 website
(www.ccpl4.ac.uk). For single-crystal data where the sample is one crystal the pro-
cedures are very effective. The 3D-to-lD collapse makes the process less certain, but
reliable indexing can be obtained for data which is free from contaminant peaks and
where the first peaks are visible. These conditions can be difficult to achieve in high
pressure studies and genetic algorithm optimisation and full profile refinement proce-
dures offer possible routes to index lower-quality high pressure data. Similarly, indexing
of single-crystal data from multiple single crystals is also not routine but in this case the
three-dimensional nature may allow a cell to be obtained by careful inspection. Once
the unit cell has been obtained, the likely space group or groups must be found from the
systematic absences. This is generally done by inspection but recent work by Markvard-
sen et al. [53] based on statistical analysis of observed intensities provides a probabilistic
basis for this procedure.

Based on the unit cell and likely space groups, solution of the structure can begin.
For single-crystal data the procedure most widely used to obtain a starting model is
direct methods. Here the aim is to obtain a set of self-consistent phases for the observed
reflections and to construct a scattering density map from which a starting model can be



CRYSTALLOGRAPHY AT HIGH PRESSURE 83

obtained. The three-dimensional nature of single-crystal data means that this procedure
is generally effective, provided sufficient data are measured [54,55].

For powder data the situation is more complicated. Before direct methods can be
used, the reflection intensities must be extracted from the pattern. This is achieved
by profile refinement of the powder pattern using the reflection intensities as variables
instead of the structure. This procedure can be carried out either by least squares, the
Pawley method [56] or the Le Bail method [57]. The Pawley method is statistically
superior since it produces variance /covariance information, but the Le Bail method [57]
is more widely implemented. Both methods suffer from the drawback that with powder
data it is impossible to partition accurately the intensity between overlapping reflections
and the approximation used is to assign intensity equally to these overlapped reflections.
Once intensities have been extracted, then direct methods can be applied.

In addition to reciprocal space procedures like direct methods structures, real space
methods have also shown promise for the solution of structures from powder data. These
methods are particularly effective for molecular systems where the internal molecular
geometry can be well constrained. The procedure adopted is to take this known geo-
metrical form, parameterise it into a set of variables and then carry out some kind of
search procedure comparing the scattering of the structure with the observed data. The
search can be an exhaustive grid search which is effective for relatively simple systems
or some kind of directed search like simulated annealing [58], genetic algorithm [59] or
Monte Carlo [60].

7. — Further sources of information

There are a large number of books on the basics of crystallography and diffraction
techniques: the International Union of Crystallography text [1] is a good general text.
For more detailed aspects of powder diffraction the lUCr text on the Rietveld Method [61]
provides a good introduction and a forthcoming volume will address structure solution
from powders [62]. The UK collaborative computational project 14 (CCP14) provides a
useful repository of crystallographic programs as well as tutorials and tips. The site and
its World mirrors can be found on the web at www.ccpl4.ac.uk.

8. — Conclusions

A wide range of techniques are now available for high pressure structural studies.
A wide range of systems and problems have been successfully tackled and the pressure
ranges accessible are comparable with those open to other techniques so that structure
determination is taking its place as a standard measurement in high pressure studies.

I would like to thank R. NELMES and R. J. HEMLEY for their careful reading of
the manuscript and helpful comments and M. McMAHON and R. NELMES for allowing
me to reproduce their figures. I also acknowledge the support of the Engineering and
Physical Sciences Research Council.
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1. — Introduction

In a traditional diamond anvil, the electrical microprobes and microcircuits are exter-
nal to the diamond crystal and usually encompass a much larger probe region than the
high pressure region of the diamond anvil cell. The assembly process for these external
sensors is very tedious and electrical microprobes in the sample region are exposed to
flow stresses, plastic deformation, and inhomogeneous pressure conditions. In addition,
traditional high pressure electrical measurements generally require specialized electrically
insulating gaskets. The sample-filling factor that is the ratio of the sample volume to
the total probe volume is generally very low in a traditional diamond anvil. These cum-
bersome procedures and additional difficulties with small sample volumes at megabar
pressures have generally limited their widespread application. For example, electrical
and magnetic measurements at ultra high pressures are not as common as X-ray struc-
tural and optical properties investigations in the diamond anvil cells. In a designer anvil,
electrical microprobes and microcircuits are built into the diamonds. The close prox-
imity of these built-in sensors in designer anvils gives rise to high sample-filling factors
and provide researcher with tools of unparalleled sensitivity. Designer diamond anvils
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Fig. 1. - The top panel shows a ring-cracked diamond anvil after a high pressure experiment
in a diamond anvil cell. The diamond central flat is 25 un in diameter and the culet size is
350 uzm in diameter. The bottom panel shows the diamond tip after chemical vapor deposition
at 90 Torr, using a gas phase chemistry of 2% CH4 in a balance of hydrogen at a temperature of
1100 °C. Note that the original sixteen-faceted culet is turned into a square culet after deposition
indicating high-quality epitaxial diamond growth.

can perform multiple measurement tasks at high pressures and can survive multimegabar
pressures. In the next decade, designer diamond cell technology will expand high pressure
research into new directions with improved sensitivity.

1'1. Advent of designer diamond technology. ~ Like many other fields in science, the
advent of designer diamonds was made possible by an unrelated advance in homoepitaxial
chemical vapor deposition of diamond. In 1995, an attempt was made [1] to repair a
ring-cracked beveled diamond anvil using microwave plasma chemical vapor deposition
technique. This beveled diamond was ring cracked in a usual high pressure experiment
during the decompression process. The idea behind this experiment was to grow diamond
on top of an existing anvil with a sufficiently thick layer so that pre-existing cracks are
buried underneath this homoepitaxial layer. Figure 1 shows the diamond anvil in its ring-
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cracked state before the deposition and also after a microwave plasma chemical vapor
deposition run lasting three hours. There were two major implications of this work:

a) Homoepitaxial diamond deposition is possible on the brilliant cut diamond anvil.

b) The grown layer is truly single crystalline and is a continuation of the substrate as
is clear from fig. 1, where the original sixteen-facet polished diamond grows into a
square top characteristic of (100) growth in the plane of the diamond anvil.

This success led to the expectation that perhaps this fast growing epitaxial layer of
diamond can encapsulate electrical microprobes and other electrical microcircuits on top
of a diamond anvil. In 1997, preliminary experiments were carried out with a test pattern
of zirconium electrical microprobes on top of a flat diamond of culet size of 300um [2].
This homoepitaxial diamond layer was polished to a central flat of 300 um suitable for
high pressure experiments (fig. 2). This test anvil was used in an actual high pressure
experiment carried out to a pressure of 74 GPa with a LiF sample and ruby as a pressure
sensor [2]. The visual observations of the microprobes through the transparent sample
did not show any plastic deformation of the test pattern or the homoepitaxial diamond
layer to the highest pressure of 74 GPa. The summary of this test experiment in 1997 is
as follows:

a) The homoepitaxial layer was as strong as the underlying bulk diamond anvil, de-
spite the presence of the diamond-encapsulated metal probes. This assertion can
be made because high pressure of 74 GPa was obtained with a 300 um flat designer
diamond, which is very close to the maximum pressure attainable with this type of
design.

b) This experiment also showed that a homoepitaxial diamond layer could be polished
to the desired shape of the designer diamond.

However, there were also problems noted with the zirconium electrical microprobes as
some non-diamond deposits were noticed around the probes. In 1998, the design was
modified [3] and zirconium was replaced by molybdenum and tungsten so that the probe
material can withstand the high temperatures of 1300 °C encountered in CVD processing.
These turned out to be extremely good choices for the probe material and non-diamond
deposits were substantially reduced in the diamond layer near the molybdenum or tung-
sten microprobes.

2. — Experimental

There are two core technologies in the fabrication of designer diamond anvils. One is
the optical lithography for the fabrication of electrical microprobes and micro-loops and
the second is the chemical vapor deposition of diamond.
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Fig. 2. - The first experiment carried out with a test designer anvil with zirconium microprobes.
The upper panel shows the test anvil in reflection and the lower panel shows the same anvil
in transmission. The deposition quality was not perfect as illustrated by the dark regions
containing graphitic carbon surrounding the probe region; however, the mechanical integrity of
the homoepitaxial diamond layer was demonstrated to 74 GPa. This anvil was subsequently
beveled and used in other experiments.

2"1. Chemical vapor deposited diamond. - The chemical vapor deposition process
for diamond growth depends on a multitude of parameters including chamber pressure,
gas phase chemistry, diamond substrate temperature, microwave power and the reactor
geometry [4]. With microwave plasma at 90 Torr operating at a 1000 W, with 2% methane
in a balance of hydrogen (hydrogen flow rate of 500 standard cubic centimeter per minute



DESIGNER DIAMOND ANVILS IN HIGH PRESSURE RESEARCH 91

(seem) and methane flow rate of 10 sccm), the following growth rates are observed:

a) Diamond growth on a diamond substrate is 10 um/hour.

b) Diamond growth on clean polycrystalline metal without seeding is extremely slow,
0.1 to 0.3um/hour.

c) Diamond has to be grown at high temperatures of 1200 to 1300 °C to quickly encase
the metal probes.

Therefore, deposition under these conditions tends to encapsulate the metal probes with
a homoepitaxial layer of high-quality diamond making the designer diamond anvil fabri-
cation possible.

2'2. Optical lithography of electrical microprobes and micro-loops. - The diamond
is first pre-cleaned by a reactive ion beam etching for several minutes before deposi-
tion of 3500 A-7000 A of tungsten by sputter deposition. A 2 um layer of polymethyl
methacrylate photoresist is then deposited on the diamond by electro-deposition. The
appropriate 3-dimensional design of the probes and the side-pads is then patterned onto
the photo-resist by the laser pantography method to get the desired line widths both on
the diamond culet and on the side of the diamond anvils. Acid etching then dissolves the
exposed metal and a final removal of the polymethyl methacrylate is then done with an
acetone solution. For circular loop patterns, we use a combination of 3D laser pantog-
raphy method with optical projection lithography. A four-probe design, an eight-probe
design and a multi-loop anvil design are shown in fig. 3 as benchmark designs developed
over the last few years in our laboratories.

3. - Designer diamond anvils—recent experimental results

3'1. Insulator to metal transition in potassium iodide studied using designer diamond
anvils. — It is very important to demonstrate the megabar pressure survivability of the
designer diamond anvils with homoepitaxial layers grown on the tip of the diamond
anvils encasing the metal probes. This was done by fabricating a four-probe designer
diamond anvil and by beveling its culet to 100um central flat with a 7° bevel angle to
a culet diameter of 300 um to achieve megabar pressures. The beveled designer anvil
fabricated in this fashion was successfully tested to a pressure of 180 GPa. As a test case
of electrical measurements, we have studied alkali halide potassium iodide under high
pressures using designer diamond anvil [5]. Figure 4 shows a plot of KI sample resistance
vs. pressure obtained with the designer anvil experiment. Resistance was measured using
a dc two-probe technique with a current of 100 uA. The resistance of the microprobes
themselves was 110 Jl, and so this value was subtracted from the total probe-to-probe re-
sistance to obtain the sample resistance. For pressures below 90 GPa, the resistance was
unmeasurably large, but above this pressure the resistance was observed to drop rapidly
with increasing pressure, as expected for conduction by thermally activated charge car-
riers across a decreasing band gap. With further increases in pressure, the resistance
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Fig. 3. - The lithographic patterning of diamond culet before diamond deposition: (a) a four-
probe pattern used for electrical transport measurements, (b) a versatile eight-probe design with
built-in redundancy for electrical transport and Hall effect measurements, and (c) a microloop
anvil with two interpenetrating coils with one serving as a magnetizing coil and the second
acting as a pickup coil for magnetic susceptibility measurements.
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Fig. 4. - The electrical resistance of potassium iodide sample vs. pressure. Below approxi-
mately 130 GPa the resistance drops rapidly with increasing pressure in a manner consistent
with semiconducting behavior. Above 140 GPa, the resistance levels out to an approximately
constant value, which we interpret as metallization. We identify the metallization pressure as
131 GPa based on the intersection of the two line fits (shown as dashed lines) of the characteristic
resistance vs. pressure behavior at low (< 120 GPa) and high (> 140 GPa) pressures.

eventually saturates to a constant value for pressures above 140 GPa. >From the pres-
sure dependence of the resistance and the intersection of the two least-squares line fits of
the characteristic resistance vs. pressure behavior at low and high pressures (< 120 GPa
and > 140GPa), we identify the metallization pressure of KI as being approximately
131 GPa. For comparison, electronic band structure calculation [6] predicted band over-
lap metallization at 126 GPa; the Herzfeld criterion [7] predicts metallization at 98 GPa,
and the band edge absorption experiments [8] predicted band overlap metallization at
115 GPa. This successful test to 180 GPa clearly demonstrates that the maximum pres-
sure capability of the designer diamond anvils is comparable to natural diamond anvils
of similar design.

3'2. Four-probe electrical resistance measurements on fullerene CTQ using designer
diamond anvils. - The pressure-temperature phase diagrams of fullerenes CGO and
Cyo are fascinating because of their richness in terms of polymeric phases and disor-
dered/amorphous carbon phases that can form due to intermolecular interactions be-
tween these large molecules in the solid state at high compressions. Most of these new
polymeric phases and amorphous carbon phases can be retained at ambient conditions
after high pressure high-temperature synthesis for detailed investigations. The practical
and industrial interest in these materials stems from the fact that several of these phases
are superhard with hardness sometimes approaching or claimed to be exceeding that of
single crystal diamond [9,10]. However, the electrical and mechanical properties after
pressure quenching or during the formation of many of these novel phases are poorly un-
derstood. Another key issue is a direct comparison between the electrical and mechanical
properties of fullerenes and that of ordinary hexagonal graphite under similar conditions.
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Here, we focus on the high pressure properties of fullerene C70 at room temperature. We
directly compare its electrical properties under extreme compressions in a diamond anvil
cell with the properties of graphite.

The electrical resistance measurements on C70 and graphite samples were carried
out using designer diamond anvils where tungsten metal probes were patterned using
lithographic techniques and encapsulated within a chemical vapor deposited diamond.
In a fully fabricated designer diamond anvil (fig. 5), electrical probes are only exposed
near the center of the diamond for making contact with the sample and elsewhere they
are completely insulated within a single crystalline diamond layer. Hence, this designer
diamond anvil employed in our high pressure cell allows us to use metallic gaskets for
sample containment and allows for precise four-probe electrical resistance measurements.
Figure 5 shows the optical micrograph of the designer diamond anvil in reflection show-
ing the eight exposed microprobes near the center, in transmission showing the buried
microprobes and with a €70 sample in the diamond anvil cell at 44 GPa. Figure 5 also
shows that the encapsulated tungsten microprobes are intact without any deformation
at high pressures and can give reliable electrical resistivity data on materials.

€70 fullerene of 99% purity and graphite powder of 99.9995% purity were purchased
from Alfa AESAR. €70 was annealed in argon ambient for 2 hours at 400 °C to reduce
contamination from solvents. Two separate high pressure experiments were performed to
compare electrical properties of €70 and graphite. A diamond anvil cell with diamonds
of culet size 300 um and one designer anvil containing eight embedded tungsten probes
was used in both experiments. Wire was attached to four of the tungsten probes using
silver epoxy. Each sample was placed into a 150/um hole drilled in a spring steel gasket.
Ruby was added as a pressure marker. Four-probe measurements were taken at each
pressure step with a digital multimeter, and ruby fluorescence spectra were collected by
a photoluminescence spectrometer.

The pure €70 sample is semiconducting with a band gap of 1-2 eV. Figure 6 shows the
resistance variation of the €70 sample for both increasing and decreasing pressures. The
starting resistance of the €70 sample is around 6 x 106 (or resistivity of approximately
6 x 104 cm). This is the upper limit of the resistance we could measure with our current
setup. On increasing pressure it shows a precipitous drop of 4-5 orders of magnitude with
a minimum resistance of about 150 (resistivity of 1.50 cm) at 20 GPa. Previous high
pressure high temperature studies have fitted a three-dimensional variable range hopping
conductivity model to this decrease in resistance with pressure where structural defects
give rise to the localized electronic states in the energy gap [11]. The variation in the
electrical resistance with pressure is then attributed to a rapid increase in the electronic
density of states at the Fermi level, N ( E F ) , with increasing pressure. After 20GPa, the
electrical resistance of €70 rises rapidly and reaches the 106 ft value by 35 GPa. It should
be noted that the actual resistance of the €70 sample after 35 GPa might be greater than
106 ft, the highest value which could be recorded in our setup. We attribute this rise in
electrical resistance to the formation of an insulating amorphous carbon phase with the
collapse of the €70 cage. This collapse of the cage is noted to be gradual, taking place in
the 20 to 35 GPa range, even in experiments with alcohol as a pressure medium. How-
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Fig. 5. - (a) Optical micrograph of an eight-probe designer diamond anvil in reflected light. This
designer anvil was fabricated using a combination of lithographic and microwave plasma chemical
vapor deposition techniques. The central flat area or culet of the diamond anvil is 300um in
diameter. The eight exposed tungsten metal probes near the center appear reflective in this
illumination, (b) Same designer anvil in transmitted light showing tungsten electrical probes
buried in the diamond anvil, (c) €70 fullerene sample in a metallic gasket hole at a pressure of
44 GPa in reflected light. The electrical measurements indicate an insulating amorphous carbon
phase at this pressure.
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Fig. 6. - Electrical resistance of C70 fullerene sample and a high-purity graphite sample to high
pressures of 48 GPa plotted on the same scale. The C70 sample shows a sharp drop in resistance
followed by a sharp increase with a minimum in resistance at 20 GPa. The insulating state of the
C70 sample attained at 48 GPa is irreversible and is retained on decreasing pressure to ambient
conditions. The graphite sample shows a much smaller increase in resistance just above 20 GPa
and the change is completely reversible with decreasing pressure.

ever, further high pressure experiments in a helium medium are necessary to explore the
pressure range of collapse with the hydrostatic compression. This insulating amorphous
carbon phase has some fraction of sp3-bonded carbon as revealed by Raman spectroscopy
and the transition to this phase is completed by 35 GPa [12]. This sp3 carbon component
in the amorphous carbon presumably arises from the collapse of the surface of the €70

molecules, which can be regarded as a topologically distorted graphite planes due to its
high share of fivefold rings. Therefore the minimum in resistance at 20 GPa is due to the
competing decrease in the semiconducting phase and the increase due to amorphization.
On decompression of this sample from 48 GPa, the insulating high pressure amorphous
carbon phase is irreversibly retained to the ambient condition (fig. 6). In contrast, the
graphite sample shows metallic behavior throughout this pressure range with resistance
in the range of 0.05 to 0.5 fl. It should be added that we document an increase in resis-
tance in the graphite sample starting just above 20 GPa but this increase is much smaller
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than C70 and the graphite sample remains conducting throughout our pressure range.
This resistance increase in graphite has been previously documented [13] and is gener-
ally ascribed to a phase transition [14] that is reversible below 10 GPa. The reversibility
of the graphite transition was confirmed by optical absorption, as the sample is known
to become opaque again after release of pressure. Our graphite results are consistent
with earlier results as the resistance drops back close to the ambient pressure value on
decreasing pressures, confirming the reversibility of this phase transition in graphite.

3'3. Four-probe electrical resistance measurements on single wall carbon nanotubes
samples using designer diamond anvils. - Recent observations of pressure-induced super-
hard phases in fullerenes C60 and €70 have given a new impetus to search for superhard
phases in other nanoscale carbon systems [15–18]. For example, compression of €70

fullerene at ambient temperature to 35 GPa pressure in a diamond anvil cell results in an
amorphous carbon phase whose hardness value is almost one-third of that of single crystal
diamond [18]. The high hardness value of these amorphous carbon phases is attributed
to a significant fraction of sp3-bonded carbon present in these phases and to nanoscale
networks of sp2 and sp3 carbon. Also, novel superhard phases of C60 fullerene have been
reported at high pressures and elevated temperatures with hardness values claimed to
be exceeding that of single crystal diamond [17]. We have investigated the high pressure
behavior of single wall carbon nanotubes (SWNT; see Venkateswaran and Eklund, this
volume, p. 567) and have explored the formation of an sp3-bonded amorphous carbon
phase from the SWNT samples at high pressures. Previous high pressure studies on
SWNT have been limited to a pressure of 9 GPa [19,20] and 21 GPa [21] and focused
only on the Raman-active vibrational modes and electrical properties. In general, pres-
sures up to 35 GPa or higher are needed for completion of transformation to amorphous
carbon phases in a fullerene at room temperature [18]. Here we summarize the electrical
properties of SWNT to 62 GPa in a diamond anvil cell at ambient temperature.

Figure 7 shows a photomicrograph of a fully fabricated eight-probe designer diamond
anvil used in this experiment. The electrical probes are only exposed near the center
of the diamond for making contact with the sample and elsewhere they are completely
insulated within a single crystalline diamond layer. Furthermore, having eight electrical
probes gives us the flexibility to measure 4-probe resistances using various configura-
tions of the electrical probes in order to examine any non-uniformity across the sample.
The eight-probe designer anvil shown in fig. 7 has a culet size of 300 um, and this anvil
was used against a standard, flat diamond of culet size of 300 um in a diamond anvil
cell. A commercially available high-purity SWNT sample was used in our high pressure
experiments. This SWNT sample consisted of bundles of nanotubes with varying chi-
ralities. For nanotubes with chirality (n, m), metallic nanotubes exist when n — m is
a multiple of 3 and semi-conducting behavior is observed for other nanotubes [22] (see
Venkateswaran and Eklund, this volume, p. 567). Therefore, in our samples containing
ropes of SWNT, approximately 1/3 of the nanotubes in any bundle are metallic, the
remainder are semiconducting. Raman spectroscopy on the "as received" SWNT sample
revealed characteristic Raman features. A SWNT sample along with a ruby pressure
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Fig. 7. - Photomicrograph of the designer diamond anvil (upper panel) in transmitted light
showing the eight tungsten electrical microprobes encapsulated in a chemical vapor deposited
single crystalline diamond layer. The eight metal probes emerge near the center to make contact
with the sample. The diamond culet is 300 um, in diameter. The lower panel shows the single-
wall carbon nanotube sample at a pressure of 38GPa in a diamond anvil cell. Pressure is
measured by the ruby fluorescence technique.

marker was placed in a sample hole of 130 um in diameter drilled in a spring steel gas-
ket. We did not employ any pressure medium in these experiments because the use of a
medium interferes with the nanoindentation measurements on the pressure-treated sam-
ples. The red shift of the ruby fluorescence lines excited by an argon ion laser served as
a pressure sensor in this experiment to 62 GPa.

Figure 8 shows the electrical resistance as a function of pressure using four different
configurations formed from eight electrical microprobes of the designer diamond anvil.
The four-probe resistance values are plotted for each configuration with increasing pres-
sure to 50 GPa. Between 3 and 42 GPa, we see a gradual increase in resistance, followed
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Fig. 8. - Four-probe electrical resistance values for a single-wall carbon nanotube sample to a
pressure of 50 GPa. The results are shown for four different configurations of probes formed
from the eight electrical probes in the designer diamond anvil. The rapid increase in electrical
resistance above 42 GPa is attributed to an opening of energy band gap in the nanotube sample.

by a sharp rise after 42 GPa. We attribute this sharp increase in resistance to the opening
of the energy band gap with hydrostatic and shear strain induced by compression in a
diamond anvil cell. It should be noted that the four different configurations (fig. 8) give
fairly consistent results indicating the uniformity of pressure across the sample region.
The complete resistance data obtained with one configuration of the probes to 62 GPa is
shown in fig. 9 along with the data on decreasing pressure cycle. It is clear from fig. 9 that
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Fig. 9. - The four-probe electrical resistance in the extended pressure range to 62 GPa both
during compression and decompression pressure cycle. The rapid increase in resistance of the
carbon nanotube sample above 42 GPa is found to be reversible on decreasing pressure below
20 GPa.
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Fig. 10. - The eight-probe designer anvil with a metallic beryllium sample in a diamond anvil cell
at a pressure of 55 GPa. The culet of the designer anvil is 300 um in diameter while the sample
size is approximately 100 um in diameter. The pressure is measured by the ruby fluorescence
technique.

the sharp resistance increase observed above 42 GPa is completely reversible on decreas-
ing pressure below 20 GPa. Electronic structure calculations of different morphologies of
carbon nanotubes [23] and recent in situ electron energy loss spectroscopy on carbon nan-
otubes have documented a high elastic deformability and variable electronic properties
with bending [24,25]. It should be pointed out that the electronic structure of deformed
nanotubes varies widely depending on their chirality and deformation mode [25]. There-
fore, given a wide distribution of chirality in a sample containing ropes of SWNT, only
a qualitative interpretation of the resistance data at high pressures is possible.

Recently, a superhard phase composed of single-wall carbon nanotubes has been re-
ported by applying a shear deformation under load in a diamond anvil cell [26]. After
intermediate phase transitions, single-wall carbon nanotubes have been transformed into
a superhard phase at a pressure of 24 GPa. High bulk modulus values of 462 GPa to
546 GPa have been reported, and a hardness value intermediate between cubic boron ni-
tride and diamond is also claimed [26]. It should be added that these claims are based on
very shallow force-depth indentation curves up to 40 nm on the pressure-treated single-
wall nanotubes samples and further experimental studies are needed to substantiate these
claims.

3'4. Four-probe electrical resistance measurements on beryllium using designer dia-
mond anvils. - We next give an example of electrical measurements on a metallic sample
with a designer diamond anvil. In the light alkaline metals like beryllium and magne-
sium, application of high pressure can lead to increased hybridization between s and p
electrons with consequent changes in the electronic density of states and total energies
of various competing phases. Beryllium metal is of considerable interest because of its
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Fig. 11. - The measured equation of state of beryllium at room temperature to 66 GPa. The
equation-of-state data is shown for all experiments, some of them using copper pressure marker,
and others using ruby pressure sensor. The solid line shown is the fit to the static high pressure
data while the dashed line is the fit to the shock wave data. The insert shows the four-probe
resistance measurements on beryllium sample as a function of pressure. The resistance data
shown has been normalized to R0 (the value at 11.5 GPa).

simple atomic configuration and anomalous physical properties including a high Debye
temperature of 1440 K and an extraordinarily small Poisson's ratio of 0.05. The crys-
tal structure is hexagonal close packed with two atoms/cell and with only two valence
electrons per atom. The crystal structure is non-ideal as the axial ratio (c/a) at room
pressure is 1.568 and deviates considerably from an ideal close-packed value of 1.633. All
these deviations from an ideal behavior are attributed to deviations from simple nearly
free electron (NFE) behavior with a large spatially anisotropic p-electron component in
the valence band. The present high pressure experimental work on Be is motivated by two
considerations; a) non-ideal behavior of hcp phase and its stability under high pressures
and b) extending four-probe electrical transport measurements to higher pressures using
newly available designer diamond technology. Figure 10 shows the beryllium sample in
a designer diamond anvil at a pressure of 55 GPa. From an experimental point of view,
high pressure studies on Be are extremely challenging because of its low atomic number
(Z = 4) which leads to extremely weak X-ray diffraction signals in a diamond anvil
cell. Electro-refined Be of 99.8% purity was used in all of our high pressure experiments.
The surface oxidation layer was removed prior to loading in a diamond anvil cell. Our
X-ray diffraction studies on Be under high pressures to 66 GPa indicate no evidence of
a transition in the hexagonal close-packed phase to volume compression V/V0 = 0.708.
Figure 11 shows the measured equation of state of Be to 66 GPa and its comparison with
the shock equation of state. Figure 11 insert shows the four-probe electrical resistance
data to 52 GPa. The electrical resistance values have been normalized to the resistance
value at 11.5 GPa. The electrical resistance of Be shows a gradual decrease with increas-
ing pressure to 25 GPa and this is followed by a slight increase to 53 GPa. Our results
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Fig. 12. - The fully fabricated microloop designer anvil. The top panel shows the designer anvil
in reflection with a connecting probe emerging from the lower left hand corner. This connecting
probe is attached to a side pad not shown in the picture. The lower panel shows the designer
diamond anvil in transmission with the buried microloop beneath the surface of the diamond
anvil. The straight section near the center is exposed at the tip to make electrical contact with
the sample.

are consistent with those reported by Reichlin [27]. It should be added that no abrupt
change in electrical resistance was observed in the present experiment that is consistent
with the X-ray diffraction studies in this report. Previous electrical resistance measure-
ments indicated a sharp discontinuity at 9.3 GPa [28] that has not been reproduced in
later studies.

3"5. Magnetic susceptibility measurements with designer loop anvils. - Taking advan-
tage of the design flexibility afforded by the lithographic fabrication of the microprobe
features, we have recently fabricated a new class of designer anvils known as "microloop"
anvils (fig. 12) for high-sensitivity ac magnetic susceptibility experiments. In this anvil
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Fig. 13. - The signal detected by the microloop coil for a gadolinium sample as a function of
temperature. The sample pressure is near ambient pressure in the diamond anvil cell. The
ferromagnetic-to-paramagnetic transition is clearly visible at 293 K. This is a first successful
demonstration of designer loop anvils in magnetic susceptibility measurements.

design, we combined 3D laser pantography with high-resolution 2D optical lithography
to pattern the metal film on the culet of the anvil. The microloop pattern on the culet
consists of a 5-turn loop of a 5 //m wide line, with one end of the microloop pattern
emerging at a contact pad on the side of the anvil, and the other end of the microloop
emerging from the culet of the diamond anvil.

In an experiment, a wire-wound magnet placed around one of the diamond anvils
is used to generate a sinusoidal ac magnetic field through the sample. Any changes
in the magnetic susceptibility of the sample are then reflected by voltage changes in
the microloop. Very high sensitivities and signal-to-background ratios are achievable
since the microloop is located only a few pm away from the sample and the filling
factor of the microloop (which is comparable in diameter to the sample) is very large.
Typical ac excitation fields are 1-3 Oe and 10 kHz, and typical signal voltages are in the
neighborhood of 0.1-1.0 //V.

At present, this magnetic susceptibility project is still very much in the developmental
stage. However, preliminary tests are very encouraging and illustrate the viability of this
approach to high pressure magnetic susceptibility experiments. Figure 13 shows a plot
of data recently taken on a small gadolinium sample using a microloop designer anvil.
The signal voltage, taken directly from a lock-in amplifier synchronized to the excitation
field, gives a strong indication of the paramagnetic-to-ferromagnetic transition of Gd at
T = 293 K. In the near future, we plan to increase the pressure and explore the magnetic
properties of this element to Mbar pressures. These studies are intended to study any
changes in the localized vs. itinerant behavior of the f-electrons of Gd as a function of
pressure, as revealed through changes in magnetic susceptibility. In this way, we expect
that microloop designer anvils will play a key role in enhancing our understanding of
f-electron behavior in rare earth and actinide metals at high pressures.
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4. — Future opportunities

4'1. Next generation of designer diamond anvils: Multitasking designer diamond
anvils. - We plan to develop the next generation of designer diamond anvils that can
simultaneously perform the following multiple tasks:

- Eight electrical probes (electrical transport and Hall measurements).

- Microloop anvil for magnetic susceptibility measurements.

- Heating coils and embedded thermocouples for temperature measurements.

- Thermal conductivity and specific heat measurements.

- Internal strain sensors for in situ measurements of elastic strain in the diamond
anvil with the ability to predict catastrophic failure of anvils.

Figure 3 shows the various configurations of the electrical microprobes that have
been developed separately and successfully tested under CVD depositions. In future
designer diamond anvils, several of these configurations can be integrated in one anvil.
We envision the next generation of designer diamond anvils to perform simultaneous
joule heating, temperature measurements, thermal conductivity, specific heat, diamond
strain measurements, and a variety of electrical transport and magnetic measurements
in an integrated fashion. In addition, the basic anvil itself can be enlarged by CVD
techniques [29], thereby making new classes of experiments possible and improving the
quality of existing measurements (see Hemley and Mao, this volume, p. 3). This inte-
grated diamond anvil cell design will enable simultaneous thermal, structural, electrical,
and magnetic measurements at megabar pressures with unparalleled sensitivity.
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1. — Introduction

Dynamic high pressures are applied rapidly to materials to increase density and tem-
perature, to alter crystal structure and microstructure, and to change physical and chem-
ical properties [1]. These effects are achieved at high pressures and many are retained
on release from high pressures. Today it is possible to achieve pressures of order 50 to
500 GPa (5 Mbar), compressions up to fifteen fold greater than initial density in the case
of hydrogen, and temperatures ranging from 1 K up to several eV (leV = 11600 K) in
condensed matter. At these extreme conditions the bonding, structure, physical prop-
erties and chemistry of condensed matter are changed substantially from what they are
at ambient. This in turn opens up a range of new opportunities for condensed matter
physics, chemistry, and planetary research at extreme conditions. Quenching high pres-
sure phases to ambient conditions creates new opportunities for materials science and
technology.

This lecture is concerned with high pressures achieved dynamically by shock com-
pression [2]. In fact, the terms dynamic and shock are used interchangeably to describe
pressure pulses above 1 GPa (l0 kbar) or so. Because dynamic compression is so fast,
the process is adiabatic and temperature increases. Shock compression is achieved by
high velocity impact obtained with light-gas guns (two-stage, single-stage, and powder
guns), pulsed lasers, high pulsed electrical currents, and explosives. The focus of this
lecture is on strong shock compressions; that is, those that occur in a time of the order
of a picosecond (ps) and for which the pressure exceeds 1 GPa. Typical durations of the
pressure pulse are a few 100 nanoseconds (ns), a few ns, a few 10 ns, and a few 1000 ns for
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guns, lasers, pulsed currents, and explosives, respectively. Selected examples of studies
of materials synthesized and recovered in high dynamic compression experiments are also
presented.

Isentropic compression experiments (ICE) are performed today using high pulsed
currents in which pressure rises in a few ns [3]. This relatively long risetime decreases the
temperature and increases the density compared to what would be obtained by a single
shock to the same final pressure. As a result the ICE process is essentially isentropic,
rather than a shock. This situation demonstrates how thermodynamic states achieved
are very sensitive to the rise time and shape of the pressure pulse. In this case, increasing
the rise time of a pressure pulse from essentially instantaneous rise time for a shock to
just a few ns greatly reduces temperature and increases density achieved.

Sample sizes range from 20 mm in diameter for two-stage light-gas gun experiments
down to several tens to hundreds of microns for laser experiments. A wide range of
electrical, optical, and X-ray properties are measured in the brief time durations and
small sample dimensions. If a specimen is in bulk thermodynamic equilibrium at both
dynamic and static high pressures, data from the two types of experiments are related by
a thermal model. Because of this, primary pressure scales at static high pressures above
7 GPa are typically derived from shock wave Hugoniot equation-of-state (EOS) data.

On release of shock pressure, very high quench rates up to 1012 bar/s and 109 K/s
are achieved, which can cause retention of high pressure phases metastably at ambient
conditions. These quench rates are the maximum possible in macroscopic specimens
because they occur at the speed of sound. Materials made using dynamic high pressures
are of nanoscale size because of the short time scales. Results obtained with gas guns and
explosives can often be scaled up in size using large explosively driven systems. Pressures
and temperatures obtained with a diamond anvil cell can often be obtained with larger
samples using multiple-shock compression or ICE compression.

2. - Shock compression

The macroscopic structure of a shock wave depends on phenomena such as elastic
limits, phase transitions, shock reverberations caused by reflections at interfaces between
dissimilar materials, and the shape of the shock compression curves of the materials
involved. That is, shock velocity depends on the slope of the shock compression curve
in pressure-volume space. This slope changes discontinuously at elastic limits and often
at phase transitions and it changes continuously within a given phase. In a simple fluid
shock pressure is determined by the incident driving pressure and the compressibilities
and shock impedances of the materials involved. Dynamic pressures can only sense
phenomena that occur during the time of the pressure pulse.

Temperatures achieved in shock compression are determined by choice of shock pres-
sure, sample material, initial sample density and temperature (interrelated), and shock
wave structure. The highest temperature at a given pressure is achieved by a single
shock to that pressure. A pulse with several step rises in pressure caused by shock rever-
beration between stiff anvils causes a lower final shock temperature and higher density
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Fig. 1. - (a) Schematic of simple shock wave travelling at velocity us in x direction. Shock is
essentially the traveling discontinuity. (b) Spatial rise of pressure to 1.2 GPa in 10 A at shock
front in argon; shock speed is 1.8 km/s. Full curve was calculated with atomistic molecular
dynamics [4]; dots were calculated with the Navier-Stokes equations [5]. Shock front is thicker
in system with more degrees of freedom than simply intermolecular repulsion.

than a single shock to the same final pressure. In fact, a reverberating shock causes a
quasi-isentropic compression. By taking various phenomena into account, the macro-
scopic shape of a shock wave can be tuned and, thus, the temperature achieved can be
tuned as well. Perhaps the greatest advance in shock compression technology today is the
ability to tune temperature at fixed pressure. One of the consequences is the ability to
achieve the same thermodynamic states in dynamic and static laser-heated high pressure
experiments for the first time.

2"1. Simple shock waves. - A simple shock is essentially a discontinuity in flow and
thermodynamic variables which propagates through a specimen at a supersonic velocity,
called shock velocity. A simple, one-dimensional shock front involves a single sharp step
rise in shock pressure and other variables in going from an unshocked or from one shocked
state to another shocked state. A simple shock front is illustrated in fig. la, where PH

is shock pressure, VH is specific shock volume, EH is specific internal shock energy, us

is shock velocity, up is mass velocity behind the shock front, and x is distance. The
zero-subscripted variables are initial values ahead of the shock front.

The shock front is not a perfect discontinuity. Rather, the shock front is the micro-
scopic spatial region in which initial unshocked material goes completely to the equili-
brated temperature and density of the shock-compressed state. Within the shock front,
internal energy deposited by shock compression equilibrates among the various allowed
compressional and internal energy modes (intermolecular repulsion, molecular dissocia-
tion, electronic excitations, etc). The spatial rise of a 1.2 GPa shock wave in liquid Ar is
illustrated in fig. 1b [4, 5]. Intermolecular repulsion is the only degree of freedom in Ar
at these conditions. The shock front in fig. 1b has a width of 10 A. At 6 GPa the width
of the shock front in Ar is also 10 A but pressure undergoes a couple of small oscillations
before equilibrating [6]. The width of a shock front is thicker for more degrees of freedom
and is typically in the range 10 to 1000 A, depending on material.

The rise time of shock pressure is the temporal width of the shock front. The tem-
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Hugoniot

Rayleigh
/Line

Fig. 2. - Illustration in P-V space of shock compression of material initially at V0 to a PH-VH

point on Hugoniot curve. Loading is along Rayleigh line joining initial and final states. Hugoniot
is the locus of PH-VH states.

poral width is the time required for shock velocity to transit the width of a shock front.
Depending on the material, the rise time of a shock could be much less or substantially
more than a ps. The risetime in fig. 1b is ~ 0.5 ps because the shock velocity is 2 km/s.
For a typical strong shock velocity of 10 mm//is in a fluid, the temporal width in more
complex systems ranges from a few 0.1 to 10 ps. The shape of a shock front is constant
in time for a steady unrarefied wave. In solids the rate of application of pressure is
sufficiently high to generate high densities of lattice defects, densities which cannot be
generated by other means.

Material is shocked directly along the Rayleigh line from (P0, V0) to (PH, VH), as shown
in fig. 2. A plot of the locus of any two of these single-shock parameters is called the
Hugoniot (see 2'2), shock adiabat, or shock-compression curve. Typical representations
are us versus up, which are determined in an experiment, and PH versus VH, which are
derived from us versus up (see below).

The example in fig. 1 represents a simple wave in which all effects except the equation
of state are said to be overdriven and so represents a shock wave in a fluid or a relatively
high pressure plastic wave in a solid. Figure 1 could also represent a purely elastic wave
below the Hugoniot elastic limit (HEL) of a solid. PHEL is the maximum shock pressure
at which the material acts as an elastic solid in shock compression. In fig. 3(a) PB is the
minimum pressure said to overdrive the HEL; that is, to have a single plastic wave with
no sign of the HEL in the shock wave profile. At intermediate pressures PC between the
HEL and PB, a two-wave structure exists, as shown in fig. 3(b). In this case, a shock
wave at intermediate pressure PC splits into two waves, whose velocities are determined
by the different slopes of the PH-VH curve in the two regimes in fig. 3(a) (see 2"2). The
leading wave at PHEL is called the longitudinal elastic precursor because its wave speed
is higher than that of a plastic wave at a pressure PC . At pressures above PB the speed
of the plastic wave exceeds that of the elastic wave at the HEL.

2'2. Rankine-Hugoniot relations and equations of state. - The experimental design
of shock wave EOS experiments is based on the Rankine-Hugoniot equations, which are
derived from conservation of momentum, mass, and energy across the front of a shock
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Fig. 3. – (a) Hugoniot of solid with Hugoniot elastic limit, PA = PHEL. PB is the minimum
shock pressure required to overdrive HEL, that is, to achieve a single plastic shock wave, (b) At
intermediate pressure PC, two-wave structure propagates. Elastic precursor at PHEL travels at
the longitudinal sound speed CL, followed by a plastic shock traveling at shock velocity us.

wave (fig. 1). These equations are given by

(la)

(1b)

(1c)

- P0 = P0(us – UO)(UP - MO),

Up - M0

where PH = 1/VH is mass density and the other variables are defined in 2'1. (PH, V
data points are called Hugoniot data. For a single wave uS is often measured; up is
measured or is calculated using the shock impedance match principle, which states that
PH and up are continuous across an interface. Shock impedance is defined to be P0uS =
PH /u p , the slope of PH versus up from eq. (la), where P0 = u0 = 0. For a single
strong shock, shock velocity is given by uS = V0[PH/(V0 — VH)]1/2; i.e., shock velocity
is proportional to the square root of the slope of the Rayleigh line. For the case of a
symmetric impact in which an impactor of a given material is accelerated to velocity MI
and strikes a target of the same material, up = u I /2 by symmetry. Equations (1) have
formed the bases of primary pressure scales above about 7 GPa, both static and dynamic.

For many solids and liquids in the absence of phase transitions, experimental Hugoniot
data follow the relation

(2) us = C +

where C is a space constant and S is the slope of the linear relation between uS and up.
For many solids C is the bulk sound speed at P = 0. The constant S is a function of
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Fig. 4. - Illustration of irreversible internal energy (shaded region) in shock compression. This
example is for Al shocked to 150 GPa and shows the measured Hugoniot, calculated 0 K isotherm,
and isentrope from crystal volume [7].

the pressure derivative of the isentropic bulk modulus [7]. Equation (2) can be used to
calculate PH, VH, and EH from eq. (1). For comparison, the experimental Hugoniot curve
and the theoretical 0 K isotherm and isentrope of Al are plotted in fig. 4 [8]. For strong
shocks, the total specific internal energy of eq. (1c) becomes E = 1/2(PH (V0 — VH)).
As shown in fig. 4, the total specific internal energy is represented by the area of the
triangle under the Rayleigh line. Internal energy caused by isentropic compression to the
same volume is reversible and is represented by the area under the isentrope. Reversible
internal energy is removed from the sample when pressure is released. Irreversible internal
energy is, thus, represented by the dashed area in fig. 4. This irreversible internal energy
is the reason for shock-induced heating and is the reason why shock pressures cause higher
thermal and total pressures than isothermal, static compression to the same volume. In
addition to heating materials, irreversible shock energy is also available for inducing
phase transitions, changing microstructures, causing chemical reactions, and absorption
by internal degrees of freedom.

Single-shock EOS experiments with a two-stage gun are illustrated in fig. 5(a), in
which a Ta impactor strikes a stepped Al target. Impactor velocity u\ and shock velocity
us in the target are obtained by recording two flash radiographs of the impactor inflight at
measured spatial and temporal intervals and by measuring the shock-transit time across
the measured step height. uI and us and the shock-impedance-match principle determine
(PH,VH,EH) in the target with u0 = 0 in eqs. (1). Double-shock EOS experiments are
illustrated in fig. 5(b), in which a Ta impactor strikes a soft Al target backed by a stiff Ta
anvil. After the first shock traverses the Al, it reflects backward off the stiffer Ta anvil,
double-shocking the Al and sending a shock forward into the Ta anvil. By taking the
first-shock state as the zero-subscripted variables in eqs. (1), measuring uI, and measuring
us in the anvil, the second-shock state can be obtained from eqs. (1). Double-shocking
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Impactor Specimen Shock-arrival-time

Anvil
Ta AI

Fig. 5. – Illustration of (a) single-shock and (b) double-shock EOS experiments. Velocity of
inflight impactor is measured with flash radiography, shock velocity in target is measured by
measuring shock transit time across measured step height with array of point detectors [10].

to a given volume produces lower pressures and temperatures than a single shock to the
same volume.

Hugoniot EOS data for Al, Cu, and Ta have been measured up to a few 100 GPa
using a two-stage light-gas gun at higher pressures and a planar explosive system at
lower pressures [9]. Maximum Hugoniot pressures in these experiments are 170, 330, and
430 GPa for Al, Cu, and Ta, respectively [10].

2'3. Thermal equations of state and static high pressure scales. – Hugoniot EOS data
provide a reference curve for calculating states off the Hugoniot. Below about 100 GPa in
a solid, thermal pressure at a given volume can be calculated from the Gruneisen model,
which assumes that (dP/dE)v = 7/V is a constant, where 7 is the Gruneisen parameter
which depends only on V. The classical Gruneisen model assumes that thermal energy is
absorbed only by the lattice and that 7 = — d$/dln V, where $ is the Debye temperature
which depends on phonon frequencies [11]. Thermodynamic 7 has been obtained by
measuring various discreet (P, E) states at the same V and approximating differentials
with differences. The latter can be obtained by single- and double-shock data to the
same volume using both solid and porous specimens. Porous specimens (powders and
aerogels), with lower initial densities than solid ones, are more compressible and thus
have larger internal energies and thermal pressures at a given volume than do shock-
compressed crystal-density specimens. EOS data for porous and solid specimens of Al,
Cu, and Fe suggested that 7/V is constant [12], the common form used for 7. Also,



116 W. J. NELLIS

Fiber optic
bundle

Baseplate

Fig. 6. - Schematic of experiment to measure shock-induced radiation temperatures. Impactor
is incident from left and generates shock in baseplate. When shock enters the fluid, the sample
becomes luminous. Fiber optic bundle collects light emitted from the shock front, which passes
through the transparent unshocked fluid and the window. First shock in fluid reflects off stiff
window crystal producing higher shock pressure, temperature, and density [15].

7 has been determined from sound speed measurements, described below (2'6). Heat
capacities are estimated in order to calculate temperatures from internal energies.

More detailed theoretical calculations of the EOS of metals have been developed by
Moriarty [13]. Electron band theory is used to calculate the 0 K isotherm in P-V space,
to which is added electron-thermal and ion-thermal contributions to the pressure as
functions of V and T to obtain total pressure.

Hugoniot EOS data are the primary data for static pressure scales above 7 GPa. The
optical shift of ruby fluorescence and X-ray diffraction densities are calibrated versus
300 K P-V isotherms calculated from measured Hugoniots and the above thermal models.
This process has been used up to the 500 GPa range, the current upper limit of static-
pressure diamond anvil cell experiments [14]. Common X-ray markers used to determine
pressure in a diamond anvil cell are Mo, Pt, and Cu.

2'4. Shock temperatures and optical emission spectra. - Shock temperatures have been
measured in shocked transparent liquid and solid specimens by fitting the spectral de-
pendence of radiation emitted from the shock front to a black body or gray body emis-
sion spectrum and assuming that the emissivity e is independent of photon wavelength
A. Since these specimens were transparent, the optical emission is observed for several
100ns while the shock front transits the specimen, as illustrated in fig. 6. The effec-
tive emission temperature can be taken in many cases as the shock temperature of the
specimen. Results for transparent liquid D2 are one example [15].

Because of the thin optical depths of opaque materials (~ 100 A), direct shock tem-
perature measurements on the Hugoniot are precluded by insufficient diagnostic temporal
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resolution. Temperatures of opaque solids are usually calculated as in 2 '3. In one case,
shock temperatures of metallic Fe have been measured by observing optical radiation
from partially released Fe through a transparent diamond window, taking into account
shock wave reflection and thermal transport at the Fe/diamond interface [16].

2 '5. Shock wave profiles. - In shocked solids at pressures just above the HEL or
just above phase-transition pressures, a shock wave has a macroscopic multiple-wave
structure. By measuring time-resolved shock wave profiles, EOS, mechanical constitutive
properties, and phase transition pressures are derived.

2'5.1. Elast ic-plast ic flow and material s t rength . Ideal elastic-plastic flow
is illustrated in fig. 3. For PA = PHEL < PC < PB, a two-wave structure propagates.
Because elastic wave speeds are greater than plastic ones, the elastic wave propagates as
a precursor ahead of the plastic wave. The HEL is typically about a factor of 2 greater
than the yield strength. PHEL is given by

C2

(3) PHEL =

where PHEL is the pressure of the Hugoniot elastic limit (commonly called the HEL),
CL and CT are longitudinal and transverse sound speeds, and y0 is the yield strength.
The HELs of Cu, hardened steel, alumina, and B4C are about 0.3, 2, 10, and 15 GPa,
respectively. HELs are directionally dependent in anisotropic crystals.

A solid material with strength supports shear stress. As a result, the Hugoniot lies
above the hydrostat in P-V space for a strong solid, stress is a more accurate representa-
tion than pressure, and stress is anisotropic. Stress in the direction of shock propagation
is what is measured in a Hugoniot experiment. For a fluid, pressure and stress are
identical. The principal stresses ai in a solid and the hydrostatic pressure P are given
by

(4) Cri = ~P + sl, i = l,2,3

and

(5) -P= ~ ( < r i + < r 2 + cr3),
o

where the Si are the stress deviators in the principal directions i and ^2, s* = 0. The yield
strength Y0 is such that

(6) s 1
2 + s 2

2 + s 3
2 < ( Y 0 ) 2 .

For a perfectly plastic material, Y0 is a constant independent of pressure. For many
metals, called elastic-plastic, work hardening increases yield strength Y for shock stresses
above the HEL. That is, as shock pressure increases the amount of plastic work and
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Fig. 7. - Measured wave profile in highly oriented pyrolytic graphite shocked into region of phase
transition to diamond [19]. First knee is caused by elastic compression of graphite at 21 GPa;
second knee is caused by phase transition to diamond.

associated shock temperature, Y increases to a maximum and then decreases until Y = 0
at melting, where individual stress deviators si = 0 in the fluid state. For Cu, Y0

is about 0.1 GPa and Ymax is about 2.5 GPa at 70 GPa shock stress and 1000 K shock
temperature [17]. Cu melts at a shock pressure of about 230 GPa [18].

2"5.2. Shock-induced phase transitions. Phase transitions are induced by dy-
namic high pressures and temperatures. If crystal volume changes at the transition, then
pressure and material velocity change as well. By measuring time-resolved pressure or
mass-velocity histories, phase changes can be detected. The graphite-to-diamond tran-
sition is an example. The P-V curve and wave structure are similar to those in fig. 3,
except that in this case FA is the phase transition pressure, rather than the HEL. The
measured velocity of an interface between shocked graphite and a LiF window is shown
in fig. 7. The first wave, or velocity jump, is graphite shock-compressed to 21 GPa. The
second wave or velocity jump is caused by the transformation of graphite to diamond
above 21 GPa, which occurs in 10 ns in the highly ordered pyrolytic graphite specimen,
oriented with its c axis of the hexagonal-graphite crystal structure parallel to the shock
direction. The fast nature of the phase transition is the signature of a martensitic trans-
formation [19]. The kinetics of this transformation are quite sensitive to the degree of
crystalline order and to the relative crystallographic orientation of the specimen with
respect to the direction of shock propagation. The velocity profile of fig. 7 was measured
with a VISAR, or Velocity Interferometer for a Surface of Any Reflector [20]. Shock wave
profiles can be measured with a Fabry-Perot interferometer or with piezoelectric gauges,
as well.

2"6. Release of shock pressure by sound waves. – A calculated temporal wave profile
of a strong planar shock in Cu is shown in fig. 8 [21]. This shock is induced in a target by
impact; a shock is also induced in the impactor and travels back toward the rear surface
of the impactor (fig. 5). On reaching the rear surface of the impactor, pressure drops and
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Fig. 8. - Shock and release profiles calculated in planar geometry for shock-compressed Cu.
Pressure releases to zero but temperature does not because of irreversible internal shock energy
shown in fig. 4 [21].

a longitudinal pressure release wave is transmitted forward into the impactor, eventually
overtaking and releasing the original shock wave as it travels in the target. At overtake,
pressure and temperature decrease at rates of 1012 bar/s and 109 K/s.

Shock pressure is also released by transverse sound waves which travel perpendicular
to the direction of shock propagation. This release starts at the edge of a planar impactor
and travels radially inward toward the axis of a planar sample. This transverse pressure
release establishes an angle a whose tangent is the ratio of the distance of travel of release
to the distance of travel of the shock at a given time:

tana

where c is sound speed [22].

2'6.1. Speed-of-sound measurements. The longitudinal pressure release wave
described in 2'6 travels at the speed of sound c in the material, which is traveling at
mass velocity up in the laboratory frame. Thus, the release wave travels at velocity
Up + c, which is greater than us. The longitudinal speed of sound CL of a high pressure
shock state is determined by measuring the depth in the target at which the release wave
just overtakes the shock, provided us and up are known [23]. Transverse sound speed is
determined by measuring a at a given us — up point.

2'6.2. Gruneisen parameter and phase t ransi t ions . For the case of a fluid,
the bulk thermodynamic speed of sound CB is given by

(8)
dP_
dV

-1
1/2
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where the partial derivative is taken along the Hugoniot [24]. For this case, CB is assumed
equal to CL. Thus, sound speeds measured in shocked fluids can be used to calculate
7(V), which can be used to calculate off-Hugoniot states, as in 2'3.

For the case of a solid with shear strength

(9) C| =

Melting is often taken to occur at the shock pressure at which CL = CB, where CL is
measured and CB is calculated from eq. (8). Because the speed of sound is related to a
derivative of pressure with respect to volume, sound speed is more sensitive to a phase
transitions than Hugoniot PH-VH relations.

2'7. Electrical resistivity. - By inserting electrodes into a sample cavity, electrical
resistance R of the sample cell is measured under shock compression. Electrical resistiv-
ity p is derived from the measured resistance via the geometrical factor C relating the
two, C = R/p. The geometrical factor is obtained by experimental calibration and/or
computational simulations.

Hydrogen becomes a metallic fluid at 140 GPa and 2600 K under dynamic compression
by a shock reverberating between two stiff anvil crystals [25, 26]. See lecture by Nellis
entitled "Shock compression of hydrogen and other small molecules" in this volume,
p. 317. The resistivity of solid FeO at 100 GPa shock pressure is about 100 fift cm [27],
which is in the range for metallic Fe at 100 GPa (see also lecture by Cohen et al. in this
volume, p. 215). The electrical resistivity of water has been measured up to 180 GPa
using both single [28] and reverberating shock compression [29]. Protons are the charge
carriers in shock-compressed water.

2"8. Raman spectroscopy. – Raman spectroscopy has been used to observe shifts in the
vibrational frequency of water [30] and of diamond [31] as a function of shock pressure.
The Raman data for shock-compressed water indicate that as long as intermolecular
hydrogen bonds are intact, water molecules also remain essentially intact. However, once
intermolecular hydrogen bonds start breaking at 12 GPa shock pressure, water molecules
begin to decompose continuously until only protons and hydroxyl ions are present at
~ 25 GPa.

2"9. Flash X-ray diffraction. - Flash X-ray diffraction has been performed on graphite,
BN and LiF single crystals at shock pressures up to 100 GPa using both a two-stage gun
and explosives to generate shock waves. The X-ray pulses had a width of ~ 50 ns. The
observation of broad diffraction lines shows that the material has long-range crystalline
order, as well as high densities of shock-induced lattice defects. By looking at various
crystal orientations, the compression is isotropic within the uncertainties and the exper-
imental X-ray density is equal to the Hugoniot density (eq. (lb)) up to 100 GPa shock
pressures for LiF [32].
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At lower pressures up to 4 GPa, shock compression of LiF is not isotropic. Shock com-
pression along the [111] direction results in macroscopic elastic deformation which pro-
duces no transverse lattice deformation. In contrast, shock compression along the [100]
direction causes macroscopic elastic-plastic deformation which produces equal changes
in interplanar spacing in both the longitudinal and transverse directions [33].

By reducing the X-ray pulse width an order of magnitude to 5 ns, strengths of bonds
are observed. X-ray diffraction with sub-ns temporal resolution has been used to measure
the lattice parameters of orthogonal planes in shock-compressed single crystals of Si and
Cu. Despite uniaxial compression along the (400) direction of covalent Si reducing the
lattice spacing by ~ 11%, no observable changes occur in planes with normals orthogonal
to the direction of shock compression. However, shock compression of metallic Cu is
hydrostatic on this fast time scale. These results are consistent with the different types
of bonding and the associated simple estimates of plastic strain rates based on dislocation
velocities [34].

2'10. Computer simulations. - Experimental data described above are used to develop
material databases for EOS and constitutive properties for implementation into computer
codes. These codes are called hydrodynamic, even for solids which have strength. Hy-
drodynamic codes are used to simulate, design, and interpret a variety of dynamic high
pressure experiments on a macroscopic scale. Quantum molecular dynamics, quantum
Monte Carlo, and electron-energy-band techniques are used to understand the nature of
fluids and solids at high dynamic pressures on a microscopic (atomic, molecular, or lat-
tice) scale (see lectures by Scandolo and Cohen et al. in this volume, pages 195 and 215).
Macroscopic and microscopic theoretical calculations are essential to performing and
understanding dynamic high pressure experiments.

3. — Synthesis and recovery of materials

Dynamic high pressures are used to produce novel crystal structures, microstructures,
and associated properties by subjecting specimens to dynamic pressures and recovering
them intact for characterization. That is, pressure is applied at strain rates up to 108 s
and higher, materials are shocked to pressures as high as 100 GPa and temperatures as
high as a few 1000 K, held at pressure for ~ 100 ns, and quenched at rates up to 1012 bar/s
and 109 K/s, as illustrated in fig. 8. While pressure releases to zero, temperature releases
to a residual value, which is higher than the initial value because of irreversible shock
heating. The residual temperature approaches the ambient value by thermal conduction
into surrounding material. Such experiments are typically called recovery experiments.
The high quench rates mean that phases and structures synthesized at high shock pres-
sures and temperatures might be quenched to ambient conditions.

A wide range of material effects have been investigated in research-size specimens
using 6.5m long two-stage light-gas guns and lasers. A few examples of current research
opportunities are discussed below. High explosives can be used to scale up the volume
in which strong shock waves are generated for technological applications. For example,
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Fig. 9. - Schematic of an experiment to recover specimen shocked to pressures up to 100 GPa.
Projectile is launched by two-stage light-gas gun [35].

high explosives are used to synthesize diamond abrasive powders on a commercial scale.
Most of the experiments discussed here use a two-stage light-gas gun [26] to accelerate

a planar metal projectile to a maximum impactor velocity of ~ 4 km/s with He driving
gas, which produces 120 GPa for a Cu plate impacting a Cu target. Recovering a sample
intact becomes progressively very difficult above 100 GPa. A shock is generated on impact
of the projectile with a target capsule in which a specimen is embedded. Velocities up
to 7 km/s could be achieved with H2 driving gas, which would achieve ~ 400 GPa shock
pressure for Cu impacting on Cu. Thus, the maximum pressure in these experiments is
limited by the recovery process and not the ability to obtain higher pressures. Typical
dimensions of a gun for this purpose are a length of 6.5 m and a bore diameter of 20 mm.
Specimens are typically 10 mm in diameter and 0.001 to 1 mm thick. Initial temperatures
can be varied in the range 100 to 1300 K [35]. A representative configuration of the
fixture which holds a specimen which is shocked and recovered intact is illustrated in
fig. 9. Materials shocked in this system have a variety of novel structures and properties
discussed below.

3"1. Nanocrystalline materials. - Shock compression of single-crystal quartz causes the
formation of polycrystalline grains, which facilitates flow of the bulk sample under rapid
deformation at shock pressures of 20 to 50 GPa. As a result the grain boundaries reach
very high heterogeneous temperatures, which reduce SiO2 to Si and O, which in turn
phase separate. Because the duration of maximum pressure in these experiments is a few
100 ns, there is sufficient time only for nanocrystalline Si (n-Si) particles to nucleate and
grow in situ within the solid SiO2. These nanoparticles have the well-ordered diamond
crystal structure [36]. The size distribution of n-Si can be tuned by choice of shock
pressure and its duration. The chemical history of this n-Si is completely different than
that of samples made with traditional wet-chemistry methods, which might shed light
on the mechanism of their photoluminescence; that is, is photoluminescence caused by
quantum confinement or oxygen passivation of the Si surface, and what are the optical
effects caused by shock-induced defects?



DYNAMIC EXPERIMENTS: AN OVERVIEW 123

3'2. Films. - High pressure phases might be synthesized and quenched metastably. Nb
films 1–10 m thick have been recovered from 100 GPa shock pressure [37], demonstrating
the feasibility of this process for very thin samples with maximum quench rates. This
rapid quenching method might be useful, for example, for quenching metastably metallic
fluid hydrogen in a one micron thick sample to a metallic glass at ambient pressure [38]. It
has been shown calculationally that pressures (~ 140 GPa) and temperatures (~ 3000 K)
required for hydrogen metallization can be achieved by irradiation with a high-intensity
pulsed laser [39]. For a one micron thick sample, temperature quenches before pressure
does, which is important for removing thermal energy which could drive the reverse
transformation to the initial state. In addition, a one micron thick sample need be only
a few ten microns in diameter to guarantee that the process is one-dimensional. Thus,
many samples could be investigated in a single-shock experiment in the quest for the
starting configuration required to quench the high pressure metallic hydrogen fluid.

3'3. Bond strengths between film and substrate. - The strength of bonding between
a film made by conventional means and its substrate is measured by launching a short-
pulse planar shock into a substrate, which then transits the film. The shock reflects as
a tensile wave from the free surface of the film and travels back in the direction from
which the original shock came. The tensile stress required to delaminate the film from
the substrate is determined from the spall signal, that is, from the shape of the time-
resolved free-surface velocity history of the film, which is measured with a fast optical
velocimeter [20]. Short-pulse incident shock waves are generated by impact of thin metal
foils [40] or by a laser [41].

3'4. Shock-induced defects and flux pinning. - Shock deformation in ceramics induces
dislocations and stacking faults, which pin magnetic flux and enhance magnetic hysteresis
and magnetic levitation force in superconducting YBa2Cu3O7-x. By using highly ordered
melt-textured specimens and orienting their slip plane at 30° with respect to the shock
direction, these brittle oxide specimens can be shocked without macroscopic fracture.
After annealing the shocked specimen in oxygen to repair shock-induced damage in bulk,
dislocations are converted into stacking faults. As a result the magnetic hysteresis, and
thus critical current density, at 1 KOe and 70 K is about 20% greater than the value
before shock at 7 GPa [42]. Shock compaction of SmCo5 particles at ~ 8 GPa enhances
cohersive forces, increasing the "permanency" of this permanent ferromagnet [43].

3'5. Synthesis of hard materials. – Potentially new hard materials can be synthesized
and recovered from dynamic high pressures. For example, shock-compressed mixtures
of C60 fullerenes and Cu powders produce fine-grained diamond [44]. Nanocrystalline
metastable diamond films have been produced by shock compression of 2 /urn thick C60

fullerene films [45].

3'6. Powder consolidation. - Dynamic compaction rapidly consolidates powders by
depositing compressive energy on particle surfaces, which are heated heterogeneously,
often bond together, and then quench thermally to the interiors of the particles forming
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a dense compact. Advantages include: i) focussing energy on particle surfaces so that
the whole system does not need to be heated for compaction; ii) consolidating powders
so quickly that grains do not have time to grow nor do metastable phases have time to
decompose; and iii) bonding powders of composite materials. Single-piece disks of both
conventional and rapidly solidified alumina/zirconia ceramics have been consolidated
by a reverberating shock wave [46]. A computational model has been developed for
dynamic compaction which could be applied to a wide variety of materials, pressures,
and consolidation rates and, thus, address key issues computationally [47].

3*7. Shock-induced chemical reactions and reactivity. - Dynamic high pressures and
temperatures cause chemical reactions between powder particles; the nature of the re-
actions depends on the strength of the shock wave. At relatively lower pressures, only
powder surfaces are heated and, thus, this is a way to synthesize novel materials by
high-temperature reactions localized at interfaces between powder particles. This is es-
sentially what happens in dynamic powder compaction. In this case, however, the details
of chemical reactions at interfaces are important, rather than the mechanical strength at
interfaces required for a strong compact. Shock-induced defects cause higher chemical
reactivity in bulk materials [48].

3 "8. Shock-induced melting and rapid resolidification. - Because powders have a lower
initial density than a crystalline solid, powders are more compressible and, thus, have
higher internal shock energies and higher shock temperatures at a given volume than
do solid specimens. Thus, there is a range of relatively high shock pressures in which
powders are readily shock-melted in bulk and thermally quenched by thermal conduction
into surrounding solid metals such as Cu. At relatively lower shock pressures powders
are simply compacted dynamically by a shock as discussed in 3'6. Model calculations
have been used to predict that Cu-Zr powders would compact at 16 GPa and shock-melt
at 60 GPa, as observed by experiment [49].

3'9. Explosive systems to synthesize diamond particles. - Probably the best known
example of materials produced commercially with dynamic pressure is the synthesis of
diamond powders for abrasives [50]. This system is about 4 m long and about 1m in
diameter. A mixture of carbon and metal powders is placed inside a cylindrical explosive
system, which drives the carbon into the pressure-temperature stability field of diamond.
Polycrystalline diamond powders are synthesized from the carbon, which are quenched
thermally by the metal powders before the pressure is released. Polycrystalline diamond
is produced with a range of particle sizes of 0.1 to 40 m.

This work was performed under the auspices of U.S. Department of Energy by the
University of California Lawrence Livermore National Laboratory under Contract No.
W-7405-ENG-48.
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1. — Introduction

The physical properties of hot dense strongly coupled plasmas at megabar (>
100 GPa) pressures are of great interest for astrophysics and planetary physics, iner-
tial confinement fusion, energetic, pulsed power technology and many other applications.
The use of intense shock wave techniques in physical and chemical investigations has
made the extreme state of plasmas an object of laboratory experiments and expands
our basic knowledge into new exotic areas of the phase diagram of matter. This paper
presents recent results of experimental investigations of thermodynamic, transport, and
optical properties of strongly coupled plasmas generated by intense shock and rarefaction
waves.

2. — Shock waves and strongly coupled plasma

The coupled hot plasma is the most abundant state of matter [1]: 99% of the matter
in the Universe exists in the high temperature, high pressure ionized state in astro-
physical objects. Moreover, high energy density plasmas are working media for modern
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energetic projects and devices like MHD [2], flux compression generators [3], and inertial
confinement fusion schemes [4,5].

Strongly coupled plasmas occupy a very broad region of phase diagram of matter [6,7],
as illustrated in fig. 1, where T = v^7re3/(feT)3/2

x/^~Zfn~ and A = ^/rj2/2irkT are the
coupling parameter and the De Broglie wavelength, respectively. The physical properties
of the plasmas become simple in two asymptotic cases—at extremely high pressures
and extremely high temperatures. In the first case the inner electronic levels of atoms
and ions are compressed by pressure and one can apply the Thomas-Fermi theoretical
model. In the other extreme state—high temperature and low density—the interparticle
interaction is small and one can apply the quasi-ideal gas-like Debye-Hiickel approach.

The subject of our interest are strongly nonideal plasmas which are located just be-
tween these two asymptotes where interparticle interaction is much greater than the
particle kinetic energy. This exotic state of matter is a very difficult subject for the-
ory because the strong interparticle interactions are realized in disordered system with
electron statistics intermediate between Boltzmann- and Fermi-like types. On the other
hand, it is rather difficult to create a strongly nonideal plasma under laboratory con-
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ditions because it is necessary to produce high energy densities in condensed matter at
high pressures and temperatures [6-10].

Shock wave techniques [11-15] have made it possible to generate extreme states of
matter at laboratory conditions. As a result of nonlinear hydrodynamics, the narrow
(a few interatomic distance width) viscous shock front transforms the kinetic energy of
the flow into compression and results in the irreversible heating of matter [13]. This
method has no limitations in pressure but it has definite limitations in time scale which
is typically ~ 10~6-10-9 s.

The application of the fundamental laws of conservation of mass, momentum and en-
ergy reduces the problem of determining the caloric equation of state E(p, V) to the regis-
tration of kinematic parameters for the propagation of shock fronts and interfaces [13,15]
(i.e. to time and distance measurements). The caloric equation of state obtained in shock
wave experiments can be transformed into the thermodynamically complete form E(p, T)
or E(V, S) by the method based on the first law [16] of thermodynamics, as proposed by
Fermi and Zel'dovich.

It is quite important that intense shock waves not only compress but also heat mat-
ter to extremely high temperatures. This essential peculiarity of shock waves is very
attractive for generating coupled plasmas [6-8, 17], which are the main subject of our
investigations.

3. — Generators and drivers

To generate strongly nonideal plasmas several different experimental methods have
been used. The application of intense shock waves to solid and porous targets allows us
to generate Fermi-like plasmas with maximum pressure up to 4 Gbar and temperatures
as high as ~ 107 K [18] (see Hugoniots H, fig. 2). Compression of plasma by a series of
incident and reflected shock waves allows us to decrease irreversible heating effects [19-22].
As a result, such a multiple compression process becomes close to the isentropic one which
permits us to reach much higher (ten times and more) densities and lower temperatures
compared to single-shock compression. On the other hand, to increase the irreversibility
effects and to generate high-temperature plasma states experiments on shock compression
of porous samples (fine metal powder, aerogels) were performed [13, 15] (see Hm in fig. 2).
The shock compression of saturated metal vapors and previously compressed noble gases
by incident and reflected shocks allows us to reach nonideal plasmas on the Hugoniot
H1 [6, 17].

The adiabatic expansion of matter (Hugoniots H, Hm and isentropes S, fig. 2) initially
compressed by intense shocks up to megabar pressures gives us the chance to investigate
the intermediate region between the solid and vapor phase of nonideal plasmas, including
the metal-insulator transition phase and the high temperature saturation curve with
critical points, CP, of metals from the left-hand side.

The interesting feature of metal evaporation is that because the critical points of
most of the metals are much higher than the thermostrength limits of the materials of
the device, static methods have allowed measurement of the critical parameters of only 3
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Fig. 2. - Phase diagram of matter. H: Hugoniots, S: isentropes. Phase boundaries are sketched;
C, CP: critical points.

alkaline metals. On the other hand, because the pressures and temperatures of the critical
points of metals are high and close to ionization potentials, metals evaporate directly
to a nonideal plasma and not to the vapor as in other substances. This provides the
opportunity to observe the plasma-phase transition predicted by Landau, Zerdovich [23]
and other theoreticians [17, 24]. The experimental investigations of these theoretical
predictions are one of the main challenges of shock wave experiments with high pressure
nonideal plasmas.

To generate intense shock waves in dense plasmas, a broad spectrum of drivers are
used—chemical and nuclear explosives, pneumatic and electrical guns, intense laser and
soft X-rays, electrons, and light and heavy ion beams. Historically, the first successful
experiment in shock waves physics was perhaps performed 3000 years ago as a result
of the David-Goliath confrontation. According to the Old Testament [11] and modern
2D computer simulations, the hypervelocity impact (fig. 3) of David's stone projectile
against Goliath's head generated a shock wave with maximal pressure of about 1.5 kbar.
This shock pressure amplitude was at least 2 times higher than the bone strength of
Goliath's forehead and this presented the victory to David in the duel.

David's technique is the basis for all high pressure shock wave experiments. The
application of more advanced and sophisticated drivers (chemical and nuclear explosives,
powder and gas guns, particle and laser beams etc.) allows us to increase the launch
velocity from David's value up to 3 orders of magnitude and the shock wave pressure up
to 6 orders of magnitude.
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Fig. 3. — The David-Goliath confrontation according to ref. [11], ~ 1000 BC.

The development of shock wave physics is closely related to our civilization's entry
into the atomic age in the late 1940s [12]. In nuclear devices, intense shock waves played
the role of igniter for nuclear chain reactions in compressed fusion fuel. At that time
the brilliant teams of researchers from the USSR and the USA created independently
a new scientific discipline—shock compression of solids at megabar pressures [1, 12-16].
The most interesting experiments in the megabar plasma pressure range were performed
in the USA with the aid of the two-stage light gas guns and in Russia using the high
explosive technique.

The first measurements of equation-of-state data and electrical conductivities of non-
ideal plasmas were carried out with pneumatic shock [25] and adiabatic [26] compression
tubes. To increase the initial saturation of cesium vapor density the experimental devices
were heated up to an initial temperature of ~ 900 °C. Because the high explosives have
a specific energy density 6 orders of magnitude higher than electrical capacitors, most
experiments in shock compression of plasmas were carried out using these drivers. In the
explosively driven shock tube, the intense shock wave is generated in precompressed noble
gases as a result of expansion of the detonation products of high explosives [6,7,27]. Mea-
surements of EOS, electrical conductivity and opacity of nondegenerate Boltzmann-like
coupled plasmas at pressures up to 200kbar were carried out using this device [6, 7, 27].

Much higher pressures (~ 1 Mbar in gases and ~ 5 Mbar in metals) were generated by
high explosive guns [6,7,12]. In this device high explosive detonation products accelerate
a metal impactor up to the velocity of ~ 5—6km/s. The impact of this high velocity
impactor against a target generates a plane shock wave in plasmas with pressures up to
a few megabars. The lifetime of these high pressure plasma states is rather short because
of its inertial confinement. As a result, the diagnostic for that experiment must be suf-
ficiently fast. Electrical pin and optical base methods, optical reflectivity, spectrometry
and pyrometry, X-ray diffraction and absorption, laser interferometry, electrical resis-
tivity, capacitor and piezoelectricity methods, and other diagnostic methods applied to
shock experiments must have a temporal resolution better than ~ 10–6—10–9 s.

To increase shock pressure, the front collision generator was designed. In this device,
the materials under investigation are compressed from two sides by two strikers acceler-
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ated by high explosive charges that were ignited simultaneously [28]. To increase launch
velocity and shock pressure in plasma some sophisticated gas dynamics considerations
were applied.

The idea of plane "gradient" cumulation is similar to the acceleration of a light ball
which elastically strikes a heavy one. As a result, a 3-stage High Explosive gun accelerates
the molybdenum projectile up to 13—14 km/s [29]. Spherical High Explosive generators
were designed in the Soviet Union in the late forties and were used to reach pressures up
to 10-20Mbar as a result of spherical cumulation [30]. The weight of this system is as
high as 100kg and the energy released is ~ 500 MJ. The maximum spherical projectile
velocity was as high as 16 km/s.

The more stable explosive-driven system based on irregular Mach-type collision of
conical shocks was used for measurement of shock Hugoniots and isentrops of metal
plasmas [31]. Combination of nonregular shock collisions with gradient cumulation allows
generation of 20 Mbar shocks in copper, which is close to the pressure typical for nuclear
explosions. In magnetic cumulation generators, high explosive detonation compresses a
magnetic field in cylindrical geometry, which in turn adiabatically compresses samples
up to a few megabars [3]. High magnetic field experiments were performed recently to
measure the Hall effect parameters in dense shock compressed plasmas and to estimate
the electron carrier concentration [32].

To protect personnel and equipment against such destructive explosions concrete and
steel explosive chambers were designed. The biggest steel explosive chamber in the world
was constructed in the Russian Academy of Sciences for charge weight as high as 1000 kg
of TNT (fig. 4).

In recent decades, as a result of changing defense priorities some new drivers based
on pulsed power principles were applied to shock wave research.

To investigate shock wave dynamics, hyper velocity impact phenomena and penetra-
tion physics at high pressure "rail" guns have been used [33]. In this device a solid plastic
projectile is accelerated up to the velocity of ~ 8–9 km/s as a result of electromagnetic
interaction of a high current plasma arc with a 1 MA pulsed current. Relativistic elec-
tron beam generators were used for intense shock excitation in metals and for volumetric
heating of low density foams. The registration of shock wave dynamics in the metal
target allows us to investigate the influence of self-generated intense magnetic field on
the stopping power of electrons in dense plasmas [34].

Much higher energy densities were generated by intense light ion beams and relativistic
heavy ion beams. The high current pulsed proton beam accelerator KALIF generates
a power density on target of ~ 1012 Watt/cm2 [35]. This pulsed power installation was
used to accelerate thin metallic and plastic foils to velocities up to ~ 12–14 km/s for
investigation of stopping power of protons in dense plasmas, for measurements of the
equation of state and material viscosity at megabar pressures, and for measurements of
the spallation strength of the materials at ultrahigh strain rates [35], as illustrated in
fig. 5.

The heavy relativistic ion beam accelerators constructed for investigations of nu-
clear collisions at ultrahigh energy densities appear to be an effective driver for Inertial
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Fig. 4. - Explosive chamber.
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Fig. 5. - Aluminum-magnesium alloy spallation strength at fast deformations [35].
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Confinement Fusion (ICF) projects, for shock wave and dense plasma physics research.
Heavy-ion beams with a relativistic kinetic energy of ~ 1 GeV were used for stopping
power measurements in nonideal plasmas [36] and for investigation of beam-plasma and
beam-solid interactions [37].

Extremely high shock pressures were obtained by the laser-driven shock wave tech-
nique [5, 38]. Valuable results in this field have been obtained recently by the scientific
teams at Livermore, Osaka, Garching, Milan and Moscow. Because of a lack of time and
space, it is impossible to discuss this interesting and broad area in detail. The recent
results on the equation of state at megabar pressures, on light reflection from shock com-
pressed plasmas, on mechanical properties of solids at ultrafast deformations, on beam to
X-ray energy conversion, on shock luminosity, and on other interesting laser-driven shock
phenomena are discussed in review articles [4,5,38] and in the symposium devoted to
this subject at the AIRAPT-17 conference. The uniformity of the shock wave front is a
serious technical problem for beam-driven shock wave experiments. One of the solutions
is based on the application of pulsed soft X-rays for generation of high-quality shocks.
The advanced pulsed power machine which was designed for ICF work and which was
used as a shock wave generator is a pulsed Z-pinch device [39, 40].

In X-ray-driven shock experiments [39] pulsed 4 MA current accelerates a cylindrical
plasma liner up to a velocity of ~ 500 km/s. The impact of this liner against a cylindrical
target generates a thermal radiation wave which heats the inner cavity up to a temper-
ature of ~ l00eV. The soft X-rays from the plasma cavity were used for generation of
shock waves of 5 Mbar pressure, for the acceleration of the metal striker up to ~ 10 km s.
and for radiative shock wave investigations.

The maximum pressure generated on our planet under semi-laboratory conditions was
achieved using nuclear explosives in underground experiments [8, 18]. Nuclear explosives
have an energy density 6 orders of magnitude higher than chemical ones. Large-scale and
expensive experiments with nuclear explosions gave unique information on the equation of
state and the optical properties of dense plasmas in the ultramegabar pressure range [11].
The experimental information obtained in the multigigabar pressure range allows us to
estimate the extrapolation validity of the plasma Thomas-Fermi model [41]. It was shown
that this model can be applied roughly from 100 Mbar pressure on solid Hugoniots. At
higher temperatures and lower densities (porous Hugoniots) the Thomas-Fermi model
failed to account for the description of nonideal plasma thermodynamics [42].

4. — Plasma under extreme conditions

4.1. Equation of state. - The first experimental information obtained on nonideal
plasma thermodynamics was quite surprising [6, 25, 43] and showed how hazardous it is
to extrapolate to high pressure the results and models obtained for low pressure plasmas.
Shock experiments have shown that the pressure of a strongly coupled plasma at constant
temperature and/or entalphy is much higher than the ideal pressure while, according to
standard plasma textbooks (for example [44]), this pressure should be less than ideal
due to Coulomb correlations in the plasma. The interpretation of the data obtained
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has shown that at least two different physical effects are responsible for the unusual
thermodynamics—the screening of the charged particles (electrons and ions) and the
deformation of the discrete electron energy spectrum as a result of strong interparticle
interactions. The sophisticated family of theoretical models based on superposition of
plasma ionization approaches and solid-state cell models was developed to describe the
shock wave experiment in a broad region of the plasma phase diagram [7, 17, 45, 46].

In accordance with the standard quasi-chemical representation ("chemical pic-
ture") [17], we consider multicomponent, strongly coupled plasma as a strongly inter-
acting mixture of electrons, atoms and ions of different charges. The free energy is split
into the ideal-gas contribution of atoms, ions and electrons and a correction term due
to interaction of the "free" species. Atoms and ions obey Boltzmann statistics. The
electronic ideal-gas contribution corresponds to Fermi statistics. The effects of the elec-
tron degeneracy are important in this region of the phase diagram. A modified version
of the pseudopotential model for the free charges subsystem [47, 48] has been used for
the Coulomb nonideality description. In this approximation the depth of the effective
electron-ionic potential strongly correlates with the boundary separating free and bound
states of the electron-ion pair. Parameters of correlation functions for all charged species
have been determined from the "local electroneutrality" conditions [3]. The average shift
of the free charges mean kinetic energy, AEkin, has been taken into account explicitly
from the virial theorem.

The effect of the short-range repulsion of heavy particles due to the overlapping
of the electron shells of atoms and ions has been described in frames of D. Young's
"Soft Sphere approximation" [49]. This approximation has been modified for the present
study of the electron-ion-atom system as for the mixture of soft spheres of different radii
within the "one-fluid" approximation. This modification leads to nonideality shifts in the
chemical potentials of all species and therefore to the very important shifts in the effective
ionization potentials. The choice of the effective atomic diameter is based on fitting the
presently calculated pressure to the cold (T = 0K) isotherms at low compressions. The
choice of the ratio of ionic diameters has been based on Hartree-Fock calculations of
confined atoms in correspondence with the procedure described in [45].

The shock Hugoniot for Al (fig. 6) shows how theoretical plasma models describe the
shock experiment in a broad region of parameters up to the extremely high pressure
(~ 4 Gbar) obtained in an underground nuclear experiment [18]. Note that at this
superhigh pressure the specific energy of the plasma is about 1 GJ/cm3 which is close to
the nuclear explosion energy density, and the pressure of photon radiation is close to the
kinetic pressure. This is why it is meaningless to increase the shock pressure above that
limit.

The description of plasma thermodynamics obtained using classical plasma physics
for the nontraditional region of high temperatures in the condensed state is illustrated
by porous Hugoniots [43] in fig. 7. It is interesting that the experimental data obtained
by shock compression of porous samples correspond to the metal-insulator transition
region where both temperature and pressure ionization are important for the plasma
thermodynamics [46].
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Fig. 6. - Shock compression of A1 plasma at gigabar pressures [8, 18].

Comparison of calculated (code SAHA-IV) and experimental data on the thermo-
dynamics of shock-compressed liquid noble gases (see figs. 8 and 9) demonstrates that
the present approximation, which takes into account Coulomb nonideality effects, short-
range repulsions and electron degeneracy, gives a qualitatively correct thermodynamic
description.
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Fig. 7. - Iron plasma Hugoniots [43].
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2.6 3.4
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Fig. 8. - Shock compression of liquid argon [50]. o Experiments: [51]. — Theory: Hugoniot
SAHA-IV [50].

4'2. Optical properties. - Deformation of the discrete electron energy spectrum due
to interparticle interaction has a considerable influence on the optical properties of the
plasma, so the opacity measurements for strongly coupled plasmas are rather surpris-
ing [57]. In contrast to the classic textbook predictions, shock wave experiments have
shown that, as a result of compression, the plasma becomes more and more transparent
rather than opaque [7, 17, 57, 58].

10
p, g/cm3

Fig. 9. - Shock compression of liquid Xe [50]. Experiments: ? [52], A [53], o [54], $ [55]; multi-
shock compression: D [56]. Theory: dashed line T = OK [54], Hugoniots: thin solid lines [54];
thick solid line Code SAHA-IV [50].
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400

Fig. 10. - Spectral line dissolution in the high pressure hydrogen plasma [58].
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The explanation of this effect is based on the shift of discrete energy levels to the con-
tinuous spectrum as a result of strong inter-particle interaction. To describe this effect
theoretical models based on the "confined atom" approach or on plasma fluctuating mi-
crofields were applied [7, 17, 43]. The registrations of the optical emission of hydrogen [58]
and xenon [59] shock-compressed plasmas have shown that most of the spectral lines of
strongly nonideal plasmas are destroyed by strong particle interactions, as illustrated in
figs. 10 and 11.
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Fig. 11. - Spectral intensity of Xe plasma radiation with a particle velocity of 7 km/s. The
arrows indicate the position of Xell lines. The thickness of the plasma layer was < 0.l mm.
1) T = 32000K, Ne = 4.1 x 1019, Xell = 1.5 x 1019, Xelll = 1.3 x 1019 cm–3; 2) T = 28500 K,
Ne = 9.2 x 1018, Xell = 2.9 x 1018, Xelll = 3.1 x 1018 cm–3; 3) T = 27000 K, Ne = 4.8 x 1018,
Xell = 1.4 x 1018, Xelll = 1.7 x 1018 cm"3; 4) Flash lamp.

4'3. Electrical conductivity. - Electrical conductivity measurements allow us to ob-
tain experimental information about plasma composition at high pressure because the
conductivity is closely connected with the number of electrical carriers and electron scat-
tering in coupled plasmas. To investigate "thermal" ionization, experiments on shock
compression of heavy noble gases were performed [60]. The measured noble gas plasma
electrical conductivity was very high and close to the conductivity of alkali metals, as
illustrated in fig. 12. It is interesting that the measurements were performed at extremely
high densities where extrapolations of standard plasma theoretical models show mean-
ingless results—the so-called "Spitzer collapse" due to overestimation by the theory of
Coulomb scattering [17].

The results of measurements of the electrical conductivity of argon and xenon and
their dependence on density are presented in figs. 12 and 13. In the experiments a
wide spectrum of plasma states is realized: densities up to 9.5g/cm3, temperatures
~ (1-100) x!03K at pressures < 150 GPa with ionization degree up to 3 and an elec-
tron concentration up to ~ 3 • 1022cm~~3. At maximal parameters the plasma is de-
generated (neA

3 ~ 50) and strongly nonideal in relation to the Coulomb interaction
F = Ek/E? ~ 10 and interatomic repulsion ra = nar

3 ~ 1. The electrical conduc-
tivity of plasmas increases by about 2 orders of magnitude within a relatively narrow
interval of densities (p ~ 3-5g/cc for Ar and p ~ 6–8g/cc for Xe), achieving the values
of 103 f)/cm typical of that of the heated alkaline metals. To estimate conductivity we
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10'
p,g/cm

Fig. 12. - Density-conductivity diagram of Ar [50].
— Code SAHA-IV.

20 kK [62], o 5-15 kK [63], Q 1-75 kK [64],

use the r-approximation [61], which gives a Spitzer asymptote for a fully ionized Boltz-
mann plasma, a ~ T3/2/A (A is the Coulomb logarithm) and in the case of the Fermi
statistics, cr ~ TF

/ /Ap. For the partially ionized plasma this theory gives the Lorenz
approximation: a ~ ne/n&T1/2Qea (Qea is the electron-atom transport cross-section).

The results of the electrical conductivity calculations for the different isotherms and
their dependence on density are shown in figs. 12 and 13. At low temperatures the

10
p, g/cm3

Fig. 13. - Density-conductivity diagram for Xe. o 10–14 kK [54], D 20-30 kK [62], A 30-
60kK [65], v 40-100 kK [65], 0 7-20 kK [66], • 5-20kK [56], x27mK-300K [67], — SAHA-IV.
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Fig. 14. - Conductivity of the hydrogen plasma at megabar pressures showing "pressure" ion-
ization [20,22,68].

decrease in electrical conductivity with increasing density increases steeply after some
critical density. The main reason for this effect is the so-called pressure ionization that
takes place at high densities. With increasing temperature, this effect becomes less
apparent and disappears at very high temperatures. As is seen from figs. 12 and 13, this
qualitative effect in behavior of electrical conductivity is confirmed experimentally for
shock-compressed liquid Ar and Xe.

In shock-compressed hydrogen plasma [20,22,68] (fig. 14) the temperatures are much
lower than that of xenon plasma. This allows us to investigate more definitely pressure
ionization effects due to lowering of the ionization potential as a result of strong interpar-
ticle interaction and overlapping atomic wave functions in strongly coupled plasmas [68],

We are currently trying to measure carefully the EOS of the hydrogen plasma to
uncover plasma transitions that were predicted by theory [17,23,24]. To date, the exper-
imental measurements obtained for electrical conductivity do not contradict this plasma
phase transition hypothesis.

4'4. Adiabatic expansion. - The adiabatic expansion [6,7] is based on the fast expan-
sion of metals compressed by intense shock wave up to a few megabars. It allows us to
investigate dense nonideal plasmas located in the region between solid metal and metal
vapor, including the metal-insulator transition region and high pressure saturation curve
with the critical point, as shown in fig. 2.

These adiabatic expansion experiments permit us to continuously connect two extreme
states of matter—the high pressure condensed state and the low temperature vapor state.
The experimental results for the Bi plasma are presented in fig. 15 [69] and illustrate this
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Fig. 15. - Isentropic expansion of dense bismuth plasma [69].
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approach. It was the first experimental realization of the idea [13] that it would be
possible to obtain the entropy and temperature of the shock-compressed condensed state
at megabar pressures from the entropy of the ideal vapor.

The direct time-resolved measurement of temperature of expanded plasmas allows
us to measure the opacity of a nonideal plasma [70]. As in shock-compressed hydrogen,
argon and xenon plasmas, the experiment definitely shows (fig. 16) a large deviation from
the theoretical prediction because of deformation of a discrete spectrum. The adiabatic
expansion experiments give us a unique chance to investigate the high pressure part of
the metal evaporation curve up to the critical point of metals and to investigate the
kinetics of high pressure metal evaporation and condensation (fig. 17).

Before these experiments static methods gave us information on critical points for
only three alkaline metals, but metals comprise 80% of elements in the periodic table.
These experimental points in the near-critical region of metals were used for constructing
semi-empirical wide-range multiphase equations of state [71]. This semi-empirical equa-
tion of state was designed for quantitative descriptions of all four (solid, liquid, vapor,
and plasma) states of matter, for descriptions of all sets of statistical and dynamical
experimental data, and for reproduction of phase transitions—melting, evaporation, ion-
ization, and polymorphic transformations. At extremely high P and T this equation of
state has correct asymptotes to Thomas-Fermi and Debye-Hiickel models.

Figure 18 shows the general view of a semi-empirical equation of state with solid,
liquid, gas, and plasma areas, phase boundaries, and asymptotes.

In this form, semi-empirical equations of state constructed for many metals have been
implemented into codes for computer simulations of high pressure pulsed phenomena.
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Fig. 16. - Adiabatically expanded Bi plasma brightness temperature, Tef [70].
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Fig. 17. - High pressure Pb evaporation described by a multiphase equation of state [71].
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Fig. 18. - Multiphase semi-empirical equation of state [71].

5. — Conclusions

The application of shock waves to high pressure plasma physics has made it possible
to generate under laboratory conditions the extremely high energy densities that are
typical for matter the first few days after creation of the Universe (Big Bang) and for
such exotic astrophysical objects as stars and giant planets. The physical information
obtained this way has drastically expanded our basic knowledge of physical properties
of matter to a broad area of the phase diagram up to pressures ten orders of magnitude
higher than atmospheric and temperatures up to seven orders of magnitude higher than
human body temperature. On the other hand, almost each time we enter a new region
of high pressure, the physical properties of the plasmas measured are quite surprising
and are in drastic contradiction with predictions based on the smooth extrapolation of
low pressure data. This is very impressive, but one should remember that "in nature
this phenomenon is perfectly natural and commonplace. The domains of some rulers in
Germany and Italy, which can be circled in about half an hour, when compared with the
empires of Turkey, Muscovy, or China, give only a faint idea of the remarkable contrasts
that are hidden in all of nature" [72].

* * *
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Condensed matter at higher densities

N. W. ASHCROFT

Laboratory of Atomic and Solid State Physics, Cornell University

Ithaca, NY 14853, USA

1. - Introduction

Pressure as a term used in a scientific context appears to enter in the mid-17th
century, for example: "When two bodies, having opposite endeavors, press one another,
then the endeavor of either of them is that which we call pressure, and is mutual when
their pressures are opposite" [1]. With the rise of the great science of thermodynamics
it achieves prominence as a fundamental variable P (along with absolute temperature,
T) and it is apparent that it is a macroscopic mechanical quantity, established in an
experimental context on length scales far transcending those of microscopic or quantum
importance. Of all physical variables, pressure in the Universe appears to have one
of the largest ranges, over some 60 orders of magnitude encompassing at one limit the
extreme pressures appropriate to the interiors of neutron stars, and at the other the trivial
pressures expected in the high vacua typical of outer space [2] (some characteristic values
are displayed in fig. 1). Yet in the pursuit of an understanding of matter in the condensed
state, its probing as a function of temperature has by far held sway, and until relatively
recently an accounting for the variation of common physical properties with pressure has
not been a major effort in condensed matter physics.

This is rapidly changing, principally because recent experimental advances both in
static and dynamic compression are almost routinely leading to densification of an entire
order of magnitude and of matter which is already dense. When it is realized that this
translates into reductions in atomic or ion spacings that may exceed a factor of two,
it becomes clear that the changes of electronic structure that can be brought about in
the course of systematic and substantial densification begin to influence the very notions
inherent in quite basic chemical concepts of bonding, and also of chemical combination. It
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PRESSURE SCALES IN PHYSICS
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is also under planetary conditions that even more significant changes in linear dimensions
occur, and where the theory of condensed matter has yet much to offer, especially when
the conditions include in addition those of high temperature. It is under conditions of high
temperature that the state of continuous translational symmetry more familiarly known
as the liquid is eventually expected and like its crystalline counterpart the properties
of the liquid or fluid phase are also functions of density, and hence pressure can also
be seen as a significant diagnostic of what is still one of the least well understood of
all phases of condensed matter. Depending on the degree of complexity of the system
under consideration liquid-liquid phase transitions may occur and are again tunable in
principle through application of pressure, and its associated influence on effective particle
interactions (see below).

Perhaps not surprisingly, our approach to understanding much of the physical world
has been influenced by the conditions in which we have found ourselves, and to a certain
extent these are a blithe accident. Thus while most of the matter in the Universe that
could be classified as condensed is under conditions which are now properly regarded as
extreme, our own environment is one where the pressure, for example, is so modest that,
as noted, compared with temperature it has played an equally modest role in guiding
the development of theory of the condensed states of matter. The rising prominence of
P is a development that surely must be credited to the experimental community which
has resolutely extended the limits of high pressure techniques to the point where matter,
which as a consequence of its coagulated state, is manifestly incompressible, can now be
induced into states where density has been increased far beyond the common limits that
have guided the theory to date. Under these conditions electronic states which hitherto
could be regarded as localized about nuclei or ions, and also sharp in energy, can become
delocalized, or itinerant, and the corresponding energies are to be found as part of a broad
continuum or band structure. The consequences can be dramatic, not only in structural
terms, but also in quite fundamental changes, from insulating to metallic states, the latter
frequently exhibiting the remarkable quantum state of off-diagonal long-range order for
electrons we know as superconductivity.

The exercise before us in these lectures is therefore to lay out some general aspects of
the description of the condensed states of matter regarded, to begin with, as a distribution
of nuclei (with various charges) and a compensating assembly of electrons [3], confined to
a certain volume V but one which should now be regarded as very much at the disposal of
the experimenter. More specifically the exercise is to focus on and reveal the role volume
plays in the ensuing physics of systems of fixed numbers of particles; it is not to survey
the immense field known generally as the theory of condensed matter. But the system
may also be considered to be in contact with a heat bath, and absolute temperature T
continues to be a vital variable, especially so in those techniques (the shock methods)
that alter V in a dynamic way [4, 5] (see the lectures of Nellis, this volume, p. 109). For
a prescribed density it is generally by increase in temperature that, as already noted, we
induce the appearance of the state of continuous symmetry we commonly refer to as fluid
(and generally possessing the symmetry of the Hamiltonian involved in the fundamental
description of the system). Even though T can reach appreciably high values, because of
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the notable disparity in mass between electrons and nuclei, the electron system can often
be regarded as plausibly close to its ground state. This will be very much the viewpoint
taken in the following where systems of electrons and nuclei evolve (with declining density
from a state at very high pressure) into the familiar arrangements of valence electrons and
ions including the more chemical picture for mixtures, or the elements in combination.
In many ways, hydrogen stands as a quintessential exception to patterns and trends
that typify other higher atomic number systems, principally through the lack of any
core-physics, and the fact that the electron density found in the vicinity of a proton is
exceedingly large compared with typical valence electron densities found in other light
elements and their mixtures.

2. — Nuclei and electrons: formulating the problem at variable volume

We therefore begin with a macroscopic volume V, considered alterable (by experi-
ment), and to introduce some generality we might imagine the system occupying it to be
a mixture, or compound of S species. Let there be Na nuclei of charges Za in F; here Na

is typified by Avogadro's number (0.6023 x 1024). Each is assigned a coordinate ria, and
a momentum operator p\a = (ft/i) Via. If the entire system is regarded, to begin with, as
both canonical, and neutral, then the number of electrons present is $^a=1 NaZa = Ne.
At the level of length scales appropriate to the theory of condensed matter, the Coulomb
interaction vc(r) = e2/r is of fundamental importance. If rei, and pej are electronic
coordinates and momenta (here a = e) then the starting Hamiltonian for the system
is easily written down by introducing operators quite fundamental to the observables of
relevance in the quantum mechanics of macroscopic or extended many-particle systems.
The first is (a = e)

N

i.e., the one-particle density operator for electrons, whose statistical average (see below)

(2.2)

plays an utterly fundamental role in electronic structure as we now know from the ini-
tiating paper of Hohenberg and Kohn [6] at ground-state conditions (and generalized
otherwise by Mermin [7]).

If we are interested in magnetic order, this operator can also be further resolved in
terms of electron spin. We also introduce the two-particle density operator for electrons:

(2.3) Pe
2)(r,r') = p^(r)p^(r') - 6(r - r'
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whose statistical average (see sect. 3), namely

(2.4) (p™M)

(2.5)

introduces the pair-correlation function ge(r, r'), for electrons in an inhomogeneous set-
ting. For the special case of the homogeneous electron gas, pe (r) = constant, and from
translational and rotational invariance

Realization of this system clearly requires a counter-charge background that is continuous
and uniform.

For the nuclei, one-particle density operators can also be immediately introduced:
thus for the nuclear species designated by a

Nn

(2.6) /41}(r) = ]T>(r-rm)
i=l

and likewise two-particle density operators

(2.7) /S(r,r') = ̂ (rJ/ftV) - <W 6(r - r')

As companions for what follows, we may also introduce

and

^,(r,r') = ZaZa,(p^(r)py(r') - 6aa,6(r

With the associated definitions for the kinetic energies

or

Nn
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and for later use

T — V^ TJ-n — / ^ J-ai

the fundamental Hamiltonian for a system confined to an alterable volume V is then
easily written down as

where vc(r) = e2 /r. It is in this Hamiltonian, treated in varying degrees of approximation
and with volume explicitly displayed, that we must eventually seek an accounting for all
the states of matter, at least under conditions where OQ (or a plausible fraction of it)
still sets the physical length scales of interest. Since (2.8) involves both nuclear and
electronic degrees of freedom, and a specified volume V, it is clear that in revealing the
role of pressure through its ability to alter V we might first turn to the densities pa (r)
and p^, (r, r') recognizing again, however, that for electrons there is also the possibility of
off-diagonal long-range order (something that might also arise for protons in hydrogen at
sufficiently high density, as will be described below). As a preliminary, observe that (2.8)
implicitly contains the fundamental constants e2, h, and me: these establish an atomic
length OQ = h2/mee

2 — 0.529 A, and an atomic energy e2/2oo = 13.59eV. They also
fix (through the dimensional statement [PV] = [E]) an atomic unit of pressure pa =
e2/2a,Q = 14720 GPa whose scale immediately serves to show that condensed matter
typified by length scales ~ OQ should not easily be compressed.

A formal rewriting of (2.8) leads to a transcription of the Hamiltonian in terms of
two separate problems (each well defined in the thermodynamic limit) and the coupling
between them. Thus (see fig. 2) for an element with nuclear charge Za let p = NZQ/V,
and He be the Hamiltonian for NZa interacting electrons in a compensating continuum
of charge density +ep (permeating the volume V). Correspondingly, let Hn be the
Hamiltonian for N interacting nuclei in a continuum of charge density — ep (and the
same volume V). Then

(2.9) H = He + Hn - I dr f dr'vc(r - r')(p^(r) - p) (Zp^V) - p),
Jv Jv

(2.10) = He + Hn -
q/o

As a specific example, the case Za = \ assumes critical importance. This corresponds
to hydrogen (ma = mp for the proton) or deuterium (m =~ 2mp), or even to tritium
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(m = ~ 3mp), and for which in an extended notation:

(2.11) = Te+Tn + - dr
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Hydrogen at high pressure will be taken up below (sect. 9); in this system the physical
role of Tn is especially significant.

An immediate observation, pertinent to (2.8), (2.9) and (2.11), is that there is no spe-
cific reference to spin and yet we note that for Za — 24 (Cr) the pure element displays
magnetic order under ordinary conditions. The equally immediate conclusion is that the
states of (2.8) may therefore exhibit a broken symmetry with respect to spin. But as
a next crucial inference, we note that both (2.8) and (2.9) are invariant under contin-
uous translations and rotations. From common observation, the ensuing states of (2.8)
and (2.9) need not necessarily possess these elementary symmetries. We are therefore
required to confront the well-known states of evident broken symmetry beginning with
a formal definition of the common term structure.

3. — Structure: the fundamentals

Given H and the supposition that the system is in contact with a substantial thermal
reservoir (a small sample immured in a diamond anvil system, for example) enforcing an
equilibrium temperature T, then the statistical operator is

(3.1) p =

and the average of any macroscopic operator of interest O is

(3.2)

where the trace is taken over the ensuing states and of course some of these depend
markedly on volume. The average one-particle density is thus (see (2.2))

(3.3) p^)(r) - (P™(T)) = Tr (pp^(r)).

It is from this quantity that we obtain the fundamental definitions of the common
states of matter; accordingly, if for any r0, no matter how small, we have a state of
the system where p& (r + r0) = Pa (r), the evident solution is pa (r) = constant, and
component a is declared to be in a state of continuous translational symmetry. The
state is commonly referred to as a liquid or, if sufficiently dilute (and generally separated
by a transition), a gas. As an example, consider the interacting electron system but in
the presence of a uniform compensating background of density p where the equivalent
of (2.8) is the Hamiltonian

(3.4) He = Te + \ I dr f drvc(r - r'){p(2>(r,r') - 2pp<1>(r) + p2}.
* Jv Jv
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The state of this system possessing continuous symmetry is the Fermi liquid, whose
existence depends on the choice of density; it is a state of (3.4) satisfying

pM(r) = (pP(r)) = p = const.

From (2.5) and (3.4) it follows that the energy (when (pi '(r)) = p) is

E = (He) = (fe) + ̂  / drpvc(r)(ge(r) - 1).
* Jv

The same system, under fully classical conditions, also admits of states for which

= const

and is often referred to as the plasma state. These states are also often referred to by
the term "diffusive", though for identical particles no strict meaning can be given to this
description.

As nature informs us with considerable force, the near ground states of (2.8) or (2.9)
are usually quite distant from states of continuous symmetry. On the contrary, the near
ground states that appear to be overwhelmingly favored are those for which

(3.5) p(1)(r)-(p^(r))-p(1)(r + Rl),

where instead of invariance under a continuous set of translations, as above, the transla-
tions {Ri} form a discrete set belonging to a periodic lattice. If the system also exhibits
a resistance to static shear, then this normally defines the crystalline state of matter,
and it may be noted that the definition allows for the case where the sites Ri actually
possess a basis of atoms. For the interacting electron system in the presence of a uniform
background considered above, the structural broken-symmetry state (ordered states of
spin are also possible) is the Wigner crystal, and this may not necessarily be a Bravais
lattice. It should be emphasized that situations can arise where periodic densities form,
yet the particles are not localized to the cells associated with Ri. Sublattice melting is an
example, where one or more species define a crystal within which diffusive motion takes
place of another. It is clear that an electron system may conform to this definition. Note
also that although the density is periodic, the average in (3.5) is still to be taken over
fully dynamic states. Some systems, particularly mixtures, lead to near ground states
which, on practical time scales, are neither liquid nor crystalline (by the definition just
given) but possess disordered or "non-diffusive" (or even glassy) states (see the lectures
of McMillan, this volume, pages 477 and 511). There is now evidence that in SiO2 such
states can be induced purely by systematic reduction in V [8]. Note that in constructing
the statistical average required in (3.5) the dynamics of all components of the system
(for example, the zero-point motion in a light element) are fully incorporated through
the choice of states.
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4. — Ions and electrons, and the role of pressure

Save for hydrogen (Za = 1), present static high pressure capabilities will necessarily
restrict consideration of the states of (2.8) to average densities corresponding to the far
more familiar situation where a considerable fraction of the Za electrons / nucleus have
condensed into localized, bound, and for the most part near-atomic states, around the
nuclei. According to conditions on density the ensuing nucleus-electron complexes are
normally termed atoms or ions, and if the latter they are considered embedded in the
residual mainly itinerant electrons (the valence electrons) whose states for metals or
semi-conductors may possess a very extended character. This system (with hydrogen
again being an important exception) has largely formed the viewpoint taken of many of
the simple metals, a term resulting from the notion that the valence electrons form a
free-electron-like assembly weakly permeated by the ions. The simple metals are also
taken to be those for which the bound or localized electrons are generally in states of an
s-p character, and are often taken to preserve this character under currently achievable
compressions. This sets an approximate limit on atomic number (Za < 19) for the
example that follows.

In establishing the electronic states associated with (2.8) in an alterable volume V, the
standard initiating step is to assume adiabatic separation of the electronic and nuclear
time-scales. The electronic problem is therefore approached within an assumption that
the nuclear coordinates {rni} are initially fixed; this adiabatic (or Born-Oppenheimer)
approximation is conditional on the quantity (me/mn)1/4 being small, and thus is least
satisfactory for hydrogen. For the more common viewpoint, where ions supplant point
nuclei, a factorization assumption (into core- valence components) is also usually made
for the many-electron wave function. Since the overall many-body wave function is
required to be antisymmetric under interchange of electrons, a picture solely in terms of
valence electrons requires a core- valence exchange contribution to the effective electron-
ion interactions.

Suppose that in the formation of ions (that is, in the course of electron condensation)
an energy Ea per ion is given up to the exterior of the system. With the goal now to set
up a description of N ions and NZV valence electrons in a volume V (again alterable by
pressure) the Hamiltonian (2.10) is replaced by [9]

(4.1) Hv - NEa = Hev+Hi- I dr / dr'vps(r - r')
Jv Jv

where in this case

NZV
Pv = V
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and

NZV

may be regarded as the one-particle density operator for valence electrons. The quantity
vps is a pseudopotential, assumed for simplicity in this description to be local, though it
is well known that non-local effects can be of considerable importance.

The components of (4.1), in which the volume is again evident, are as follows; for the
valence electrons

(4.2) Hev = fev + i / dr / dr'vc(r - r')-
* Jv Jv

and for the ions

(4.3) Hi = fn + i / dr / dr't>c(r - r')-
* Jv Jv

•{Z*vpW(r,r')-2Zvti\r)+pt} +

+ NE0(V}.

The last term in (4.1) is the coupling of these two problems (each separately well defined)
but now in part by pseudopotentials. In writing down (4.3) a standard assumption is that
there is little overlap between the states of the electrons bound in the ions; however given
the current capabilities for generating pressures (both statically and dynamically) this
assumption can now be challenged. In three dimensions Gauss's law generally ensures
the form of the electrostatic terms in (4.3) originating with the two-particle density
operator. The correction N E 0 ( V ) , which is substantial, originates with terms associated
with the one-particle density operator whose contribution to the energy in (4.2) assumes
the presence of fixed point charges (+Zve) on each ion. However, the electronic charge
on an ion is clearly distributed (say according to pf (r)) and the difference in potential
energy, per ion, is then

/

_
(drpv){Zvvc(r) - Vv(r)},

.'

where Vv(r) is the potential at r of the ion (which clearly approaches Zvvc(r) at long
range (or q — >• 0)). This difference can therefore be written

/„ ^(4.4)
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where for small q

pl(q) = [ dre'^pf (r) = Zv - £ / drlirr2 • r2pe
i(r} + • • - .

Jv « Jv

It follows that (in Rydbergs)

E0(rs) = jf,

where (all quantities being in atomic units)

(4.5) r2 = Z*f<^*(r\

and this elementary measure of the physics of core structure clearly involves the fourth
moment of the charge distribution pf(r). Entirely similar arguments pertain to the
limiting forms of the electron-ion interaction which in part is reflected in the Hartree
term originating with p\(r), but in addition contains a valence-core orthogonalization
contribution also largely limited to the core space. The combined effects can again be
represented through an appropriate choice of r0. From (4.5) it is at once apparent that
r0 can be a significant fraction of an atomic unit. For normal pressures and densities, the
equilibrium values of rs for the simple metals are determined in a first approximation by

ty /o

treating (4.3) as a Madelung problem (the energy per electron is then — Zv <*/rs, where
a depends on structure and is typically in the vicinity of the ion-sphere value of 9/5)
and by ignoring the pseudopotential coupling relative to the background terms: then in
Rydbergs/electron (4.1) leads to

where a = (3/5)(97r/4)2/3, and b = (3/27r)(97r/4)1/3 + Z2/3a. Minimization of (4.6)
leads to an immediate understanding of the scale of densities actually taken up by the
simple metals under normal conditions (and also at high pressures) in terms of their
valences (Zv) and the charge distributions in their ions [10]. It is also clear from (4.6)
that inclusion of correlation effects (say through ec(rs), which is generally weak) and
the distortion of valence electron densities by the ions (manifested as band-structure for
periodic arrangements) must lead to the more general form

• 2

(4.7) (Hv - NEa)Q = 4 - - + % + ec(rs) + efrs(rs),
rs rs rs

where the band-structure contribution ebs(rs) = ebs(rs,{R}) clearly depends on lattice
structure, and can also be developed as a response series in the pseudopotential.
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The coupling of the problems represented separately by (4.2) and (4.3) involve i) the
Coulomb interaction, vc(r), ii) the ion-background interaction Vv = ZvVi(r), and iii) the
electron-ion pseudopotential, Zvvps(r) [11]. Nevertheless, the coupling can be written
entirely in terms of vps(r} (or vps(q)) but again there are corrections which, per electron,
are proportional to r r-3

s (and which can be incorporated in a straightforward redefinition
of r0). The essential physical point is that in this representation in terms of valence
electrons alone, the core-physics introduces a length r0 which, until pressures are such
that core and valence electron bands themselves merge, is reasonably fixed. As such
it can be induced by pressure to acquire increasing prominence compared with rs, and
since it embodies exclusionary effects, it can certainly be asked whether low-pressure
symmetric structures can necessarily remain stable, most particularly in the Jahn-Teller
sense.

5. - Structure and multi-center potentials

As noted above, the concept of structure is primarily manifested in the characteristics
of the one-particle density associated with the massive degrees of freedom present in
the defining Hamiltonian. However, in establishing this structure the electrons play a
quite crucial role in the general application of minimizing principles (the internal energy
in the ground state and otherwise the Helmholtz energy for canonical systems). It is
also largely from treatment of the quantum mechanics of electrons that we gain the
standard representations of energy in terms of pair- and higher-center interactions and
through these the intuitive understanding, through short-range packing in particular, of
the common structures. To see this, consider (2.8) for an element (here the assembly
of nuclei again possess but a single charge Zae). To treat the ground state of (2.8)
we exploit the fact that the masses of the nuclei are vastly larger than those of the
electrons. Adiabatic separation of time scales is then evident as noted earlier (the Born-
Oppenheimer approximation) and so, from (2.8), the internal energy is

(5.1) E = Trn{Tre(n)

where Tre(n) signifies the fact that an electron trace is to be carried out at temporarily
fixed nuclear positions {rai}. Once again, under most practical conditions the electron
system can be taken close to its ground state.

Since the time of the initiating paper of Heitler and London [12] for the homonuclear
molecule H2, the solution for energy of electrons as a function of nuclear separation or
coordinates has been the basis for establishing effective interactions subsequently gov-
erning nuclear motion. The character of these has led to considerable insight on the
ensuing dynamical structural problem for the nuclei, or ions, especially for systems at
high pressures. The physics underlying the observation is straightforward: Suppose a
given pressure (and temperature) establishes the fairly standard situation (discussed in
sect. 4) of relatively well-localized core electron states that are also significantly distanced
in energy from valence states, and that the latter are at an average density pv (this estab-
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lishes the traditional Wigner-Seitz measure of density, rs, but now though the relation
(47r/3)r;?a0 = l /p v ) . The principal assertion here is that under the chosen experimental
conditions a conventional (or standard "chemical") number of electrons used in the very
definition of an ion have condensed around each nucleus, the remainder being in plausibly
wide-band states. Given this it might therefore be suggested that the eventual experi-
mental task of high pressure physics will be to induce conditions where this condensation
is systematically reversed and in so doing to alter the nature of the associated chemistry
(for the standard periodic table it is surely a one-atmosphere construct).

To elucidate the origin of pair- and multi-center interactions in the wide-band context
typical of high pressures, let the coupling of the wide-band electrons to the ions be given
again by a local pseudopotential vps(q). Then for the entire system of electrons and ions
the total coupling is

(5.2) Hei = 1

which may be compared with the direct Coulomb coupling between the ions themselves
(with Vii(q) = 47rZi2)e2/92):

W &« = £

This simply serves to illustrate the form taken by the energy arising from interactions
that are of a rigorously two-body form. If (5.2) is now taken as a perturbation on the
valence electron system, itself initially taken as uniform, then by the ground-state energy
theorem the energy arising from Hei is

(5.4)
Jo

where (• • -)\ signifies that the states of the electron system are to be determined by the
coupling \Hei (with 0 < A < 1). Thus, for momentarily fixed ions, the energy is

^ £ jf
(5.5)

Equation (5.5) calls for the induced electron density beyond its uniform value (neutrality
guarantees that all q = 0 terms will again be absent) when the coupling between electrons
and ions is taken as \Hei. A standard route to this invokes response theory which
develops ( p e ( q ) ) \ in ascending orders of the perturbing interaction, that is

(5.6)

^HqX^pL^q' - qK.(q' - q)
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The linear response function x(1)(q) — X^\Q'irs) is well known for the interacting
electron gas, and the quadratic response function x(2)(q, q') = X ( 2 ) ( i i < l ' ' i r s ) is also
known for the non-interacting electron gas. Prom (5.5) it follows that the energy is

(5.7)

2
+A2 x ( 2 ) (q ,q l )p 1 (q / ) fp . (a / )p 1 (q - q')

q'

7 E {(Ms)Ks(<?>pS(q - qOx^Cq^OJp^CqJpL^CqOp^Cq' - q) + • • • ,

which systematically generates pair ( 0 2 ) , triplet ( 0 3 ) , and higher-order potentials
governing the motion of the ions. It follows that the effective pair-potential at the level
of linear response is

(5.8)

and it is seen to link to the density (and hence, importantly, pressure) through the density
dependence of the response function x^(Q.) = X^(Q'irs)-

It also follows (again from the ground-state energy theorem) that the energy of the
system can be formally written for a given set of nuclear coordinates as

(5.9) #n = / ( V ) + f n + i / dr
^ Jv v

+ ~ dr dr'
V JV JV

where

S(r - rni)6(r' - rnj)6(r" - rnk)

is the three-particle density operator. It may be noted that the triplet density operator,
the parallel of (2.7), is

6(r - r')AV,r") _ 6(r> _ r"
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TABLE I. - Manifestation of the electron trace fixed nuclei; one atmosphere.

Bonding type Example Character of the electron problem

Hydrogen bonding

(weak)

H2O (a) electrostatic (multipole) terms

(b) bi-stability in the interaction

Molecular solids

(weak)

Xe (a) multipole fluctuations in localized electrons

(b) short-range exchange repulsion

Ionic solids

(strong)

Csl (a) electron transfer

(b) electrostatics

(c) short-range repulsion

Metallic solids Li, Na (a) linear screening of ionic fields by itinerant

electrons plus core-physics

(b) energetics of the electron-liquid ("volume" terms)

Covalent solids

(very strong)

Si, B (a) non-linear response and angular forces

(three-body terms)

(b) fluctuations in wide-band systems

and in reciprocal space, after some re-arrangement,

2) (q + q', q") + P™ (q, q' + q") + P(? (q + q", q')+

The two- and three-particle potentials <(>^ and <f>(3) therefore follow directly from eval-
uation of the response series, and are obvious functions of density. For this reason, their
relative importance can be altered by application of pressure and both structural and
dynamic consequences are expected; hydrogen is an important case in point (see below).
But it is also evident that in wide-band systems, the role of pressure will be to change the
absolute forms of (^ and <j>^ themselves. The case of hydrogen, and the progression of
the non-linear response terms with pressure, is especially interesting (see below).

Pair-potentials derived only from (5.8), i.e., at the level of linear screening, generally
exhibit short-range repulsive and long-range attractive and oscillatory behavior (Friedel
oscillations). The short-range features have led to a general expectation that at higher
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pressures, and relatively low temperatures, the structure taken up by many systems
should become progressively close packed. The arguments given above suggest that on the
basis of the relative importance of higher center interactions, and their own progression
with density, this may not necessarily be the case at elevated pressures. Nevertheless,
the notion of effective nuclear or ionic pair-interactions has proven intuitively useful and
it has led to the broadly accepted bonding classes which categorize condensed matter
under normal conditions (see table I) . The interesting aspect of pressure studies is that
they lead to a breakdown of these classes (for example, under pressure the covalently
bonded element silicon transforms from a semiconductor to a metal) . A wider viewpoint
is therefore necessary, but before turning to this, the role of dynamics of the massive
degrees of freedom and their dependence on density can be illustrated in the common
crystalline state of dense matter.

6. — Electrons in static lattices; dynamic lattices and their limits

As can be seen above, at the level of linear response, a key quantity appearing in the
electron-ion coupling energy is the static structure factor

(6.1) Sa(q) =

where

Suppose the symmetry of (2.8) has been broken, a crystal with equilibrium sites {Ri}
has formed, and that the ions are no longer static but execute harmonic or near harmonic
motion about these sites, the instantaneous and small displacements being u^, i.e.

Tod — .cvj ~r Uj.

Then for q ^ 0, the static structure factor becomes (setting JVa — JV, and ma — m for
simplicity)

5(q) =

where the average {• • • ) is now to be taken with respect to the states of a near har-
monic crystal. For strictly harmonic states a theorem for operators A and B, linear in
displacements or momenta, holds that

n i
{ exp [A] exp [B] ) = exp -(A2 + 2AB + B2)

L^ J
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and for a sufficiently symmetric crystal this therefore allows us to write p(1) (q) =
as

= exp

which clearly vanishes unless q is a reciprocal lattice vector. It also allows us to write
S(q) for the dynamic lattice as

(6.2) S(q) - £ exp[tq • (R, - R,, )] exp [ - q2pl] ,
^ ii'

where average quantities can only depend on site difference, so that for a difference i

with Wq and nq the frequency and occupation number of a phonon of wave number q
and a polarization parallel to q (the sum is over the first Brillouin zone). Note imme-
diately that the phonon frequencies appearing in (6.3) are determined by the effective
interaction derived in sect. 5 and as such are clear functions of density (which once more
introduces the pressure variable). It follows that application of pressure can alter the
balance of the static structure between thermal diffuse scattering and the contribution
conventionally attributed to Bragg scattering. For the simple metals, in particular, where
the character of the valence electron states changes notably with increase in pressure,
there should be corresponding changes in the thermal diffuse scattering, especially along
certain directions of reciprocal space [13, 14].

From (6.3) and (6.2) it also follows that if m -» oo we once again achieve the static
lattice case. For this

(6.4) 5(q) = M5q,K,

where {K} is the set of all reciprocal lattice vectors associated with given crystalline
lattice, this set through structural preference being alterable by pressure. For non-Bravais
lattice structures (6.4) is generalized to

5(q) = Wq,K«(K),

where s(K) is the geometric structure factor per atom. Here s(K) is also an evident
function of density or pressure. The importance of S(q) in this limit is seen in the
band-structure problem, a one-electron representation of (4.1) for a static crystalline
lattice. It is known that for fixed nuclear positions the ground state of the formal many-
electron problem can be reduced to an equivalent single-particle description. This follows
first from the theorem of Hohenberg and Kohn [6] which holds that the ground-state
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energy is a unique functional of the electronic density pe (r); but second, from the
implementation of this theorem in a one-electron framework which results in the exact
Kohn-Sham equations [15]. If the system is periodic the latter take the form

(6.5) (f + V + Vxc)^nk(r) = enk^nk(r)

with the single-particle states ?/>nk possessing the Bloch form for band n and crystal
momentum k. Here V reflects the structure and includes interactions of the electrons
with the nuclei and the Hartree contribution from all other electrons. The Kohn-Sham
formulation therefore requires stipulation of the exchange correlation potential yxc(r),
a still incompletely known functional of p^e (r). As will be seen below, it has a clear
progenitor in the theory of in homogeneous classical systems.

It cannot be the purpose of these lectures to attempt to review the extensive ap-
plications of (6.5) to total energy and structure; this is now a vast area, and is amply
represented elsewhere in the present volume (see, for example, the lecture of Cohen).
However, it may be pertinent to note that the functional dependence on density of Vxc

is non-local as is demanded by the fact that at low densities the dominant terms in the
energy of arrangement are of a fluctuating multipole character, and in three dimensions
these lead to inverse power law attraction [16,17]. Local approximations fail to do this;
evidently there must be an implicit assumption that conditions on volume have been
chosen such that electron density is sufficiently uniform to ensure that these energies
have diminished in importance relative to other structural energies. Thus the dominant
approximation in use in electronic structure methods is to assume the functional depen-
dence of the exchange and correlation contributions to the ground-state energy is local.
Accordingly, in the local density approximation for paramagnetic phases (the LDA) it is
assumed that the contribution to the exchange-correlation energy takes the form

where e°xc is the (assumed unknown) exchange-correlation energy, per electron, of the
homogeneous electron gas at a density pe . Should the system exhibit magnetic order,
then the obvious extension is to a local spin-density approximation (LSDA) where spin-
up (s^) and spin-down (s4-) states are treated independently and e°xc is then replaced by
t°[$(r),pilj(r)}.

Even for quite strongly inhomogeneous systems, these local approximations neverthe-
less appear to be quite satisfactory, though modest overbinding seems to be endemic.
They are certainly improvable by an acknowledgment of the fact that the energy content
of the system should depend not only on a local density, but also on the rate at which it
changes in space. Thus inclusion of the effects of gradients with an energy
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tends to improve energies in comparison with strictly local approaches. But as noted
above the functional is generally expected to be non-local, and presence of exchange is
quite fundamental to this expectation.

However, from the viewpoint of high pressure studies, where attainment of a metallic
state from an insulating starting point is a frequent goal (by band overlap or struc-
tural transition), the progression of band gaps with density is clearly a matter of crucial
importance and it is here, in the description of excited states that the local density ap-
proximation performs considerably less well. However, an approach going beyond the
local density approximation is to follow a suggestion of Hedin [18]. This rests on the
observation that the electronic quasi-particle energies in the periodic system can be de-
termined in principle by a solution of Dyson's equation which in this context reads

(f + V)^nk(r) + I
J

dr'
v

with ^2 being the self-energy operator for the valence electrons. In Hedin's approximation
X) is evaluated as the leading term in the Coulomb interaction itself dynamically screened.
Though still an incomplete representation of many-body effects this method (known as
the GW approximation) can lead to very considerable improvements over the local density
approximation. In terms of its practical (numerical) implementation, a time-consuming
difficulty arises in the necessity to invert a dielectric matrix, a matter which is rendered
more tractable in the extreme tight-binding limit [19], and by an extension where band
energies are expanded about their Brillouin zone averages [20]. The latter gives quite
accurate band gaps in a variety of semi-conducting systems, indicating that for high
pressure applications (and for hydrogen in particular) this general GW-based approach
holds considerable promise.

However, it is evident that band-structure is a fixed lattice construct, and also that
in the distortions of electronic charge represented by the deviations of the bands from
perfect parabolic behavior we must also seek the origins of the effective interactions
between the ions originally held at these fixed sites. But the mass of the ion is certainly
finite and lattice motion must necessarily arise; if the system is in equilibrium against
a heat bath then it is clear from (6.3) that the root mean square displacement of an
atom from an assigned site must rise with temperature, the rise also depending on the
pressure-induced overall density in the quantum case. This pressure-dependent density
determines a near neighbor separation Rnn and so an average measure of the dynamic
state of the crystal is the dimensionless ratio

(u2)1/2

which cannot grow too large for crystallinity to be preserved. The physical reason for this
is that, as individual displacements rise in a dense system, an instantaneous realization of
the entire configuration will eventually reveal a pattern in which the asserted periodicity
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is far from evident; eventually a given atom will have no obvious point of reference in the
statement ri — Ri + ui, meaning that the requisite Ri can also no longer be determined
by an average order assumed implicit in the arrangements of the remaining neighbors
and beyond (these also being significantly displaced). By this argument a transition to a
non-crystalline state is presaged, this occurring at a critical value (the Lindemann ratio)

L =

which certainly depends on bonding class (the consequence of the electron trace discussed
above) but is typically 0.1 at melting in wholly classical systems. With respect to the role
of pressure it should be noted that in the light elements (u2) can also rise with increasing
density through a corresponding rise of zero point energy. Quantum- or ground-state
melting appears to occur when L ~ 0.28–0.3, which represents quite significant displace-
ments and in turn is a comment on the extraordinary coherence of the many-atom wave
function in such systems. As noted in sect. 3, the definition of a solid phase carries with
it an implicit assumption of existing shear rigidity which must evidently collapse in an
apparently discontinuous way upon entry into the liquid phase. Thus while the Linde-
mann criterion is given entirely in terms of microscopic quantities, the shear modulus
argument (advanced originally by Born) is of a macroscopic character and a fundamen-
tal analytic connection between the two measures incorporating the requisite statistical
averaging in an assumed thermodynamic limit has yet to be established.

Whether viewed classically or quantum mechanically, the crystalline state (in simple
systems) is eventually expected to give way to the liquid state at high enough temper-
ature, pressure, or both. In this transition the role of entropy is quite crucial as can
be illustrated with two familiar systems. In the first, we consider N identical but non-
interacting particles but each imagined confined to a region (N/V) of space, each being
contiguous with other similar regions and the entire assembly being periodic. Although
lacking interactions, this is a primitive rendition of a dynamic crystal (the particles are
entirely free to move but only in the restricted domains of volume N/V}. Since the
particles are necessarily identified by site, it follows that the canonical partition function
for this system is {(V/N]/\\}N, where AT is the thermal de Broglie wavelength. The
entropy per particle is then

But surely an obvious competitor state is one where all of the N identical particles may
occupy the entire volume V. For this the partition function is (l/]V!)(Vr/AT)Ar and the
entropy per particle is

d_
dT
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It follows that an entropic advantage of £3 per particle (the communal entropy) accrues
to the system adopting this state, a primitive model of the liquid.

However, interactions, and their nature, are crucial to this argument. This can be
readily seen in the second example where we take the particles to interact via a hard-
sphere potential (4>^(r) —»• oo, r < cr; 0(2)(r) = 0, r > <r), a system well known
to possess both liquid and crystalline phases according to the value of the fraction of
all space occupied by the spheres themselves (the packing fraction, rj — (n/6)p^cr3).
Accordingly, suppose conditions are such that a crystal does form (r/ > 0.46). Then
clearly the free energy of the crystal, FS, is lower than that of the liquid, FL at a
corresponding density. But in either phase the particles can only suffer fleeting collisions,
the internal energy can only be kinetic, and is therefore independent of phase. It follows
that the statement FS < FL is equivalent to 5s > SL, so that in this hard-sphere system
it is the crystalline phase that gains the entropic advantage. The conclusion is that the
form of the interaction is paramount in the melting problem, and as noted above, this
can be altered by pressure in many systems.

7. — Liquids and the role of pressure

Traditional definitions of the fluid include the common statement that it is a phase of
a system which readily takes on the shape of a container (distinguishing it thereby from
a solid possessing shear rigidity) but without necessarily filling it (which distinguishes
it from a gas, at least gravitationally). It is a familiar and intuitive phase of matter,
one whose constituent particles eventually sample in a continuous way the entire vol-
ume available to them, a characteristic which persists even under conditions when the
state may be induced to be inhomogeneous in density by action of agents external to the
system. At a given pressure P the liquid phase may give way to a solid upon sufficient re-
duction in temperature. For a macroscopic system, the locus (with P) of such liquid-solid
temperatures (or solid-liquid temperatures if temperature is raised in the solid) defines
the melting curve (Tm = Tm(p)) whose form can reveal much about the character of the
microscopic interactions in the system and also their state dependence. In what follows
we assume the existence of pairwise state-dependent interactions (f>^(r, V), whose origin
has been described above. The task of the theory of liquids is in part to determine the
correlation functions and thermodynamic functions of the liquid state given prescribed
forms for fi^. It is also to account for the dynamics and transport properties of the fluid
state, a matter partly dealt with in the lectures of McMillan, this volume, p. 511. What
follows will be strictly limited to elucidating the manner in which the density functional
approach to the theory of inhomogeneous classical fluids leads readily to the theory of
their homogeneous counterparts and specifically to the role that volume plays in this.
The physics of inhomogeneous classical fluids, treated by density functional methods, has
been the subject of several reviews [21].

It is necessary to begin with some basic terminology and definitions associated with
the physics of non-uniform fluids. An operational definition of a liquid has been given
earlier; it is a state of the many-particle Hamiltonian for which (in the thermodynamic
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limit) the one-particle density satisfies

(7.1) /?{1) (r + r0) = P(l) (r) = const

for all continuous translations TO; but this standard definition does not rule out residual
angular correlations (as in hexatic phases, for example), and it should be kept in mind
that there are inhomogeneous (even periodically inhomogeneous) systems where particles
are always delocalized. For the present it will also be assumed that the corresponding
two-particle density satisfies

(7.2) pW(r-r'}=pW(\r-r'\],

as for a system that is both rotationally and translationally invariant. To achieve a
constant density it is clear that in the familiar sense introduced earlier particles must be
"diffusive", a property that can also persist, as noted, in the presence of additional one-
body interactions. Thus if ^-^(r) is a source of such influences (with T now designating
the kinetic energy of the atoms) then the many-particle Hamiltonian, still embodying
the prior pairwise interactions, becomes

(7.3) H = f+

and from the relation F = — &BTlnTrcexp[— f3H] for the Helmholtz energy (where Trc

is a trace over classical states) it follows immediately from a small variation 6(j)^(r) in
the one-body potential energy that the corresponding change in F is

(7.4) 6F =

or

6F
(7.5) pW\

From a second-order variation we find

(7'6) * » ( . . = -"{{(^"M - "(1)M) (/*V) -

or alternatively

(7.7)
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where the total correlation function h^(r, r') is introduced and is defined by

(7.8)

Again the role of volume has been explicitly displayed (in (7.3) and (7.4) for example).
It is immediately clear that the Helmholtz energy can be viewed as a generating

functional for the density-density correlation functions. All these results follow from the
fact that the functional dependencies of the thermodynamic functions on the physical
interactions are of known form. But there are also functional deductions that can be made
when the forms are not explicitly known. Prom what has been stated above, the provision
of an external potential ^^(r) leads immediately to an induced one-particle density
p ( 1 ) ( r ) . However, the theorem of Mermin [7] (the parallel as noted, for the classical case
of the quantum argument of Hohenberg and Kohn [6]) holds that the thermodynamic
functions of a system described by (7.3) are also unique functionals of the one-particle
density itself. This property leads to the introduction of a sequence of direct correlation
functions obtained by successive functional differentiation with respect to the one-particle
density p^(r). But it also leads to a theory of the homogeneous classical fluids, and in
particular to an elucidation of the dependence of its static structure on the form of the
pairwise interactions. This is of particular importance in the high pressure context since
these interactions are themselves alterable by pressure, as has been stated.

To demonstrate this dependence, a quantity Fexc is defined by subtracting from the
Helmholtz energy F the free energy of a system of non-interacting particles that con-
tinues to admit of a density p ( ^ ( r ) , i.e. F = Fni + Fexc- It is then straightforward to
show that 0Fni = fv drp^(r)fo(p^(r)), where /o is the free energy per particle in the
homogeneous limit. In other words, in a classical context the local density approximation
(common, but inexact, in the electronic context) is exact for non-interacting classical
particles. It follows that

(7.9) 0F = ( dpp^(r){ In (pW(r)\*T) - 1} + /?Fexc
Jv

and if for a given temperature (or /?) the system is to be in equilibrium for the established
density (i.e. if 6F/6p^(r) = 0) then since N = fvdrp^(r) is necessarily a rigorous
constraint on all variations of p(1)(r) it also follows that

(7.10) (r) + fcBTln ( p ( r ) X ) + = const =

The Lagrange multiplier p, is readily identified as the chemical potential.
At this point the first of the direct correlation functions c^(r) arises from noting

that (7.10) can be rewritten in a physically suggestive form, namely,

(7.11) pM(r) = pM exp [ - /^(r) +
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where

(712) C<.)(r)v' ••LZ'/ ° \L) z(r)

with

(7.13) z ( r ) =

The quantity C0
(1) is then c ( 1 ) ( r ) but taken in the uniform limit, i.e.

(7.14) 41}=

In the further limit of vanishing interparticle interactions eq. (7.11) is the very familiar
barometer formula. Since <t>^(r) can be viewed as an external potential it must be
the case that c^(r) is the manifestation, at the one-particle level, of the presence of
interactions in the system. In this sense eq. (7.11) is the classical embodiment of the
Kohn-Sham equations introduced in the quantum context. It may be noted that in the
absence of any external potential, symmetry breaking solutions for an inhomogeneous
one-particle density can still arise and they do so self-consistently through the statement

(7.15) p ( r ) = p exp

which also directly underscores the fact that the first-order direct correlation function is
itself a functional of p^(r).

A second-order direct correlation function is therefore obtained (by analogy with (7.6))
through the taking of a further functional derivative of c^^(r); thus from (7.6)

(7 16} c(2)(r r"} = — ^- = - \S(r - r"} -V ' l J - u / ° V * ' 1 / r - f i W - / i \ I _ / ' 1 ^ / _ _ ^ /"v1 -1 /

But using

(7.17) <J( r - i

and using (7.7), we are led to an important relation between the second-order total and
direct correlation functions, namely

(7.18) /i(2)(r,r') - c^(r,r') +
v
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This is the Ornstein-Zernike equation originally introduced in the uniform context
(<f>^(1) —>• 0; p^(1) —)• p(1)) where it becomes in relative coordinates for translationally
and rotationally invariant systems

(7. 19) h(2)(r) — c0
(2)(r) + I dr'/>(1)c0

(2)(r — r)'\h0
(2)(r')\ / \ / — o \ / *^ i ^-H iJ c\ v^ / M*i v /*i

Jv

or in terms of Fourier transforms

(*7 or\\ \^t f \(7.20) CQ (q) -

where

/

/•

Jv

Here S(q) is the (measurable) static structure factor of the system and it is defined in
terms of the one-particle density operator by

(7.22) S(q) = (^

8. - Pair-correlation, the Percus argument, and liquids at high pressure

Density functional theory is a compact and powerful route to the theory of uniform
fluids, and it may be suggested that this theory can be put to further test through the
pressure variable. For a uniform state, ^(1)(r) —>• 0, necessarily, and the pair interactions
then contribute

(8.1) \ f dr f dr'
^ Jv Jv

to the Hamiltonian. Now, take the coordinates of one of the particles to be at o, which
can be chosen as origin (p ( 1 )(r) -> <5(r) + /3^_1(r)) which leads to a re-writing of (8.1) as

(8.2) 1 f dr / dr'{p(1)(r)p(1)(r') - S(r - r')p(1)(r)} + / dr/3
{1>(r)4>(2)(r,o)

2 Jv Jv Jv

and which is evidently the contribution from (N — 1) particles interacting with pair-
potential (^(2) augmented by contributions resulting from each particle experiencing an
effective "one-body" potential < ( 2 ) ( r , o). It follows that 0(2)(r,o) will induce a one-
particle density given by (7.11), i.e.

(8.3) P ( T ) ( 1 ) = p (1) exp -
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with p (1)(r) now identified as the one-particle density induced by the lone fixed particle.
A powerful reinterpretation of (8.3) was given by Percus [22]; Percus observed that

since any particle could play the role of providing the "effective one-body potential"
<//(2)(r,o), the density p (1)(r) is precisely that expected of the N-particle fluid when
the position of one atom is given. But for such a homogeneous fluid this must also be
P(1)g0

(2) (r,o) with the conclusion (from 8.3) that

(8.4) (2)(r,o) - exp

where in c(1)(r; [ / ( 1 )(r)]) , the requisite inhomogeneous one-particle density is just
P (1 )g0

(2 )(r). Recalling that the higher-order direct correlation functions can all be ob-
tained from c (1 )(r) by repeated functional differentiation, a functional Taylor expansion
of c^(r) can therefore be carried out around the homogeneous density p(1) yielding

(8.5) c ( 1 ) ( r ; [p ( 1 ) g ( 2 ) ( r ) ] ) -c o
( 1 ) =

OO

= £
71=1

or if we excerpt the first term in the sum and use the Ornstein-Zernike equation (7.19)
for a homogeneous fluid, then

(8.6) cm(r;

( c)\
where b0

(2) (r) is defined by the sum [23]

n=2 -

It follows that the radial distribution function for a system with pairwise interactions is
given by the exact statement

(8.8) g(2)^ (r) = exp [ - (2) (r) + c(2) (r) - h0
(2) (r) + b0

(2) (r)] ,

/2\
and a new two-point function, b0

(2) (r), for the homogeneous phase has been defined. It
is referred to as the "bridge function", the terminology originating with its diagram-
matic heritage [24]. An immediate and extremely important property of b0

(2) (r) follows
from (8.7) which demonstrates its functional dependence on h0

(2) (r), a dependence which
is again preserved by further functional differentiation. It follows that

(8.9) b0
(2)(r) = b0

(2)
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a result also proven by Van Leeuven et al. [24]. The physical significance of this functional
dependence is that in the dense fluid regime it is well known that h0

(2) (r) has a relatively
weak dependence on the details of <%(2) (r) for isochoric systems. Because of this, b0

(2) (r)
is a functional of a quantity that for dense fluids shows relatively little sensitivity to the
choice of interaction (but this is certainly a matter that can be pursued further with
the pressure variable). It follows that save for the critical region, b0

(2) must have rather
universal properties, an observation that can be used effectively in pursuing approximate
but quite accurate theories of structure [25]. Note that for the uniform fluid we may also
write

(8.10) g0
(2)(r) = exp [ - /^(2)(r) + h0

(2)(r) - c0
(2)(r)]

with h and c related as before by

(8.11) h0
(2)(r) = c0

(2)(r) + / dr' (1) c0
(2)(r - r')h0

(2)(r').
Jv

In (8.11) </>(2)(r) = 0(2)(r) — kB^Tb0
(2)(r) now Plays the role of an effective pair interac-

tion. The correction kBTb(2)(r) is not necessarily small. Nevertheless, if it is neglected
(<j>(2)^ — >• </>(2)) then eqs. (8.6) are closed, i.e. given ^(2) the temperature, and the density,
the structure at the pair level can be determined. This is the hypernetted-chain approxi-
mation [26]. Other closures are also possible (see ref. [21]), for example, the approximate
universality of b(2) referred to above can be exploited by utilizing the well-known prop-
erties of the hard-sphere system in a variational context [25]. Then the statements from
which static structure is derived (for a given density p(1) , temperature T, and pair inter-
action />(2)(r)) are

g r - e x p -

and

h(2)(r) = c(2)(r)

which is referred to as the modified hypernetted-chain approximation. An example of its
use, in the case of krypton, is shown in fig. 3 [27]. (It has also proven possible to extend
it to the critical region [28].)

As can be seen, the static structure of a simple liquid appears well within reach of
theory. More importantly, from the standpoint of high pressure applications, the theory
of simple liquids is successful to the point where it is invertible, that is to say, from

/rt\

full and accurate knowledge of the static structure (say g0
(2) (r)) it is possible to extract

0(2)(r, V). Reatto et al. [29] show that some of the bonding classes (table I) are very
clearly demonstrated by these procedures. The main point is that applications of density-
functional theory proceed from an assumption that the thermodynamic and structural
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Fig. 3. - Measured static structure factor for liquid krypton compared with the calculated
equivalent as determined by the modified hypermelted chain equation (after Barocchi et al.,
ref. [27]).

properties of corresponding homogeneous phases are known functions of density and
temperature. But again density is controllable by pressure and the pair-potential (the key
input into these procedures) is also alterable in principle. A signal consequence, therefore,
is that pressure offers a route for systematically assessing the theory of homogeneous
liquids, even those with complex interactions leading to liquid-liquid phase transitions
through the development with pressure of new features, or length scales, in the effective
pair-potentials. Much of the requisite input information is now indeed available with
pair-potential approximations from the approaches just discussed and it should also be
mentioned that it is also increasingly available from computer simulation studies.

The foregoing has concerned itself with simple classical fluids and it is certainly well
known that there are also fluids of a highly quantum character (the electron fluid, for
example) that persist under ground-state conditions. Prominent cases are 4He and 3He,
Bose and Fermi liquids, respectively, and these exist under their saturated vapor pressures
at the lowest of temperatures. The quantum character of these liquids can be traced to
the low masses involved coupled with quite weak interparticle potentials. Given these
characteristics it might well be asked whether hydrogen, under certain carefully controlled
conditions, could also develop quantum-fluid characteristics, a matter taken up below in
the context of the phases of hydrogen at high pressures.

9. - Hydrogen at high pressure

In terms of the notation introduced earlier (see (2.11) for example) the fundamental
quantum-mechanical problem associated with the physics of dense hydrogen is easily
set down. Before doing so, two further remarks are in order on the issue of possible
pairing states. The first is that, though free of intermediaries (for example, phonons),
the question of ground states of continuous symmetry of (3.4) but exhibiting off-diagonal
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long-range order, and a pairing character, has arisen [30]. The second is that in a
completely analogous way it can be asked whether the crystalline phases of (1) (and
even of (4)) are necessarily those of a Bravais lattice, or whether, for example, crystalline
structures with paired bases might also be preferred [31]. Given these hints of intrinsic
pairing structures for what follows, the ensuing problem for hydrogen is described by the
Hamiltonian (with p = N/V)

dr
v v

(9.1) H = H€+HP- I
Jv

and it is also clear that this is entirely equivalent to

(9.2) H = £ \fa + \ 5>l)a+« f dr f dr'vc(\r - r'|)p£>,(r,r')},
a <• 2 a JV JV )

where (with a convenient change in notation a = 1, 2 now denote electrons (e) and
protons (p), respectively)

(9.3) pgW) = pg)(r,r') = pV(T)pp(T>).

Note that (9.2) has considerable symmetry with respect to translations, rotations, and
inversion of the signs of the fundamental charges. The problems defined either by (9.1)
or (9.2) constitute the dual fermion assembly represented by condensed phases of hydro-
gen. With the replacement mp ->• md (the mass of the deuteron) and a quite fundamental
change in quantum statistics, the Hamiltonian

(9.4) H = He + Hd - f dr / drV(|r - r'|)(p<V) - p) (p<V) - P)
Jv Jv

defines the corresponding fermion-boson assembly represented by all phases of deuterium.
Dual fermion problems arise in a completely different context, for example in nuclear
physics, where the four-particle problem represented by the alpha particle (two protons
and two neutrons) has a notable stability, which finds a parallel in the two-electron-
two-proton system emerging at low densities as the hydrogen molecule. The problem
before us is now evident: it is to start with (9.1), (9.2) or (9.4), and to account for,
and if possible predict, the equilibrium phase structure of hydrogen as a function of
rs and T. It is also to account for the response properties (e.g., static and dynamic
conductivities) of these phases. Some key properties of hydrogen for atomic, paired and
condensed states are given in table II; in particular it should be noted that the thermal
de Broglie wavelength for protons remains quite large even at 3000 K, the temperature
range of recent shock experiments [32]. This is an elementary manifestation of the deeply
persistent quantum nature of the nuclei in this problem. Also found in table II is the
average linear dipole-polarizability ( et ) for the free hydrogen molecule (2e + 2p). It is
substantial, and if N/2 such polarizable objects are arranged on a lattice of sufficient
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TABLE II. - Physical measures for hydrogen.

• Born-Oppenheimer separation: (m e /mp)1 / 4 = 0.153
/ \ l / 2

• Proton thermal de Broglie wavelength: AT = (47r)1 / 2( mev?;p j ao

= 5.85a0 (30 K)

= 1.85a0 (300 K)

= 0.585a0 (3000 K)

• Proton plasma energy scale: Hu}p(p) — (m e /m p) l / 22^/3/r s Ry

= 0.598 eV (rs = 1.5)

• Hubbard U: (5/4) Ry (17eV); hopping t: 0.46 Ry (6.3eV) (rs = 1.5)

• Molecule, (2e + 2p): (d) = 0, dipole
/~ v

( Q ) = 0.484(ea2), quadrupole moment

(W} — 5.6a0
3; average dipole polarizability

Scaling properties (Hellman-Feynman and Virial Theorems):

(H}/N = f(m er s;mpr s) /r s ground state

= /(mers;mprs;Trs ) /r s finite T

Cusp condition:

gep(r) = J(dft/47r)pep(r)

dgep(r)/dr\0 - (-2/ao)gep(r)\o

Curvature condition d^gep(r}/dr2\o = (4/ao)pep(^)|o (scattering states)

symmetry, and in a volume V,_then an external field is enhanced at a given molecule by
a factor {1 — (4Tr/3)(N/2V){^}}~1. Merely to obtain a measure of the importance of
polarization effects, we may note that the fixed polarizability assumption leads to the
expected onset of charge-density waves, or strong polarization fluctuations at rs = 1.49.

The fundamental problem represented by (9.1) or (9.4) has been the subject of a
review, more than 20 years ago [33], and of a more recent partial review [34].

10. — Near ground states of dense hydrogen

Dense phases of hydrogen have been probed experimentally under conditions corre-
sponding to p/po ~ 10 and high temperatures as noted above (see the lectures of Nellis,
this volume, p. 109). For these conditions, significant conductivity is reported [32], in
some contrast to the situation near the ground state where to date hydrogen remains
resolutely insulating to pressures reported to be as high as 340 GPa [35]. Even in the
high-temperature phase, probably a translational fluid (pp ( 1 ) (r) = (py (r)) = p), there is
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Fig. 4. - The qualitative form of the phase diagram of dense hydrogen for relatively low temper-
atures. Phase I (or the low pressure phase) is crystalline, and insulating, with bound electron
and proton pairs (2e + 2p) persisting in states where angular momentum is a good quantum
number. Phase II is also insulating, but unlike Phase I, the (2e + 2p) units execute incomplete
rotation, classically viewed as libration. Phase III is again insulating but differs from Phase II
through the presence of spontaneous polarization or charge-density-wave behavior. At higher
pressures still, band overlap is anticipated in the formation of a metallic or semi-metallic state.

evidence that the protons remain substantially paired, i.e. in the average pair density

(10.1)

the pair distribution gpp (|r — r'|) is expected to exhibit characteristics of a diatomic
(fy\

fluid. (It is the distribution functions, gPP , and their extensions at higher order, that
are endowed with physical significance, and not the common low-density constructs H,
H+, H2, H2

+, etc., which have no physically meaningful definitions at densities typified
by rs ~ 1.) At lower temperatures, where the physical properties of dense hydrogen
have mainly been elucidated by diamond anvil experiments, fig. 4 summarizes the major
characteristics of the phase diagram with phase I (also called the low pressure phase)
corresponding to a state with proton pairs occupying crystalline sites, but also persisting
in states where angular momentum is a quite good quantum number. In crossing into
phase II (also referred to as the broken-symmetry phase) the latter is no longer the
case, and in classical terms the proton pairs execute wide-angle libration about the time-
average crystalline sites. To reach this phase, considerable compression is required (as
can be seen from fig. 4), yet as noted the state is still insulating though interesting
evidence for optical opacity (in the form of visual darkening) was reported by Mao and
Hemley [36] (P. Loubeyre, personal communication), this having the physically appealing
interpretation of a band gap being brought down by pressure (~ 300 GPa) into the visible
region. Evidently hydrogen persists as an insulator as the boundary into phase III (or
the H-A phase) is crossed. The chief characteristic of this phase is that on entering
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it there is a) a notable temperature and mass-dependent drop in the principal vibron
frequency, and b) an even more striking onset of infrared activity. Both can be driven
away by sufficient increase in temperature; the onset density of both also appears to be
largely mass independent.

These observations already begin to argue for a substantially electronic explanation
for the ordering represented by entry into phase III even though it is manifestly obvious
that the proton (or deuteron) motions are playing an important role. For all three
phases, proton pairing appears robust, as it does for a possible metallic phase (to be
discussed below); it is suggested that this is characterized by a band-overlap transition
into a compensated state. Again, electronic ordering is anticipated at low temperatures:
specifically electron pairing and the onset of superconductivity [37]. In treating (9.1)
or (9.2) (or indeed (9.4)) from the standpoint of a partition function

the approaches divide simply into those which invoke a standard adiabatic separation of
electronic and protonic timescales, and those which do not [34]. Because of the simplicity
and symmetry of H for the hydrogen problem, considerable progress can be made with the
latter when the partition function is formulated as a coherent-state functional integral.
The third term in (9.4) is then crucial in establishing pairing fields for both protons
and electrons in states of both continuous symmetry and crystalline symmetry [38], for
example the ground-state (or near ground-state) liquid phases discussed below. Electrons
and protons can also be treated on a completely equal footing by quantum Monte Carlo
methods (Natoli et al. [39]), or by methods where the protons are treated classically (see
the lecture of Scandolo, this volume, p. 195).

Within the Born-Oppenheimer approximation the low-temperature phases of hydro-
gen present an average crystalline arrangement on proton timescales, but on electronic
timescales they also present a problem considerably more complex than that normally en-
countered in addressing the electronic structure of a solid disturbed by ordinary phonons.
For example in phase I the motion of proton pairs is fully rotational, while in phase II
it is librational, with large-angle excursions as noted. Incorporating these effects into
a self-consistent single-particle description (such as a band-structure) remains a largely
unsolved problem and the implicit (and rapid) spatial destruction of the phase of the elec-
tronic wave functions also makes difficult any otherwise standard description in terms of
Wannier functions [40]. Nevertheless the single-particle picture for the electronic struc-
ture of dense hydrogen has mainly dominated the interpretation of much of the data
accumulated on dense hydrogen. And within the single-particle view it is the band-
structure model, involving the assumption of infinitely massive protons, that has like-
wise dominated. For fixed proton positions, the many-electron problem can be reduced
to an equivalent single-particle description embodied in the formally exact Kohn-Sham
equation described earlier. At densities p typified by rs ~ 1.6, the electronic energy
bands resulting from solutions of the Kohn-Sham equation display a notable similarity
to moderately distorted free-electron bands, in spite of the fact that the electronic den-
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sity pe '(r) is extremely inhomogeneous, as is mandated by the cusp condition. Given
this, it is straightforward to argue [41] from the necessity to prevent band overlap in the
retention of an overall insulating state that for the common structures (hexagonal and
related) the molecular axes should be neither parallel to the c-axis, nor to the a- and b-
axes [42]. Lowering of energy can also be predicted to occur for orthorhombic rather than
hexagonal structures [43]. Thus tilted arrangements in orthorhombic cells would seem to
be preferred, as confirmed originally by Kaxiras and Broughton [44] and by many ensuing
studies [34], but mainly within the local density approximation to exchange-correlation
contributions. It is important to emphasize that the electronic structure problem in hy-
drogen requires an unusually high level of k-point sampling in order to ensure adequate
convergence.

These show that to quite high densities hydrogen strongly retains its proton pairing,
and that among the crystal classes the orthorhombic structure is indeed also strongly
indicated (this apparently often holding true when the proton dynamics is reintroduced,
though it must be re-emphasized that at high densities ground-state structural energy
differences are exceeded by proton zero-point energies). Within the orthorhombic struc-
tures it is the Cmca, Cmc21, and C2/m forms that are among the most favored [45]
at least within limited relaxation of the corresponding orthorhombic cells. These have
bases of two sets of proton pairs, and a remarkable feature of the arrangement is that,
at ninefold compression and above, the twin sets of basis pairs can be identified with
sublattices which can also develop opposing spontaneous polarization [46]. That this
might be expected can be attributed to the fact that in terms of the average linear dipole
polarizability (discussed above) of the highly stable (two-electron, two-proton) problem
that we normally identify as the hydrogen molecule, the relative volumetric compression
achievable in experiment is unusually high. In this polarized state the overall gap is
increased slightly over its value for an equivalent unpolarized state, but nevertheless the
effect of further increase in density is to continually decrease the overall gap [47].

What emerges from these total energy and band-structure studies is an expectation
of an eventual transition to a band-overlap state (for fixed protons) where, in the single-
particle picture, a Fermi surface is also eventually established in the ground state. Clearly
the most important issue in this viewpoint is the density (or pressure) at which the gap
is projected to close. An important associated issue therefore is the degree to which
current electronic structure methods are capable of predicting band gaps, either direct or
indirect, for a given structure. As was mentioned above, the local density approximation
(LDA) to the exchange and correlation contributions to the ground-state energy is on the
whole acceptable, though certainly improvable (and several gradient correction methods
attempt this in hydrogen as well). However, as also noted it performs considerably less
well for systems where fluctuating multipole energies are important, but also less well for
excited states, predictions of band gaps being a case in point, and clearly a key one for
the present study. For hydrogen the corrections are known to be considerable, from the
work of Chacham et al. [48] within the GW approximation of Hedin [18], noted earlier.
For a given choice of structure it is then possible to systematically correct the LDA
gaps for dense hydrogen. Not surprisingly, they are increased, and quite significantly.
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Nevertheless, they generally continue their decline with increase in density, and for the
Cmc21 structure vanish at rs ~ 1.38, to be compared with rs = 1.46 for the LDA. Note,
again, that this is pertinent to fixed or infinitely massive protons and it is a non-trivial
physical restriction.

With respect to structural selection, pairing forms are consistently found to be en-
ergetically favored over monatomic phases, persisting to quite high densities including
densities progressing into an eventual band-overlap (semi-metallic) state. Pairs are ar-
ranged in space in a preferred centered orthorhombic cell (an example is the Cmc21

structure for phase III), and this appears to be significantly more stable than other com-
petitor structures. This appears to hold true for calculations which invoke a complete
Coulombic electron-proton interaction, and also pseudopotential representations of it. A
detailed assessment of these calculations is given in ref. [34], but it may be noted that
energy cut-offs for plane-wave basis sets, and k-space grids are generally chosen such that
total energies are converged at a level of better than 1 meV per proton. As noted, for
incompletely relaxed orthorhombic cells the Cmc21 structure is a competitor for in phase
III, but only by a small amount over C2/m. Corrected gaps for the corresponding band-
structures can be obtained from the modification [20] of the Sterne-Inkson method [19].
When applied to dense hydrogen band gap closure for the static lattice is predicted to
occur around 420 GPa [49], a pressure range confirmed in the exact-exchange calculations
of Stadele and Martin [50].

In the fixed proton, total energy study of ref. [46] it was found that in the state of
spontaneous polarization developed in the Cmc21 structure (as one structure to be asso-
ciated with the infrared-active phase III), proton pairs actually moved off site when the
phase II-phase III boundary was crossed at low temperatures. Large librational motion
in this state effectively renders the associated electronic problem as one corresponding
to instantaneous disorder. No long-range coherence in electron phase can therefore be
expected as has been mentioned, but instead there can be a consequent localization by
disorder (reinforced by correlation) if the bandwidth is within suitable bounds. Because
of this, a mean-field treatment of interactions, developed through multipoles connecting
phase-decoupled (2e + 2p) units is a reasonable first step [40]. The trend in dipolar po-
larization, in which the long-range energy associated with self-sustaining polarization, is
significant and it is expected to continue until the gap closes and hydrogen passes into a
band-overlap state. The loss of polarization might be anticipated physically because the
presence of free charge leads immediately to the possibility of screening of the long-range
fields which sustain the insulating polarized state in a self-consistent manner.

As noted, proton pairing may well survive the transition to the metallic phase. To gain
some insight into the observed persistence of proton pairing at high densities, consider
the problem represented by Hamiltonian (9.1) but focus attention on just two protons
(designate their coordinates by rp1 and rp2 and take their separation to be R = rp1 —
rp2). Now let the charges of all other protons (rpi =£ rp 1 , rp 2) be replaced by a rigid
continuum. Since we are in a thermodynamic limit, this problem can be represented by
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the Hamiltonian [51]

(10.2) H(R) = He - f dr(p(V(r) - p)vc(r) -
Jv

where one of the protons can be taken at the origin, and both can be taken as infinitely
massive, as above. The proton separation now becomes a parameter in a largely electronic
Hamiltonian, and the Hellmann-Feynman theorem applies. Stabilization can therefore
occur for fixed p as a function of separation at a point where

(10.3)

In (10.2), an approximate guide to ( p ' ( r ) — p) and the solution for R (near 1.4a0) can
be inferred from the electron density resulting from a Heitler-London approach when the
protons are separated by R, but the total electron density also includes a constant back-
ground density associated with He. As with the free molecule, the exchange enhancement
of (pre ' (r) — p} in the region between the protons (the enhancement over the Hartree
form) leads to considerable bonding. Unique to hydrogen is the fact that the interaction
entering this stability condition is the full Coulomb potential (in other systems it will
at best be a pseudopotential). This argument can be extended somewhat by returning
to the full Hamiltonian (9.1), again extracting a single proton pair (with separation R),
and then proceeding to the modification in the electronic problem that ensues when this
pair suffers a change in separation R, all other protons being held fixed [51]. Once again
the Hellmann-Feynman theorem applies and a stabilization is anticipated, though the
condition is more complex than (10.3) because of the additional interactions arising from
the other and largely more distant protons. But note that (p^ (r) — p} also now contains
contributions associated with the very same protons, and if these are aggregated with the
corresponding electronic charge the net contribution corresponds to neutral objects. For
this reason, the stabilizing condition is then expected to be not very different from (10.3).

The existence of a pairing state that is bound overall is clearly conditional on the
neglect of proton dynamics. Within the Born-Oppenheimer separation, the Hellmann-
Feynman theorem can again be applied to the problem within the stipulation that
(p^ (r) — p) represents the electronic density in a fully dynamic context and a key point
is that the effective potential must be sufficiently deep to contain the vibron zero-point
energy if the pairing state is to form at all. But aside from the issue of proton dynamics,
these arguments indicating a propinquity towards pairing evidently require no especial
distinction to be made between metallic and insulating phases.
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11. - Electronic instability and pairing

The free hydrogen molecule (2e + 2p) has very significant binding energy against
separation into a pair of hydrogen atoms 2(e + p). Evidently a pair of protons can be
very effectively bound by a pair of electrons, a pairing that persists with notable tenacity
to very high density (p/po ~ 10). Given the manifest symmetry of (9.1) (and its states)
under the interchange me «-» mp, it is clear that the question might be inverted; that is,
we may ask instead whether conditions can be found (on density and temperature) where
pairing or indeed other orderings can be induced in the electrons by virtue of the proton
dynamics. In addressing this issue, note that from a crystalline one-electron perspective
the pairing of protons implies that regardless of structure an integral number of bands can
be exactly filled in the ground state; departure from this necessary condition for insulating
behavior occurs only if the density p is compatible with band overlap. The metallic phase
of sulphur or of oxygen, both superconductors, is of the band-overlap type (as is being
argued initially for hydrogen). The Raman effect [52] shows that characteristic phonon
frequencies are not exceptional, being in the range 400-500 cm - 1 . However, for hydrogen
the corresponding frequencies are ~ 4000cm-1 for optic modes and may reach 1300cm-1

for acoustic modes (and characteristic densities of states for the electronic structure can
be considerably higher) . The accumulated energies arising from proton dynamics have an
important bearing on the manner in which the ground-state phase structure is expected
to develope with increasing density (see sect. 12). At one atmosphere these are already
large (~ 120meV/proton) and under compression with steady reduction in the average
intermolecular spacing (leading to increasing contributions from collective modes) proton
kinetic energies are anticipated to increase, overall.

Of particular interest in both systems is the role of effective electron-electron interac-
tions in the common multiband (and specifically electron- hole) context. For it has been
shown [53] that even in the absence of exchange bosons external to the electron system,
correlated charge fluctuations between electrons and holes can lead to weakening of the
net electron-electron interaction over what is expected from the screening arising from
each band separately. The principal physical effects are twofold: first, in the complete
absence of intermediaries (phonons or other exchange bosons) pairing ground states can
be preferred, the ensuing transition temperature then depending on the electron and hole
masses and densities, as is expected. Second, subsequent inclusion of proton dynamics
through harmonic phonons (with frequency scales as above, and with large electron-
phonon coupling) then leads in the paired metallic phase of hydrogen to very significant
transition temperatures. Accordingly at sufficiently high pressures where it appears, as
noted, that energetically the Cmca class of structure is competitive, then because of the
primarily electron-hole character of the ensuing band-overlap state, pairing of electrons
is also expected. The reason for this can be found from examination of the Eliashberg
equation for the pairing function $i(k,iu>n} of l-wave superconducting order, namely

/„,
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Now in (12) the kernel is

2 fk+k> ( k2 + k'2 — a2 \
'^n^\ I dqPe( - ^T> - )

J\k+k'\ V ZKK /

(11-2) Ke(k,iun;k',iwn') =

k' ~ 9 rk+k>
\r^n ' „• \\*-|G(« ,iun>)\

'\k+k'

where Vef f(q,iuj) is the irreducible electron-electron interaction. If vq is first set equal to
the bare Coulomb interaction, then in the band-overlap context appropriate to a metallic
phase, the effective electron-electron interaction in the absence of phonons is

(11.3) Veff = Va + — — £rr- - a— — ^-r +l>2
9n(2*,

1 — (C*s \\\( } 1 -I- C10- Tj( )

where Eg is the Lindhard approximation to the density-density response function for
band 1 but modified to include self-energy effects. In (11.3), a = 3 or — 1 for singlet

or triplet pairing, v12 = (1 — G12^)vq/((1 — Gs
11)fJEg1*), and E(2) is the density-density

response function for band 2. The form of effective interaction embodied in (11.3) is an
extension to the electron-hole context of the Kukkonen-Overhauser approximation [54].
The quantities G(q,iu) are local field factors; the function G(k,iun) appearing in (11.2)
is the Green's function for fully interacting electrons and is related to the self-energy by

(11.4) £(*,*;„) =

I - k,n;n -

The introduction of phonons (optic and acoustic) into this so-far wholly electron picture
is now straightforward. For example, it amounts to adding terms of the form

(11.5) Vph = —

to the effective interaction where the phonon frequencies are given by u;2 = 0q2/(I+~yq2).
The quantity S can be fixed by requiring a correct determination of the electron-phonon
coupling parameter, /? is determined by the Debye temperature, and 7 is fixed by (u;).
As hydrogen is induced by pressure to enter a proposed paired-proton metallic phase,
correlated charge fluctuations arising from the last term in (11.3) (which is attractive)
are predicted to give rise to electron pairing, even in the absence of phonons. If phonons
are included and a value of 1.5 taken for the electron-phonon coupling parameter (as
suggested by Barbee et al. [55]), then with a valley degeneracy of 2, pairing can occur
first in the electron band, and if this is assigned a density corresponding to rse = 3 the
transition temperature is as high as 300 K. It can rise even further at lower electron band
densities, a point that focuses attention on the one-electron structure, and once again
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on the details of the average proton arrangement. Superconductivity is therefore being
driven both by phonons and by correlated charge fluctuations in a structured electronic
system. These principles should apply to any light element admitting of a band-structure
favorable to such fluctuations (e.g. lithium at high density) when the balance between
correlated fluctuations and phonons (impelled by density) is appropriate.

Prom the above, it is quite clear that a more precise determination of the phase
boundaries requires inclusion of the proton and electron dynamics on a completely equal
footing. This was already evident some time ago [56], but is all the more apparent
now since energy differences between competing structures are seen to be much smaller
than characteristic phonon energies and the practice of simply adding energies originally
from phonon dynamics to electronic energies determined with static lattices is clearly an
inadequate approach to a determination of the total energy. As noted above, the issue of
electron pairing is also very much dependent on the self-consistent one-electron bands,
and again this is a structural issue. But another interesting issue which is emerging
concerns the nature of the elementary excitations at the point in density (or pressure)
where the self-consistent gap crosses the phonon energy scale. Note that the vibron (or
optical phonon) scale is typically 0.5eV, with the result that this confluence will occur
in phase III, i.e. preceding the transition to the semi-metallic state predicted on the
basis of the adiabatic approximation. At this point, electron and phonon states will
become significantly mixed, and since away from the confluence both are involved in
the balance of energies determining the overall structure, we are led to expect further
phase structure to occur before a metallic phase is reached (possibly even of polaronic
character). Perhaps the most important point to emerge now is the evident necessity to
approach the issue of the electronic structure in dense hydrogen from a perspective that
goes considerably beyond the local density approximation to density functional theory.

12. — Ground-state liquid-like phases

Hydrogen and deuterium are the lightest of the elements and the idea of significant
quantum effects arising in their condensed states and attributable to the dynamics of the
protons or deuterons has been an enduring one. Although the fluid state of hydrogen at
normal densities can be supercooled, the hoped for observation of Bose condensation in
this system has invariably succumbed to the onset of crystallization [57]. Nevertheless,
the possibility that a ground-state liquid-like phase might re-appear at much higher
densities, as the system is eventually impelled by pressure to depart from paired phases,
has recently arisen [58].

The notion that a phase with almost liquid-crystalline character might form in dense
metallic hydrogen originates in part with early attempts [59], via relatively low-order
perturbation theory, to include the effects of electron-proton interactions in calculations
of proposed ground-state structures. These investigations (carried out by Brovman and
coworkers [59] to third-order in the interactions) suggested that static hydrogen might
well assume arrangements so highly anisotropic that upon eventual incorporation of pro-
ton dynamics the structures could become liquid-like, at least, it was suggested, in cer-
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tain crystalline directions. However, it was later shown that if proton dynamics are
self-consistently included in the compilation of the total energy [56], the system once
again favored more symmetric structures. The attainment of a possible ground-state
isotropic quantum fluid therefore requires a somewhat broader physical perspective, as
will be seen, and in this the role of exchange is especially pertinent.

Though three-proton and higher interactions are expected to be significant, the pri-
mary manifestation in dense hydrogen of electron-proton coupling in an electronic context
is normally encountered at the level of effective pair-potentials. The inter-proton poten-
tial is then given in a first approximation by the response method (as discussed earlier
and now applied to hydrogen [60, 61]) but noting that in arriving at the effective pair
interaction, 4>p

(2)(q,rs), all orders of the electron-proton interaction exceeding the first
can enter. Some elementary limits are quite clear; first, when q is very large compared
with 1/a0, then <f>p(2) should approach 47re2/q2, in a manner essentially independent of
the chosen density, or rs. Second, both the scale and the sign of the opposite limit q ->• 0
of 4>p ' (q,rs) can, however, be crucially dependent on density. This can be seen by first
noting that under ordinary conditions (T ~ 0, rs = 3.13), then in the well-known weakly
coupled molecular limit a good approximation to the result must be simply the volume
average of the Kolos-Wolniewicz potential [62]. As with the Heitler-London approxima-
tion to this, the result as q —>• 0 is then strongly negative, and is physically expected from
the known molecular bound state. It is quite remote from the expectations stemming
from a linear screened Coulomb interaction, though this must eventually be the result
for sufficiently small rs.

The scale of the q —>• 0 limit of 02 is therefore certainly large at low average densities
and its origin can be traced to the fact that the electronic density in the vicinity of the
proton is considerable, particularly when compared with the corresponding valence elec-
tron densities regarded as typical of the metallic state (see fig. 5). The progression with
density of the associated minimum in the inter-proton potential can be approximately
extracted [63] from the measured vibrons (in both hydrogen and deuterium) as functions
of pressure. As density increases to a value corresponding to about rs ~ 1.30, the depth
appears to extrapolate to zero (and certainly below a value required to contain the vibron
zero-point energy near which considerable tunneling is to be anticipated) but its location
does not depart significantly from the standard molecular value (~ 1.4ao). Fourier trans-
formation of the Kolos-Wolniewicz potential, or the Heitler-London potential, or even of
approximate forms arising from the local density approximation show that the form of
<j)p(2) (q —>• 0; rs) is reasonably well approximated by —b/(a + q2)2, where it is clear that 6
must diminish with increasing density, and also that it must change sign.

The measure rs ~ 1.30 is itself interesting because it appears to correspond to densi-
ties where band-theory and total energy calculations [49] already indicate the possibility
of a dissociative transition of proton pairs. (At somewhat lower densities but at quite
significant temperatures a combination of density functional theory and molecular dy-
namics [64] also suggests a dissociative transition.) However, given the persistence of
the magnitude of electronic density near the proton (recall that the local value of rs at
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r(aJ

Fig. 5. - Average valence electron densities of the mono-, di-, and trivalent metals Li, Mg and Al
(under normal conditions) compared with the 1s electron density in atomic hydrogen. The high
densities found in the region r ~ a0 are especially important to the dense hydrogen problem.

the proton is 0.89) the expectation is that at rs ~ 1.30 the effective pair-potential must
continue to reflect the attractive features of exchange, these still setting in at separations
significantly smaller than the average inter-proton spacing.

The linear response form for the interaction, where such structure as arises can be
traced to the Friedel oscillations, can be expected to produce a first minimum around
2rsa0; the situation is then physically similar to the comparison of dimensions one finds
in the quantum fluid state of helium where the average near neighbor separation is con-
siderably larger than the action of the minimum in the interparticle potential. It may be
noted that the depth of the interaction in helium exceeds by a factor of more than four the
energy associated with the temperature registering the onset of the superfluid transition.
The role of kinetic energy in this system is considerable, and so it is in hydrogen, where
as indicated earlier the ground-state energy per proton of the free molecule (~ 0.12eV)
is never lost in the ensuing process of densification, and indeed can become considerably
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larger. Once again this energy is significant when viewed in terms of structural energy
differences for crystalline phases. But the main point is to be found in the progression
of the pair-potential and compounded by the fact that the invasion of near neighbors
on further compression can only promote these effects further. This progression leads to
the clear expectation that at a certain density (close to rs ~ 1.3) only the lowest pairing
state of protons remains, and that this too is lost soon thereafter. Prior to depairing,
proton tunneling (see above) leads to associated proton mobility and corresponding near
adiabatic transport of electrons with it. Associated changes in dielectric properties will
therefore, ensue, all this preceding the onset of a fully developed liquid metallic state.

It is clear that at sufficiently high compression, and under classical conditions (those
leading to the classical one-component plasma) the separation of possible liquid and solid
phases is given by the line Tm = 3585.4/rs K. Combined with the previous argument, this
serves to show that a band of densities may exist where the protons are not significantly
correlated, and where such structure as remains in the effective proton-proton interaction
is compatible with the formation of a fluid state. Obviously this will imply the existence
of a melting point maximum at densities below this band, and it is interesting to note
that in measurements of the melting curve of hydrogen, Datchi et al. [65] suggest that
such a melting point maximum may indeed exist. Though their suggestion involves a
considerable extrapolation, the inferred maximum (1100 K at 128GPa) is not out of line
with the foregoing arguments. Nor is it in conflict with the findings of Biermann et al. [66]
who utilize an ab initio path integral treatment of (9.1) and report, for the density range
of interest here (rs ~ 1.3), structures that they characterize either as a quantum fluxional
solid or as a liquid in a restricted band of densities as indicated above. That a ground-
state liquid might eventuate has particularly interesting physical consequences not only
for the ensuing two-component Fermi liquid problem in normal states of hydrogen, but
also beyond this for pairing states [67-69]. In deuterium the further ordering well may
involve Bose condensation of a spin-1 liquid [70]. In either case, these systems will
be forming at megabar pressures, but probably not in a cryocrystal state and hence are
interesting departures from the cases discussed by Hemley and Mao [71]. As a final point,
it may be noted that arbitrary mixtures of hydrogen and deuterium can be considered
raising the issue of the form of the low-temperature diagram of a fermion-boson mixture
(whether in fact there may be parallels to the well-known characteristics of the 3He, 4He
phase diagram).

* * *
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1. — Introduction

This lecture reviews recent developments in the atomistic simulation of matter at
extreme conditions of pressure and temperature. The idea of simulating the behavior
of matter by directly solving on the computer Newton's equations for a collection of
atoms was first proposed by Fermi [1] in the '40, although the first systematic studies
started only later, in the '60, thanks to the pioneering work of Rahman [2]. Since then,
the exponential increase in the computer power and the continuous refinement of the
simulation techniques have turned computer simulations from a toy model of statistical
physics into an extremely valuable and predictive tool [3]. The application of atomistic
simulations is now widespread in many fields of condensed-matter physics, materials
science, and chemistry.

High-pressure research is one of the fields that has benefited the most from computer
simulations. In fact, contrary to experiments, where every increase in the maximum
achievable pressure is considered as a major technical challenge, atomistic simulations
at high pressure just require one to confine the same number of particles in a smaller
simulation box, with periodic boundary conditions, to achieve arbitrarily high pressures.
This statement is, of course, too simplistic. Reducing the average interatomic distances
poses in fact a number of methodological problems that have challenged theorists for
decades. In the first place, thermodynamics imposes that pressure—and not volume—be
the external "knob" that one should fix. Suppose that we are interested in the phase
transformation of a material from phase A to phase B, with a large volume collapse (e.g.,
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carbon from graphite to diamond). If we were to confine our collection of carbon atoms
in a simulation box of fixed shape and volume, initially fitting the shape of the graphite
crystal, then the direct transformation of the atomic positions from the graphite to the
diamond lattice would be strongly hindered by the energy cost (elastic energy in the case
of a uniform strain or surface energy in the case of creation of voids) required to fit the
diamond lattice in the same box. In other words, if the number of atoms and the volume
are both conserved, then density changes — the crucial driving force in pressure-induced
transitions—are not allowed.

An even more challenging problem for atomistic simulation is the choice of the inter-
atomic potential. Evolving Newton's equations

1 3V
(i) R/ , . . . , , , ,

for a collection of N atoms with positions {R1, R2, • • • , RN} implies that the force field,
or more precisely, the potential V(R1 , R2, . . . , RN) of interaction among them is given. A
very convenient way to construct interatomic potentials consists in approximating them
through appropriately chosen functional forms tailored to capture the physics of the sys-
tem under consideration. The parameters of the functional form are then adjusted to fit
known experimental properties (e.g., equilibrium volumes, distances, bulk moduli, etc.).
The simplest example is the case of condensed rare gases, where atoms can be reasonably
well approximated by rigid spheres, so that the potential is typically approximated by a
sum of pair (two-body) interatomic contributions

(2) V ( R 1 , R 2 , . . . , R N ) = i

with $ having a repulsive (attractive) character at short (long) distances, and a mini-
mum at a distance roughly corresponding to the equilibrium (zero-pressure) interatomic
spacing. However, for the vast majority of materials the approximation of eq. (2) is
too crude, and more complex functional forms have been introduced that include three-
body and higher-order terms, or even with an explicit dependence on the local atomic
environment. In the study of high pressure phenomena, the problem of constructing a
reliable interatomic potential is particularly severe. When pressure is increased, in fact,
interatomic distances vary over a wide range, often wider than the range of validity of a
given functional form. It turns out that in most cases it is impossible to reproduce with
the same functional form the behavior of a material at completely different conditions
of pressure and temperature. This is particularly true when pressure induces chemical
and/or electronic changes, but it may also be the case for simple metals, as will be shown
in subsect. 2 '6.

The problem of determining the best functional form for V ceases to exist if we look
instead for a brute force derivation of V from "first principles", based on the laws of
quantum mechanics. Although by doing so the complexity of the problem increases dra-
matically, implying for example that a much smaller number of atoms can be simulated
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and for much shorter times than conventional simulations, the accuracy of the results
obtained from such first-principles approach is unparalleled. Thanks to the availability
of increasingly powerful computers and to the methodological advances described in the
following sections, first-principles simulations have now become a reliable and predictive
tool to investigate the behavior of matter at high pressure, complementing experiments
when these are available, and extending our knowledge to conditions of pressure and
temperature presently unreachable in the laboratory.

2. — Molecular dynamics

2'1. Basic concepts. - Molecular dynamics (or MD, for historical reasons we call the
method "molecular" dynamics even if the dynamical entities are actually the atoms)
consists of solving Newton's equations (1) for a collection of atoms whose positions are
constrained within a simulation box defined by the three edges a, b,c, or equivalently
by the 3 × 3 matrix h = (a, b,c). Periodic boundary conditions are applied in order
to mimic the extended system and minimize the energy cost of a free surface (in the
absence of periodic boundary conditions even for a simulation box containing as much
as 103 atoms, half of the atoms would be at the surface). The dynamics are evolved by
discretizing Newton's equations with a sufficiently small but finite time step (typically
of the order of 1016-1015s). The overall simulation time depends on the complexity
of the potential and on the number of atoms. It can range from 10-9 s in the case of
"empirical" potentials (where the number of atoms can reach a few millions), down to
10-11 s for first-principles simulation (where the number of atoms is limited to about
102). Analysis of the atomic trajectories provides information on the structural (lattice
parameters, interatomic distances, bond angles, etc.), thermodynamic (thermal expan-
sion, heat capacity, phase diagrams, etc.) and dynamical (vibrations, elastic constants,
transport, diffusion, viscosity, etc.) properties of the system under study. I refer the
reader to textbooks [4, 5] and to a collection of relevant papers [6] for further details.

2'2. Molecular dynamics at constant pressure. - In order to overcome the limitations
(illustrated in sect. 1) derived from the choice of a fixed simulation box, Parrinello and
Rahman [7, 8] extended the earlier idea due to Andersen [9] of allowing the volume of the
box to adjust according to the required pressure, and transformed the simulation box
into a fully dynamical variable, driven by an appropriate equation of motion.

Let us consider a generic simulation box described by the matrix hij. The position
RI of an atom in the box can be written

(3) RI = hSI,

where SI is the "scaled" position of atom I whose components vary between 0 and 1.
In standard MD, the cell (the matrix h) is fixed, and the dynamics for the independent
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degrees of freedom {RI} are obtained from the Lagrangian

(4) c-v =;2,.,
In the Parrinello-Rahman method, h and SI are both independent degrees of freedom,
and their dynamics are obtained from the modified Lagrangian

1 " • 2 1

7=1

where P is the pressure we want to impose (a parameter to be fixed at the outset), fi is
the cell volume, itself a function of h [fi = Det(h)], and W is the inertial "mass" of the
cell, a fictitious parameter that controls the time scale of the cell dynamics. Three major
differences can be noticed in eq. (5), with respect to (4). First, since we want to impose P
as the external thermodynamic variable, the correct thermodynamic potential is now the
enthalpy H = E + PQ; therefore the Lagrangian (eq. (5)) contains an additional —PQ
term. Second, the cell dynamics requires a (fictitious) kinetic energy associated with
the cell parameters; this is the third term in the right-hand side of eq. (5). Third, the
kinetic energy of the atoms is written in eq. (5) in terms of the "internal" velocity hSI,
which differs from RI by the term hSI. All these differences are required for a proper
thermodynamic treatment of pressure; it can actually be proven that the Lagrangian
samples exactly the isobaric ensemble of statistical mechanics [10].

The equations of motion that can be derived from the Lagrangian (eq. (5)) are

(fi»\ $"- l dV h^-C-^C VVDa-> °/ — ** ~^ftn 0a Lja3Lj/370/>

(6b) ••<*» w

where the Greek letters are Cartesian indices, summation over repeated indices is as-
sumed, and where

(7)

The stress tensor II is defined as

(&\ n = -\°) ilaj — f

with

(9) Vf -
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The equations of motion (6a) for the atomic positions are modified with respect to the
standard Newton's equations (1) by the addition of a term that accounts for the variation
of the metric tensor G, while a new equation of motion (eq. (6b)) is introduced for the
cell parameters. The dynamics of the cell parameters in eq. (6b) is controlled by the
unbalance between the imposed pressure P and the instantaneously calculated value of
the stress tensor (8). At equilibrium (h = 0) the shape and volume of the cell will be such
that the internal stress coincides with the external pressure P. During the dynamics,
however, the cell edges fluctuate dynamically around the equilibrium position.

It is not difficult to show [11] that the Lagrangian equation (5) has the constant of
motion

(10) Hp = \Y.MlV? + V(RI, . . . , RN) + pn + iwit(h*h),

which corresponds to the enthalpy H of the system, apart for the last term, which
becomes negligible for large N (its contribution to H at equilibrium is (9/2) kBT).

Although eq. (5) allows the exploration of the constant-pressure statistical ensemble
for every value of W, this is only true in principle, i.e. if averages are taken over an
infinitely long simulation time. In practice, the choice of W is dictated by the need to
ensure the most efficient coupling with the "real" degrees of freedom, namely the atomic
coordinates SI. In fact, if the goal of the simulation is to reproduce a phase transition,
the cell parameters have to respond as quickly as possible to the tendency of the atoms
to move from the positions characterising the initial phase to those corresponding to the
new phase.

After the original work of Parrinello and Rahman [7], several variants of the constant-
pressure MD methodology were proposed. Instead of considering the cell matrix h as
the dynamical variable, a fictitious dynamics on the strain tensor [12] or on the metric
tensor [13] was shown to prevent occasional spurious rotations of the cell matrix. MD
under non-isotropic compression conditions has also been shown to be feasible with a
suitable modification of the cell dynamics and has been used to simulate transformations
under uniaxial stress [8]. More recently, a technique to force the MD to satisfy the
Hugoniot compression curve has been developed and tested [14], and a new method to
study phase transitions in clusters proposed [15, 16]. Finally, it should be mentioned
that although here we have only focused on MD at constant pressure, a very similar
methodology exists to force the dynamics to sample the canonical ensemble (constant
temperature) [17], and that the two techniques can be merged, with a few caveats [18].

2'3. First-principles MD. - Here we will concentrate on the problem of determining a
reliable interatomic potential to be used in the MD equations (6). The approach we will
follow starts from "first principles", namely from the fundamental quantum-mechanical
laws that govern the behavior of a collection of electrons and nuclei. Although we know
very well what these laws are—the Schrodinger equation for the coupled electrons-nuclei
system—solving them on the computer without any further approximation would re-
quire an exceptional effort, many orders of magnitude more than what is available at
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present in terms of computer memory and speed. The first approximation we are go-
ing to introduce is the so-called "adiabatic", or Born-Oppenheimer approximation [19].
This approximation stems from the consideration that electrons react much faster than
nuclei to external perturbations, due to their smaller mass. As a consequence, electrons
can be considered to be always in their ground state, for every instantaneous nuclear
configuration {R1,..., RN}- Therefore, the interaction potential V can be expressed as

(11) V(R 2 , . . . ,R N ) = (Vo|#e(R1,... ,RN) |^o),

where ^0 is the electronic ground-state wave function calculated for the nuclear config-
uration {R1,..., RN}, according to the Hamiltonian
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where Ne is the number of electrons and ZI the atomic number of atom /. It is worth
emphasizing that the Hamiltonian equation (12) acts on the electrons and depends on
{R1,...,RN} only parametrically. This implies that the ground-state wave function
•00 will also depend parametrically on {R1,... , RN}; i.e. a different wave function is
obtained for every nuclear configuration. Although the problem has been simplified con-
siderably, finding tp0 for the Hamiltonian (eq. (12)) is still an impossible task, at least for
systems with more than a few electrons, because of the many-body nature of the electron-
electron Coulomb interaction (second term in the right-hand side of eq. (12)). Among
the approximations that allow one to overcome the problem, those based on density-
functional theory are probably among the most widespread and accurate, particularly
when dealing with relatively large systems (hundreds of electrons or more). Density-
functional theory (DFT) is an exact theory that allows one to recast the problem of
finding the many-electron ground state of eq. (12) into the problem of finding the ground
state of a system of independent electrons in a potential that explicitly depends on the
electron density [20,21]. Although the theory is formally exact, approximations have
to be made in order to derive the functional form of the potential. The most common
of these approximations is the so-called local-density approximation (LDA), whereby
the potential is approximated locally with the functional form of the uniform electron
gas, which is known almost exactly from numerical calculations [22]. The LDA can be
systematically improved by adding contributions from the local gradient of the density
(gradient corrections, or GGA). A discussion of how different GGA functionals perform
in different systems would go beyond the scope of these lectures, so I refer the interested
reader to the vast literature existing on the subject [23].

A final approximation that is commonly made in first-principles calculations is to
assume that core states are actually frozen to their atomic shape and energy. Orthogo-



FIRST-PRINCIPLES MOLECULAR DYNAMICS SIMULATIONS AT HIGH PRESSURE 201

nalization of the valence states to the core states is ensured by the replacement of the
electron-nuclei Coulomb potential, the third term in the right-hand side of eq. (12), with
a so-called "pseudopotential", whose scattering properties are constrained to be identical
to those of the full atomic potential. A database of pseudopotentials for almost every
element of the periodic table has been published [24]. When the basis set over which
the wave functions are expended consists of plane waves, a very popular choice in first-
principles codes, smoother pseudopotentials [25] may be less demanding in terms of basis
set size.

The above approximations have finally brought the problem into the category of those
that can be nowadays solved numerically on a powerful computer. To summarize, a rough
flow chart of how the MD time step is accomplished in a first-principles MD code consists
of (a) choosing an initial set of nuclear positions {R1,... , RN}, (b) solving the electron
Hamiltonian equation (12), i.e. determining the ground-state wave function for that
particular nuclear configuration, (c) calculating the forces on the nuclei as the derivative
of the potential equation (11) (N.B. this can be accomplished either numerically, by
finite differences, or by exploiting the so-called Hellman-Feynman theorem, whereby the
derivative of the potential can be expressed as the expectation value of the derivative of
the Hamiltonian in eq. (11), on the ground-state wave function), (d) evolving Newton's
equations for all nuclei with a finite time step At, i.e. determining the new set of nuclear
positions corresponding to time t + At, and finally going back to (b) with the new set
of positions. This procedure is iterated for a large number of time steps, depending on
the system and on the property under study. In order to integrate Newton's equations
properly, the time step At of integration must be much smaller than the fastest period
of oscillation of the nuclei. Because typical periods (vibrations, phonons, etc.) are in the
10–14–10–12 s range, typical At are in the range of a fraction of a femtosecond (fs), which
means that a picosecond (ps) of simulation requires about 104 time steps. One of the
computationally heavier steps of a first-principles MD simulation is the determination
of the ground-state wave function. Considering that this step has to be repeated 104

times, most of the methodological effort has been focused to the search of efficient ways
to update the wave function from one time step to the next one. Most of the differences
between existing codes for first-principles MD (CASTEP (Cambridge), VASP (Vienna),
CPMD (Stuttgart/Zurich), PARATEC (Berkeley) and FPMD (Trieste), just to name a
few) can be ascribed to different techniques in the way wave functions are evolved.

2*4. The Car-Parrinello method. - A rather original and very efficient way to evolve
the wave functions was proposed in 1985 by Car and Parrinello [26]. Instead of solv-
ing very accurately the Hamiltonian equation (12) at each time step, they relaxed the
constraint that the wave function be exactly in the ground state. The exact solution
was replaced by a fictitious dynamics of the wave function about the exact ground state.
Although applied in a completely different context, it is easy to see the analogy with
the ideas that underlie the constant-pressure MD technique discussed in subsect. 2'2.
Also in that case, in fact, the need to adjust the shape and volume of the simulation
cell in order to equilibrate pressure was fulfilled by introducing a fictitious dynamics
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on the cell parameters, which were allowed to vary dynamically with the second-order
(Newton-like) equations of motion (6b). In the Car-Parrinello method the solution of the
Hamiltonian (12), which is equivalent to minimize the right-hand side of eq. (11) with
respect to the wave function, is replaced by the dynamical evolution of the following
"extended" Lagrangian:

(13) Cv = <^ I ̂ > +

where E is the DFT functional, expressed here in terms of the wave functions and,
parametrically, of the positions of the nuclei, /z is a fictitious mass that can be used to
control the time scale of the electronic dynamics, and Ay are Lagrange multipliers that
ensure the orthogonality of the wave functions. The equations of motion that can be
obtained from the above Lagrangian are

/,, x 6E v^ * ,(14a) uwi = — 1- > \ijWj,
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Equation (14a) defines the dynamics of the wave functions, which will oscillate (by virtue
of the second-order time derivative) around the equilibrium condition

(15) = ^ -

Notice that eq. (1*5) is the mathematical rephrasing of the DFT prescription of minimising
the DFT functional E with respect to variations of the (orthogonal) set of orbitals.
Equation (14b) instead coincides with Newton's equation (1) and the first-principles
potential (11), with the only difference that the wave functions in (14b) are not at the
exact ground state. As shown in [27], the period of oscillation of the wave functions
around the ground state scales with /i1/2, which means that for a sufficiently small value
of n the oscillations can be made much faster than the typical time scales of the dynamics
of the nuclei. In this limit, the effect of the fast oscillations averages out on the time scale
of the dynamics of the nuclei, and the resulting net force on the nuclei is very similar to
the force that would be calculated with the electrons in their ground state [28]. Further
details on the Car-Parrinello method can be found in review papers [29,30].

2"5. First-principles MD at constant pressure. - Merging the constant-pressure
method described in subsect. 2 '2 with the first-principles Car-Parrinello method de-
scribed in subsect. 2'4 is not completely straightforward, and requires some care in the
definition of how the wave functions change upon cell rescaling [31–33]. The problem
can be tackled by starting from the Car-Parrinello Lagrangian (13) and expressing all
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spatial coordinates, both electronic (r) and nuclear (R), in terms of scaled coordinates,
r = hs and R = hS, as already done in (3). The constant-pressure dynamics can now be
introduced by adding to the original Car-Parrinello Lagrangian (13) the last two terms of
the constant-pressure Lagrangian (5). This yields the first-principles constant-pressure
Lagrangian

1 r 1
(16) £P = -n 2

1=1

- Pfl,

with the following definition of the wave function in scaled coordinates:

(17) <Ks)

where iph is the wave function expressed in terms of the real coordinate r, and ^ is the
wave function in scaled coordinates. Notice that ^ in eq. (17) is correctly normalized
when the integral is performed on ds. Notice also that by using definition (17) we
neglect, in the fictitious kinetic term (first term of eq. (16)), the contribution due to the
deformation of the cell, as already done for the nuclear coordinates (see eq. (9)).

The equations of motion for wave functions, nuclear positions and cell that follow
from the Lagrangian (16) are

(18a) ufa = - fop + ]C Atf^ '
1 j

(18b) Sf = ~~~~htPa ~ GaGptS],

(18c) hap =

Equation (18a) coincides with the equation of motion (14a) derived in subsect. 2'4, with
the only difference that ^ is here defined in a slightly different way (see eq. (17)). Equa-
tion (18b) coincides with the constant-pressure equation of motion (6a) for the nuclear
positions. Finally, eq. (18c) coincides with constant-pressure equation of motion (6b),
with the difference that here the stress tensor II is calculated from first principles [34].

2'6. Empirical potentials from first-principles simulations. - Although a first-
principles approach to the determination of the interatomic potential is in most cases
mandatory, the very short time scales and small sizes that can be afforded nowadays
imply that a number of properties, in particular those that require long thermalization
times or large spatial scales, cannot be obtained entirely from first principles. Among
these properties we can list high temperature elastic constants, thermal conductivity,
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phase relations, mechanical properties (rheology), etc. In most of these cases, simulation
times of ns and box sizes as large as 104 atoms are required to extract statistically mean-
ingful information. An effective trade-off consists of generating empirical potentials that
reproduce with the best possible accuracy the first-principles interatomic potential. This
approach has been vastly explored in the past, mostly by fitting the parameters of appro-
priate functional forms to selected low pressure properties of the materials under study,
such as elastic constants, lattice parameters, defect energies, etc. [35]. Alternatively, the
parameters can be fitted to the ab initio calculated force constants and geometries of
simple molecular analogues [36]. Finally, in the force-matching method the potential is
required to fit the forces calculated from first principles on a number of different configu-
rations ranging from clusters, surfaces and bulk solids [37]. It has been shown, however,
that all of the above procedures have intrinsic limitations, mostly due to our ignorance of
the exact functional form of the interatomic potential. In the case of aluminium metal,
for example, it has been shown that even including about 170 atomic configurations leads
to a potential with an energetical accuracy of only ~ 0.10 eV/atom [38]. A common re-
quirement in all the approaches explored so far has been that the potential must be able
to reproduce the first-principles results in a large variety of physical, chemical, or ther-
modynamic situations. However, when this requirement is relaxed, and the potential is
required to reproduce the behavior of a material only at a specific condition (e.g. of pres-
sure and temperature), then its accuracy can be dramatically increased [39]. Application
of this method to the study of compressed iron will be illustrated in subsect. 3" 10.

3. - Applications

3'1. Silicon. — Silicon has often been a benchmark system for new first-principles
methodologies. Technically speaking silicon is appealing because of the simple (diamond)
structure, the affordable size of the plane-wave basis set needed to describe its electronic
states, and for the rather good performance of the LDA. The first prediction of pressure-
induced transitions with first-principles methods was indeed carried out for silicon [40].
Silicon was also chosen for the first application of the Car-Parrinello method [26] and of
the constant-pressure extension of the Car-Parrinello method [31]. In ref. [31] a sponta-
neous transformation from diamond to simple hexagonal was observed in the simulation
at about 30 GPa, roughly 15 GPa above the transition reported in experiments. Similar
results have been obtained in subsequent work [41,42]. These results, together with the
observation that the simulation did not give the /#-Sn and Imma phases, experimentally
observed in a narrow pressure range between 11 and 16GPa [43], illustrate very clearly
the limitations of a simulation approach to phase transitions. In the real system, phase
transitions take place in the vast majority of cases through nucleation of the new phase
around a seed that may consist of a thermal fluctuation, or a defect, or anything else that
perturbs locally the initial phase and locally allows the energy barrier between the initial
and the final phase to be overcome. The limited size and time scale of the simulations
do not allow the simulated system to sample sufficiently large regions of the phase space.
Therefore, fluctuations are hindered and the transition takes place only when a global
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mechanical instability is approaching. In the case of silicon, for example, it is known that
a mechanical (phonon) instability occurs in the diamond structure at about 30GPa [44],
in agreement with the transition pressure calculated in the simulation. This suggests
that great care has to be used when extracting transition pressures from simulations. On
the other hand, the simulations correctly predict the stability of the simple hexagonal
phase at high pressure, a non-trivial result considering the dramatic change in the elec-
tronic structure brought about by the transition, a feature that could be hardly captured
without a first-principles description.

3'2. Carbon. - Carbon was probably the first system where first-principles MD simu-
lations were used to explore high-pressure behavior. Constant-volume simulations of the
compressed liquid showed that the average coordination at megabar pressures is slightly
less than four, indicating that the density of the compressed liquid might be lower than
that of the compressed solid (diamond) at the same pressure [45]. Although this behavior
is "normal", it indicates that liquid carbon is substantially different from liquid silicon,
which is instead known both from experiment and from simulations to be denser than its
solid. The normal behavior of carbon implies that its melting slope dTm/dP is positive
according to the Clausius-Clapeyron relation. This is consistent with recent shock-wave
experiments [46]. Simulations at extremely high pressure indicate however that the melt-
ing slope might eventually become negative [47], due to an increase in coordination in
the liquid from four to about six and the concomitant stability of four-fold coordinated
solid phases up to at least 1000 GPa. In fact, simulations in the solid phase suggest that
not only a six-fold coordinated phase (simple cubic) becomes enthalpically favored only
above 2300 GPa, but they also indicate that a transition to the simple cubic phase might
be hindered by very large energy barriers. Instead, kinetics might favor the transition of
carbon from diamond into a different six-fold coordinated cubic structure, named SC4,
at about 3000 GPa [48]. At lower pressures, constant-pressure first-principles MD has
been used to study the transformation path of graphite to diamond. The transformation
has been shown to proceed through an intermediate state consisting in the sliding of the
graphite planes from the ABAB stacking characteristic of hexagonal graphite, the most
stable form of carbon at ambient conditions, into an orthorhombic AB'AB' stacking,
from where perfectly 4-fold coordinated cubic or hexagonal diamond was obtained [49].
Finally, simulations under non-isotropic stress [8] have been performed on diamond with
the aim of clarifying its stability and properties at the tip of a loaded diamond anvil [50].
It was found that diamond becomes mechanically unstable when the differential stress
(the difference between the radial and the vertical stress) exceeds 200 GPa [51], a condi-
tion that may be reached in a diamond anvil for sample pressures exceeding 300 GPa [52].

3'3. Hydrogen. — The high-pressure phase diagram of hydrogen is reviewed else-
where [53]. It consists of a low pressure phase I where molecules are centered on the
sites of an hcp lattice, but are free to rotate around their center of mass, an intermediate
broken-symmetry phase II, where molecular rotations are hindered by the crystal field, a
high pressure phase III characterized by a strong infrared activity, and by one (or more)
liquid phase(s) above melting. Here we summarize the hints provided by first-principles
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simulations. A large number of authors have focused on the low temperature portion of
the phase diagram. Simulations on H2 at low temperature are particularly challenging
because of the need to include the possibility that the unit cell be large [54], combined
with the very large number of points needed to sample the Brillouin zone [55]. This chal-
lenge required the development of a new method for Brillouin zone integration, based
on perturbation theory [56]. Simulations for phase II have helped understand its crystal
structure, which on the basis of MD within the gradient-corrected LDA is either Pca21

or P21/c [57]. Simulations in phase III have suggested that the infrared activity might be
due to a grouping of molecules in triplets [58]. More recently, it has been shown that most
of the structures proposed so far are actually unstable mechanically, whereas structures
with a layered triangular-like arrangement of molecules might be favored [59]. None of
the above simulations has attempted to study the insulator-metal transition, expected
to occur at sufficiently elevated pressures, because of intrinsic problems in the LDA (or
GGA) approximation close to the metallic transition [60]. However, attempts to search
for H2-bearing compounds where metallization takes place at lower pressures have been
made [61]. All the simulations described so far have assumed that the nuclei (protons)
behave as classical particles, i.e. they obey Newton's equations. This approximation is
not fully correct for hydrogen, where quantum effects are certainly important, e.g. in
preserving rotational disorder in phase I down to very low temperatures. Path-integral
MD simulations [62,63] for phases I, II, and III have shown that the degree of order in-
creases with pressure, and that quantum effects increase the localization of the protons,
contrary to elementary considerations [63].

At high temperature, first-principles simulations have been carried out to investigate
the structure of the liquid at various conditions of pressure and temperature. At rel-
atively low temperatures (~ 3000 K) and high pressures (> 150GPa), the liquid was
found to be mostly monoatomic [64], although peculiar filamentary structures have been
observed [65]. The conductivity calculated with a Kubo-Greenwood formulation [64]
appears to overestimate by almost one order of magnitude the conductivity measured
along the multiple-shock compression curve achieved in gas-gun experiments [66]. Al-
though this may indicate a problem in the determination of temperature in experiments,
the discrepancy might also be attributed to the insufficient size of the simulation box.
Determinations of the pressure-density equation of state along the principal Hugoniot
of deuterium [67,68] are in strong disagreement with laser-shock experiments [69], sim-
ulations showing a much smaller compressibility than experiments. Inclusion of spin in
the description of electronic states improves, but only marginally, the agreement [70].
At variance with multiple-shock experiments, however, theoretical conductivities calcu-
lated [71] along the principal Hugoniot agree with optical reflectivity data [72]. Appli-
cations of first-principles simulations to the understanding of the interiors of the giant
planets Jupiter and Saturn [73] have shown that the sound velocity of dense hydrogen is
not compatible with available planetary models, and have suggested that helium is fully
miscible in hydrogen [74], again contrary to evidences from planetary modeling [75]. It is
clear that more work needs to be done in order to resolve this discrepancies, for example
by repeating the simulations with larger simulation cells.
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3'4. Oxygen. - Among the diatomic systems, O2 stands out for its magnetic moment
(S = 1) caused by the exchange interaction between electrons in the two-fold degenerate
TT* molecular orbitals. Magnetism controls most of the low pressure and low temperature
properties of solid molecular oxygen, including its crystal structure and its insulating
antiferromagnetic electronic structure [76]. Upon compression, intermolecular electronic
hopping eventually overcomes the on-site exchange interaction, leading to a paramagnetic
metal. The £-O2 phase observed above 96GPa [77] has in fact been reported to be
metallic [78]. First-principles simulations have been used to investigate how the transition
takes place and to give some insight on the crystal structure of C~O2, so far poorly
constrained by experiments. In order to account for the magnetic moments in the low
pressure phases, the local-spin-density approximation (LSDA) has been used. In the
LSDA both the total electronic density and the magnetization density are optimised
independently at each time step. The magnetization density correctly disappeared at
high pressure during the simulation [79], and concomitantly a new peak appeared in
the structure factor of the simulation cell, indicating a transformation to a new phase.
Further refinement of the crystal structure found in the simulation [79] led to satisfactory
agreement with the experimental positions of the X-ray diffracted peaks of the £-O2

phase [77].

3'5. Carbon oxides. - Carbon monoxide (CO) and carbon dioxide (CO2) are among
the most stable molecules known in nature. In both molecules, however, the carbon atom
is in a different hybridization state than the sp2 or sp3 states that characterize carbon
in its dense elemental forms, graphite or diamond, respectively. The dramatic decrease
in the intermolecular distances caused by the application of moderate pressures (a few
tens of GPa) in both molecules leads to polymerization and formation of extended cova-
lent solids, with carbon in sp2 or sp3 hybridisation. In CO, evidence that the molecular
solid transforms into a denser yellowish substance above 5 GPa has been reported [80].
Infrared measurements on the compressed sample later revealed the polymeric nature
of the compressed phase [81]. First-principles MD simulations on CO predict polymer-
ization, and the existence of recurrent structural units (C4O five-membered rings) as
peculiar of the CO polymer [82]. The simulation have also been used to attribute peaks
in the infrared spectra to specific vibrational modes of the polymer. In the case of CO2,
pressure-induced polymerization has also been observed experimentally [83] and calcu-
lated theoretically [84,85]. Polymerization pressures in CO2 are around 50 GPa, slightly
larger than in CO. In first-principles MD simulations, the transformation took place
at about 100 GPa [84], but since the transition involves substantial electronic changes
and formation of new bonds, it is likely that a large energy barrier prevents the transi-
tion to take place at the correct thermodynamic pressure in simulations. Remarkably,
simulations at different temperatures yielded rather different results. At high tempera-
ture (~ 2000 K) the molecular solid transformed into an amorphous solid, while at lower
temperatures (~ 1000 K) it transformed into a perfectly ordered crystal, with a peculiar
layer-like structure [84].
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3"6. Hydrocarbons. - The fate of methane (CH4) at very high pressures and temper-
atures has important implications for our understanding of the interiors of Neptune and
Uranus [75]. Shock-wave experiments show evidence of a transition that was interpreted
as due to full dissociation of CH4 into its constituent elements, carbon and hydrogen [86].
First-principles simulations have suggested that a more subtle chemistry may pre-empt
full dissociation. Formation of hydrocarbons of molecular weight higher than methane
has in fact been reported on the basis of constant-pressure simulations at 100 GPa and
4000 K [87]. Evidence for hydrocarbon formation was later confirmed by static laser-
heated diamond-anvil cell experiments [88], although at a considerably lower pressure
than in the simulations.

Acetylene (C2H2) is known to polymerize in the pressure range of 3.5–14GPa [89].
First-principles simulations at constant pressure do reproduce the polymerization [90],
but once again at a considerably higher pressure (25GPa). However, simulations also
indicate that a self-trapped exciton on a single, cis-bent molecule in crystalline acetylene
is a very effective polymerization seed at lower pressure (< 9 GPa), much closer to the
experimental pressure range. This suggested that the reaction might be sensitive to
light irradiation, as later confirmed [91]. Further compression from the polymeric phase
yielded, in the simulations, an amorphous hydrogenated carbon phase with a very large
proportion of sp3-like carbon atoms [92].

3'7. Water and ammonia. — Water (H2O) and ammonia (NH3) are, with methane,
the main consituents of the giant planets Neptune and Uranus, where they are subjected
to pressures up to a few hundred GPa and temperatures up to a few thousand Kelvin.
Whereas in the low-pressure condensed phases molecules are held together by hydrogen
bonds, extreme conditions have the effect of reducing the relative strength of the hy-
drogen bond, either by thermally induced partial breaking of the directional O-H • • • O
linkage, or by its pressure-induced symmetrization. First-principles simulations have
reproduced the pressure-induced symmetrization at low temperature [93,94], although
the precise value of the transition pressure could only be obtained by properly treating
quantum effects on the protons [95,96]. The calculated infrared activity of ice across the
symmetrization [97] compares favorably with experiments. At high temperature, partial
collapse of the hydrogen bonding has been observed close to the critical point [98,99],
and its almost complete collapse has been reported at 10 GPa and 600 K [100]. At higher
pressures and temperatures, water becomes completely ionised as a two-component fluid
above melting as a superionic phase below melting for temperature above 2000 K [101].
Ionic conductivities in the fluid compare rather well with shock-wave measurements [102]
at similar conditions. Finally, H2O is predicted to become metallic at temperatures ex-
ceeding 7000 K and pressures above 300 GPa [101].

3'8. Other hydrogen-bonded systems: H2S and HBr. — Hydrogen disulfide (H2S) and
hydrogen bromide (HBr) are typically classified as hydrogen-bonded systems. The
strength of the hydrogen bond in both systems is however weaker than in water. The
weakness of the hydrogen bonding in H2S has been shown by first-principles simulations
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to be responsible for the large fluctuations of the S atoms around their average positions
in high pressure phase IV [103]. This leads to the dynamical formation of short-lived
S-S bonds whose presence would be consistent with experimental neutron scattering
data [104]. Simulations at higher pressures indicate that the H2S molecular entity dis-
appears completely in phase V. The structure of phase V is in fact characterized by the
presence of charged SH3

+ and SH- species, while in phase VI hydrogen atoms intercalate
between sulfur sheets. Full dissociation into elemental crystalline hydrogen and sulfur
cannot be ruled out, however [105].

Simulations of HBr have shown that, in contrast to water, the hydrogen bond in
this material is weaker than the isotropic dispersive interactions. This results in a disor-
dered rotator phase (phase I), with fluctuating hydrogen bonds up to pressures exceeding
10 GPa. Disorder is predicted to lead at higher pressures to cooperative proton-transfer
dynamics [106, 107]. Further compression leads to the transition to the ordered phase III,
where the hydrogen bond approaches and finally reaches its symmetrized state [107]. A
dielectric catastrophe follows, causing formation of H2 and possibly Br2 species [107,108].

3'9. Silicates and other Earth's materials. — The high-pressure behavior of silica
has attracted considerable attention in the last decade, due to its relevance in materials
science and geophysics [109]. First-principles simulations have only recently started to
address this system. Simulations of quartz at pressures above its thermodynamic stability
limit have shed light on the structure of the intermediate ordered phase observed prior
to amorphization [110]. The direct transformation of cristobalite into stishovite has also
been reported, and the microscopic path elucidated [111]. Finally, the simulations suggest
that octahedral (six-fold) coordination persists in SiO2 up to pressures of 1400 GPa, where
a new nine-fold coordinated structure is predicted to be stable [111].

Magnesium silicate perovskite (MgSiO3), the major component of the Earth's lower
mantle, has been studied with first-principles MD with the aim of determining its low
temperature crystal structure [112], elastic constants [113], and its thermoelasticity at
the temperatures of the Earth's mantle [114–116].

Simulations have been used to determine the preferential absorption site of a proton
(H+) in the various polymorphs of Mg2SiO4 [117], as well as to study the microscopic
mechanisms responsible for the pressure-induced hydrogen sublattice amorphization in
Mg(OH)2 and Ca(OH)2 [118].

3' 10. Iron. — Among the materials of geophysical interest, iron has recently been the
subject of a great amount of interest. Iron is the main constituent of the Earth's core,
and is found in the liquid state (possibly mixed with light elements) in the outer core,
whereas deeper in the inner core it solidifies because of pressure. Among the long-standing
questions that first-principles simulations have started to address, we can list the melting
temperature at the pressure of the inner/outer core boundary, the elastic properties of
the solid at inner core conditions, and the miscibility of light elements in the liquid at
outer core conditions. The determination of the melting temperature has been addressed
independently in two studies [39, 119]. Two rather different approaches were followed.
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In the first [119], the melting temperature was determined by means of thermodynamic
integration [120] from a reference potential. In the second approach [39], a very accurate
empirical potential was fitted to the first-principles MD trajectories and melting was
determined using a straightforward two-phase coexistence method with the empirical
potential. Unfortunately, the two methods yield melting temperatures that differ by
about 1300 K (6700 K vs. 5400 K). The two approaches agree, however, on a number of
other thermodynamical quantities, including the latent heat and volume jump at melting.
Elastic constants at Earth's inner core conditions were shown to be consistent with
seismic data [39]. For the outer core, various thermodynamic and structural properties of
compressed liquid iron have been calculated [121], including the viscosity coefficient [122].
The effect and solubility of light elements in liquid iron have been studied in the case of
oxygen [123] and sulfur [124, 125], and important implications for the temperature and
composition of the Earth's core have been drawn [126].

3'11. Other simple metals. — The hcp-to-bcc pressure-induced transformation in mag-
nesium has been simulated with constant-pressure first-principles MD, and the transfor-
mation path (Burgers mechanism) has been confirmed [127]. Simulations of rubidium
along the melting curve yielded structural information in good agreement with experi-
ment. A change in the compression mechanism observed at about 6GPa has been ex-
plained in terms of a pressure-induced electronic s-to-d transition [128]. The localization
(Mott transition) in expanded rubidium close to the critical point has been attributed
to the large ionic fluctuations [129].

4. — Perspectives

First-principles simulations have experienced tremendous growth and maturity in the
last decade. Nonetheless, a number of major challenges still remain to be solved. Concep-
tually, improvements over the conventional approximations to DFT would be extremely
welcome, although this is admittedly a field where important developments do not seem
to be close on the horizon. Extending the number of properties that can be extracted
from first-principles simulations is instead a field where important progress has been
made recently, or are in the progress of being made. Increasing the size and time scales
of the simulations is also a challenge that requires continuous effort, both from the tech-
nical (software) point of view and from the point of view of methodologies that allow one
to alleviate the effort required to solve the electronic problem.

* * *

I would like to thank G. CHIAROTTI, M. BERNASCONI, and E. TOSATTI for the
fruitful and pleasant collaboration, and R. CAR for the warm hospitality at Princeton
University, where these lectures were prepared.
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1. — Magnetism

One might think that one needs to be concerned with magnetism only if one is inter-
ested in magnetic properties of materials. This is not the case! Rather the stable crystal
structure can depend on properly taking into account magnetism, which can strongly
affect phase stability, lattice distortions, elasticity, equations of state, and vibrational
frequencies. Furthermore, magnetism can be important in materials containing tran-
sition metal ions even when the magnetic moments are not ordered. The distinction
between "non-magnetic" materials and disordered, paramagnetic, materials is crucial.

Magnetism in crystals comes about because electrons have a quantity called spin,
which is a vector quantity that behaves like quantum angular momentum. Electrons
also have orbital angular momentum, which can lead to orbital magnetic moments. In
heavy transition metal ions with partially occupied f-electron shells, such as rare earths
or lanthanides, these orbital moments can be very important.

Here we will concentrate on d-electron systems, but there is much complex and fasci-
nating physics in f-electron systems. In f-electron systems, f-electrons tend to form very
localized, strong magnetic moments on each atom. The localized f-electrons then inter-
act with delocalized band-like states, and this interaction can lead to interesting phase
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transitions with pressure, for example in Ce [1]. Electronic d-states tend to be more
delocalized than f-states, though localization is important, as we will discuss below.

The fact that electronic wave functions are antisymmetric with respect to exchanging
two electrons leads to the Pauli exclusion principle, without which electrons would all
fall into the nucleus, and there would be no atoms. The exclusion principle states that
two electrons cannot be in the same state. If electrons did not have spin the universe
would be a very different place, since only one electron could then be put into each band.
Since electrons do have spin, it is possible for two electrons to occupy the same state,
with one electron having the opposite spin of the other. In many atoms, molecules,
crystals, and liquids, the electrons are paired up, with each member of the pair having
the same probability distribution in space, but with opposite spins. These spin states are
conventionally called "spin-up" and "spin-down", though there is nothing "up" or "down"
about them except the way they might be drawn. Note that one must be careful to
understand that the concept of electron pairing in states is a rather loose way of talking.
In reality electrons are indistinguishable from each other, and one should talk about the
quantum states being paired, rather than particular electrons.

Electrons have an effective interaction that is different depending on whether they
have the same spin or not. Since electrons with opposite spin can occupy the same space,
they have a higher potential energy of interaction on average. Thus all else being equal,
electrons would want to have the same spin in order to lower the system's potential
energy. A system with electrons that have the same spin direction is a ferromagnet.
There is no free lunch, though. The cost of lowering the potential energy by lining up
the spins is to raise the system's kinetic energy, since higher states must be occupied
instead of the lower energy paired states. Thus there is competition between electronic
potential energy which favors magnetism, and the electronic kinetic energy, which favors
a non-magnetic electronic structure. As pressure is increased, electrons are pushed close
together, and the relative potential energy change between paired and unpaired electrons
becomes less important; bands become wider, making the kinetic energy cost smaller,
so that in general materials become non-magnetic with increasing pressure. The total
energy change between the magnetic and non-magnetic system in the simple picture
presented so far is known as the exchange energy.

As temperature is raised from low temperatures, the magnetic-moment directions on
each atom will fluctuate more and more, and at some critical temperature, called the
Curie temperature, or TC in ferromagnets, the moments will disorder. In general, there
are still magnetic moments on the ions above TC, they are just disordered in direction.

Antiferromagnets have moments of opposite direction on alternating sites. It is the
different hybridization of electronic states that leads to antiferromagnetic rather than
ferromagnetic order, so that the kinetic energy is lowered. This is sensitive to pressure,
so some ferromagnets become antiferromagnetic with increasing pressure, as in fcc iron.

In some cases the lowest free energy state has non-collinear spins. This can arise from
"frustration", which is the situation where it is impossible to tile a lattice with a per-
fect antiferromagnetic pattern, with every atom having only neighbors with the opposite
pointing spin. Examples are fcc and hcp structures. Such effects can be very impor-
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tant to material properties, and are responsible for the anti-Invar effect (high thermal
expansivity) in fcc Fe, for example.

This is not meant as a comprehensive review, but rather as lecture notes, and an
introduction of this complex field to the student. Examples are mainly chosen from our
own theoretical work, or from published experiments.

1'1. Itinerant magnetism. ~ There are two endmember models for understanding an-
tiferromagnetism. In the band, or Slater, picture [2], it is the different exchange inter-
actions between like- and unlike-spin electrons, combined with the kinetic energy of the
resulting different band states, that leads to the stability of antiferromagnetic, rather
than ferromagnetic or non-magnetic states. Antiferromagnetism is a zone-boundary in-
stability that leads to a doubling of the unit cell, giving folding of the electronic states.
These states then hybridize differently through the exchange potential than they would
have in the ferromagnetic case.

The Stoner model demonstrates the band picture of magnetism , and though a simple
model, turns out to be predictive. In the Stoner model, the magnetization energy AE is

A ^(1) AE= — -— +
4 4AT(0)'

where M is the magnetic moment or magnetization, the Stoner Integral I is an atomic
property, N(0 ) is the density of states at the Fermi level (or top of the valence band). The
first term on the right-hand side is the exchange energy and the second is the change in
the band energy with magnetic moment. Minimization of AJ5 gives the Stoner criterion:

(2) IN (0) > 1

for a magnetic state to be stable. In the more sophisticated extended Stoner model, the
average density of states,

(3) N(M) = Y>

is used, where 6e is the spin (exchange) splitting, and

(4) JV(0) = ̂ (0) = ^.

The instability criterion is IN (M) > 1. As pressure is increased the effective density of
states generally decreases, and magnetism will decrease and disappear with increasing
pressure.

Figure 1 shows Stoner diagrams for CoO, hypothetical FeSiO3 in the cubic perovskite
structure, and FeO in the NiAs structure. With increasing pressure the effective density
of states drops, and the stable magnetic structure becomes low-spin due to this effect.
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Fig. 1. — Stoner diagram for (a) CoO in the NaCl (B1) structure with a cubic lattice, (b) FeSiO3

in the cubic perovskite structure, and (c) FeO in the NiAs structure. The effective density of
states is plotted against moment for several different volumes. The inverse Stoner parameter, 1/7
is also shown, and places where the effective density of states crosses 1/7 with a negative slope
are stable solutions. At high volumes (low pressures) there is only a high-spin (large moment)
solution. At intermediate pressures both high-spin and low-spin solutions exist. (Whether such
coexistence is possible, i.e. whether the transition is first-order or second-order, depends on the
shape of the effective density of states.) At high pressures, there is only a low-spin solution. The
Stoner model behaves very differently from the localized, crystal field, picture (shown in inset)
which predicts a discontinuous transition, never giving intermediate moments. From ref. [3].
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1"2. Mott insulators. - Predicting properties of transition-metal-bearing oxides is
a severe problem in modern band theory, although qualitative understanding of the
behavior of transition metal oxides has been developed [4, 5]. Examples of problem
compounds are CoO and FeO; conventional band theory (the local density approximation,
LDA, or generalized gradient approximation, GGA [6]) predicts them to be metals, but
they are actually insulators. Materials which are insulating because they have magnetic
correlations are known as Mott insulators [7]. In contrast to density functional theory
(DFT) calculations within LDA or GGA, Hartree-Fock theory gives a large band gap
for transition metals oxides [8], much larger than the experimentally observed gaps.
It is generally understood that the problem with LDA and similar theories for these
materials is that they underestimate the local Coulomb repulsions between electrons.
Band theory assumes that electrons are delocalized through space, but if the electrons
can be considered as localized, the energy will depend on how many electrons are on a
given site (i.e. localized on a given atom or region of space). In order to conduct electricity
the energy cost for an electron to move from site to site cannot be too high. There are
several approaches that give an insulating behavior for the problematic transition metal
oxides.

In the simplest one-band Hubbard model, the Hamiltonian is given by

(5) E =

and the band states are split into an upper and lower Hubbard band, with a splitting of
U. The first term is the hopping, or hybridization, governed by T. The creation operator
Ci adds an electron to site i, and the destruction operator c\ subtracts an electron from
site i. The number of up-electrons on site i is

(6) nit = ct^,

and similarly for the down-electrons. In this simple model there can be 0, 1 (up or
down), or 2 (one up and one down) electrons on a site. Even this simple model has never
been solved exactly in three dimensions. The physical picture, however, is clear. The
first term is the band term. The second is a local repulsion. A local repulsion between
electrons can open up a gap in the excitation spectrum, and make an insulator out of a
band metal.

1'2.1. LDA + U. One approach that gives an insulating ground state for transition
metal oxides is the LDA+U model, which adds a Hartree-Fock-like local Coulomb re-
pulsion tensor U and exchange interaction J, and then attempts to correct for double
counting. The LDA+U model has given excellent results for a variety of systems [9-12],
but the limits of the model are still not well known, for example whether it properly
predicts the high pressure behavior of Mott insulators. Modern LDA+U is rotationally
invariant, but still has some dependence of the choice of local orbitals in which to apply
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the corrections. The rotationally invariant LDA+U contribution to the energy is given by

(7) AF, = - T f/mi mamj m'2 «>, m2 - fimi m2

where EDC is the double-counting correction accounting for the on-site Coulomb inter-
action already included in LDA. The tensors U and J are the Coulomb and exchange
integrals between electrons in orbitals mi. The n's are the site occupancy matrices and
a designates spin. For the double-counting correction, we use the form

where

(9) & = * £{mm'|i|mm'>,
mm'

J~ T T X ~ * / / H I / \ / I I I t \ \= U — —— y ^ I (mm I - (mm ) — (mm | - |m m) I,
mm1

and where nff = ^2m n^nm^ and n = (n^ + n^)/2. The Coulomb and exchange tensors U
and J are defined by

(10)

and are to be evaluated over localized orbitals. In practice U and J are input parameters,
but can be determined from constrained occupancy computations [12, 13]. Actually the
Slater integrals F0, F2, and F3 are input for d-states, and U = F0, J = F2 + F4/14, and
F2/F4 = 0.625. We use the atomic values for F2 and F3: F2 = 8.18 eV and F4 = 5.15eV,
or J = 0.95 eV, for CoO and F2 = 7.67 eV and F4 = 4.79 eV, or J = 0.89 eV for FeO.

LDA+U has been shown to give good predictions of the electronic structure of NiO [12,
14,15]. In ref. [14] the equation of state and elastic constants for cubic NiO were computed
with LDA+U and SIC (see below), and reasonable agreement with experiment was found.
However, there have been few tests of LDA+U total energies, and here we study in detail
the energetics with respect to strain and compression in FeO.
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1'2.2. Self- interact ion corrections. Another successful model, which still has
not been fully explored for Mott insulators, is known as the self-interaction correction
(SIC). This is understood easiest by considering a hydrogen atom with one electron.
The self-consistent field electrostatic energy and Hartree self-consistent potential are
computed from the electronic charge density. The charge density for a hydrogen atom
is spread out, yet actually an electron is only at one place at a time; there should be no
electron-electron interaction when there is only one electron. The Hartree potential VH

and energy are computed from the charge density, so that

(11) T/L./^A _ ; A^IZ P(r >

for example, which is an electron-electron interaction, which should not be present in
a hydrogen atom! The LDA exchange-correlation potential also depends on the charge
density, and would be non-zero in the hydrogen atom. In the exact density functional,
which is unknown, the exchange-correlation potential must exactly cancel the Hartree
potential, giving zero for the total electron-electron interaction. This can be enforced,
by correcting the potential so that

(12) VSIC = VL D A – ]T fdr3V(plk),
ik •*

where

Pik = ^Ik^ik-

The simple SIC correction above clearly depends on the localization of the basis
set. It works very well in an atom, but in a crystal the Bloch functions are extended
throughout space, and the correction goes to zero. However, one can perform a unitary
transformation on the orbitals and find sets of localized orbitals. It has been shown that
there is a variational principle, and the most localized orbitals have the lowest SIC energy.
Thus SIC computations are quite computationally intensive, as there is an inner iterative
loop in which the orbitals are localized. SIC does very well for excitation energies and
does predict an insulating ground state for the transition metal oxides [16-18], and gives
a qualitatively correct picture for the rare-earth metals [19].

In the exact density functional theory, there should be no self-interaction. One can
still question whether the way SIC enforces freedom from self-interaction is realistic or
accurate. For example, the weighted density approximation (WDA) is constructed to
give no self-interaction per orbital, yet it makes only small changes in the electronic
structure in most systems studied so far [20]. In contrast, SIC makes large changes in
electronic structure for all systems studied.

LDA+U and SIC make very different predictions for the electronic structure. Whereas
LDA+U pushes unoccupied states up in energy, SIC pulls occupied states down in energy.
This makes a difference when there are different types of bands present. For example,
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in the transition metal oxides, 4s states are not affected directly by U. The nature of
the band gap is thus different in the two models, as will be discussed further below.
In ref. [14] the EELS spectra are computed for O 2p for LDA+U and SIC, and both
compare well with each other and with experiment. However, the differences in models
are minimized by considering only the O 2p states, which are only indirectly affected by
the correlations.

1"2.3. Dynamical mean-field theory. Dynamical mean-field theory (DMFT) is
a method for treating correlated systems that becomes exact in infinite dimensions [21].
It can be applied as an extension of LDA+U that includes a frequency-dependent hy-
bridization function [22]. A multiplet ion is solved self-consistently within the mean-field
Anderson impurity model. It is very time-consuming with few cases studied, and it is
probably not currently tractable to study a system such as FeO using DMFT as a function
of strain and pressure, as we did here. In DMFT, one still uses the parameter U.

1"2.4. Hartree-Fock. In contrast to density-functional-based methods, Hartree-
Fock theory gives a large band gap (way too large) for transition metal oxides, and
some feel that Hartree-Fock should therefore be taken as the zeroth-order method for
these materials [5, 8, 23]. This is indeed the basis of the LDA+U method. Hartree-Fock
by itself is not a reasonable way to study the high pressure properties of Mott insulators,
because it would grossly overestimate the pressure of a metal-insulator transition, since it
greatly overestimates the gap. This is because the Couloumb repulsion in Haretree-Fock
is completely unscreened. Furthermore, Hartree-Fock does not work well for any metal,
always predicting a singularity in the density of states at the Fermi level. Thus it is not
a good way to study metal/insulator transitions.

2. - Methods

We have used a variety of methods to study Fe, FeO and CoO, and only a brief
outline of the methods will be given here. Computational details are given in the ref-
erenced papers. For Fe our most accurate method is the Linearized Augmented Plane
Wave (LAPW) method. We have used the LAPW method to study non-magnetic and
collinear magnetic properties of Fe [24–26]. LAPW is a full-potential all-electron (i.e. no
pseudopotential) method, and the basis is very flexible, and is suited both to the intersti-
tial region and the atomic cores. One advantage of LAPW is that it is straightforward to
converge the results with respect to basis set size. Our computations are done using the
Generalized Gradient Approximation (GGA) for the exchange-correlation potential [6].

3. — Results and discussion

3'1. Overview of effects of pressure on magnetism. - A straightforward effect of pres-
sure on magnetism is through structural phase transitions. Compression can drive struc-
tural phase transitions, and the magnetic properties of the different phases will be differ-
ent. For example, body-centered cubic iron is ferromagnetic, and hexagonal close-packed
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Fig. 2. — Computed magnetic moments for FeO using the LAPW method and the GGA. For the
cubic lattice the antiferromagnetic solution gives a discontinuous high-spin-low-spin transition.
However, with the equilibrium rhombohedral distortion at each volume, the moments decrease
continuously. The behavior also depends on the nature of magnetic ordering, i.e. antiferromag-
netic or ferromagnetic.

iron was believed to be non-magnetic, so the bcc to hcp transition would also be a
ferromagnetic-to-non-magnetic transition. One can also have transitions from one mag-
netic structure to another. The simplest is the Curie point, where the magnetic moments
become disordered. Generally, there are still local moments on the atoms, but they are
no longer ordered. The Curie temperature in bcc iron is 1043 K. One could also have a
transition from ferromagnetic to antiferromagnetic, or from an ordered structure to an
incommensurate structure.

As pressure is increased magnetic moments tend to decrease, and eventually mag-
netism is squeezed out. This can be understood in the Stoner model as due to the
general increase in bandwidths with pressure, decreasing the effective density of states,
whereas the effective Stoner parameter is approximately constant. This also happens
in the Hubbard picture, since U is approximately constant or decreasing with pressure,
and the hopping parameter T increases in magnitude with pressure. Actually the pa-
rameters of the two models are closely related. Actual computations are shown for FeO
using the LAPW method and the GGA in fig. 2. Note that the magnetic behavior with
pressure depends strongly on the crystal structure (cubic lattice vs. one with a small
rhombohedral strain) and on the magnetic order (antiferromagnetic vs. ferromagnetic).
The antiferromagnetic state with cubic lattice shows a strong first-order high-spin—low-
spin transition with an appreciable AV of 8%. With a rhombohedral strain, or with
ferromagnetic order, the transition is gradual. This kind of comparison is one of the
useful things that can be done with theory. In experiments one is generally stuck with
the lowest free energy phase unless there is a large activation energy so that metastable
phases can be studied. With theory one can answer the question, "What if FeO were
ferromagnetic?" High-spin-low-spin transitions are predicted in all the transition metal
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Fig. 3. - Computed magnetic moments for afmI (open symbols) and afmII hcp Fe. These are
the moments in the muffin tins, which have a radius of 2.0 bohr. Note that in the original
presentation of these results (ref. [26]) the moments were plotted incorrectly smaller by a factor
of two.

oxides [3,27], and have been observed in sulfides and f-metals [28].
Metals such as Co and hcp Fe do not show discontinuous transitions in our compu-

tations, but show a gradual reduction in moments as the bands widen with increasing
pressure (fig. 3) [26]. The effect of pressure on magnetism is a strong function of the
magnetic structure, as well as chemical composition.

3"2. Magnetic behavior of Fe, FeO, and CoO with increasing pressure.

3*2.1. Fe. There are three well-known crystalline phases for Fe: body-centered cubic
(bcc, or oi-Fe), which is the stable form at ambient conditions, face-centered cubic (fcc,
or 7-Fe) which is stable at high temperatures, and hexagonal close-packed (hcp, or e-
Fe), stable at high pressures (fig. 4). There is also a small bcc field (£-Fe) just before
melting at low pressures. Bcc iron is ferromagnetic, fee has magnetic correlations, but
not an ordered magnetic structure, and hcp was believed to be non-magnetic (though,
see discussion below). See ref. [29] for a review of experimental studies of Fe at high
pressures.

One of the well-known failures of the local density approximation (LDA) is that it
gives the wrong ground state for Fe. LDA only gives the magnetic bcc phase at negative
pressures, but at zero pressure gives a close-packed non-magnetic ground state. One
of the early successes of the GGA was the correct prediction of the bcc ground state
and an accurate transition pressure to hcp from bcc of 11 GPa [24,30] compared with
a 10-15 GPa hysteresis loop from experiment. This showed that the GGA was accurate
for the magnetic stabilization energy of bcc-Fe. Furthermore, bcc iron is only stable due
to its magnetism. Non-magnetic bcc iron would not be a stable phase, except possibly
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Fig. 4. — The experimental phase diagram for Fe. The points correspond to Hugoniot data. See
ref. [29] and references therein.

in the 5-Fe field just before melting. There had been speculations that the Earth's solid
inner core was bcc-iron, but calculations showed that bcc-Fe was mechanically unstable
at those conditions because it was non-magnetic at such high pressures [25].

Not only is magnetism important in bcc iron, but it is also important in fcc. We tried
to find the phase transition from hcp to non-magnetic fcc using the particle-in-a-cell
model (ref. [31] and unpublished), but did not find a stable field for fcc below melting,
which could be explained by magnetic stabilization of fcc. Experimentally, it is known
that fcc iron is magnetic (i.e. has local moments).

The computed equations of state for magnetic bcc-Fe, and non-magnetic fcc and
hcp, are shown in fig. 5. The inset shows the total energies for these three phases; the
transition from bcc to hcp occurs at the common tangent. The computed P-V equation
of state is in good agreement at high pressures, and with bcc, but discrepancies are seen
at lower pressures; the non-magnetic hcp equation of state is too stiff at low pressures.
The discrepancy at low pressures seems very large if one compares the zero-pressure bulk
modulus K0 from the equation of state. The experimental value is 165 GPa, compared
with 292 GPa from the GGA equation of state. K0 is a fictive quantity for hcp-Fe,
since it has not proved possible to quench hcp-Fe to zero pressure, but nevertheless
the discrepancy seems larger than expected compared with GGA results for other hcp
transition metals (for example for Co K0 = 190 GPa from experiment and 212 GPa from
GGA, and Re is 365 GPa from experiment and 344 GPa from GGA [26]).

Disagreements between theory and experiment often lead to advancement in theory,
or in our understanding of physics. In this case, it appears that the discrepancy in the
equation of state of hcp-Fe is not due to inaccuracy of the theoretical calculations or
methods, but is due to the neglect of magnetism in hcp-Fe. Experimental data had
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Fig. 5. - Computed equation of state for Fe using the LAPW method and GGA. A transition
pressure from bcc to hcp of 11 GPa is obtained from the common tangent of the energy curves
shown in the inset, in good agreement with experiment. The computed P-V equation of state
is in good agreement with experiments [37, 38] at high pressures, and with bcc.

been interpreted to show no magnetism in hcp-Fe, and indeed calculations showed that
ferromagnetism was not stable in hcp-Fe. Mossbauer experiments showed no evidence
for ordered magnetism in hcp-Fe, even down to 0.03 K [32, 33]. However, even in the
earliest papers on Mossbauer in hcp-Fe it was recognized that magnetism was not ruled
out by the data [34, 35]. Given the large unexplained discrepancy in the equation of
state, we started looking for stable magnetic structures. Two stable antiferromagnetic
hcp structures were found, and the most stable, afmII, is stable up to about 50 GPa. The
computed local magnetic moments are shown in fig. 3. The afmI structure consists of
layers of Fe with alternating spin along the c-axis. The afmII structure (fig. 6) alternates
spin-up and spin-down layers along the hexagonal a-axis [26].

The bulk modulus K0 for afmII hcp-Fe is 209 GPa, a vast improvement from the non-
magnetic GGA value of 292 GPa, but higher than the experimental value of 165 GPa.
Another piece of evidence for local antiferromagnetic correlations comes from Raman
spectroscopy. The hcp structure has a single Raman active mode. Raman experiments
on hcp-Fe show a second broad peak [36] which cannot be explained within hcp symmetry.
The afmII structure has magnetic symmetry lower than hcp, is orthorhombic, and has
two transverse optic Raman modes. It is very interesting that the predicted splitting
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Fig. 6. - Antiferromagnetic ground state of hcp iron (afmII). Filled symbols show the atomic
positions at z = 1/4, open symbols at z = 3/4 with the arrows indicating the direction of spin
on the atoms. The spacegroup of the afmII structure is Pmma with the atomic positions of
the spin-up states at (1/4, 0, 1/3) and spin-down states at (1/4, 1/2, 5/6). Also shown are the
orthorhombic unit cell vectors in the (x,y)-plane (b and c): we chose the orthorhombic a-axis
along the hexagonal c-axis (out of the plane). The orthorhombic b-axis then coincides with
hexagonal a. The orthorhombic b and c also define the eigenvectors for the displacements of the
zone center TO modes (TOb and TOC) in the afmII structure.

in Raman frequencies due to the antiferromagnetic order for afmII [36] is in excellent
agreement with experiment (fig. 7). However, the second peak seen in experiments is
quite broad, suggesting that a long-range ordered magnetic structure is not present.

There is increasing theoretical evidence that hcp-Fe has local magnetic moments,
which are not long-range ordered, but have strong local antiferromagnetic, non-collinear,
correlations. On the other hand, experiments suggest that hcp-Fe is non-magnetic. Moss-
bauer data show no ordered moments, requiring a correlation time less than 10–7–10–9

seconds. X-ray absorption experiments [39] also show significant decrease of moment
between bcc and hcp, but they do not prove complete loss of magnetism; the change
in the absorption spectrum is due to changes in density of states as well as changes in
the spin-related satellite. Recent experiments that show superconductivity in hcp-Fe [40]
are fascinating. (However, the data reported in ref. [40] do not prove superconductivity
unambiguously; they could alternatively be interpreted as a magnetic phase transition.
But they are strong evidence for superconductivity given the strong dependence of the
resistivity of applied magnetic field.) It used to be thought that superconductivity and
magnetism were incompatible, but that is now known to be not always true, and weak
magnetism may promote exotic superconductivity [41]. Nevertheless, the fact that only
specially treated samples were superconducting suggests that the superconducivity in Fe
may be exotic. The main problem with the idea that hcp Fe is locally magnetic are the
Mossbauer measurements. It is hard to understand how at the lowest temperatures the
spin dynamics would still be so rapid as to show no magnetism. On the other hand, it
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Fig. 7. - Transverse optical frequencies as a function of atomic volume. Non-magnetic calcula-
tions are shown in filled squares. The afmII structure has two transverse optical modes (filled
circles) with TO& being the lower and TOC the upper branch. The dashed lines through TOb

and TOC are finite strain fits to the results to third order in V–2/3. Experiments [36] identify
two peaks in the Raman spectra up to 40 GPa. The stronger, low frequency peak is shown with
triangles up, the weaker, high frequency peak with triangles down. The inset compares the
calculated split in TO frequencies (circles) with the Raman experiment (triangles).

is rare for band theory to incorrectly predict a magnetic ground state. Including local
correlations neglected in GGA should further promote magnetism. If there were struc-
tural distortions or very soft vibrational modes that invalidate the Born-Oppenheimer
approximation there would be some grounds for considering the theoretical predictions
less firm. But hcp is a very simple, close-packed structure, so that an incorrect pre-
diction of a magnetic ground state does not seem reasonable. Furthermore, including
magnetism greatly improves the equation of state of Fe (table I). So there remains a
problem reconciling the experimental and theoretical evidence.

TABLE I. - Comparison of experimental and theoretical values of equilibrium volume (Vo) and
bulk modulus (Ko) for e-Fe.

Fe (GGA) Vo (bohr3) (GPa)

Experimental [37,38]
Non-magnetic [26]
Collinear (afmII) [26]

75.4
69.0
71.2

165
292
209
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Fig. 8. – Computed equation of state for CoO and equation of state parameters from a Vinet
equation [47] fit to the computed energies. The experimental values for the zero-pressure volume
and bulk modulus are 261 bohr3 and 181 GPa, respectively.

3'2.2. FeO and CoO. Transition metal oxides like FeO and CoO present an even more
challenging problem to both theory and experiment. Understanding materials such as
FeO is one of the frontier problems in condensed matter physics. FeO and CoO are Mott
insulators, that is they are insulating because of local magnetic moments. Conventional
band theory makes FeO and CoO metals [42], and no small change in exchange-correlation
potential will make them insulators. (Large changes in the exchange correlation potential
can make them insulators, but at the expense of accurate total energies [43].) In spite of
this failure, conventional LDA or GGA calculations predict energetic properties, such as
equations of state, and the magnetic moments reasonably well [44]. LDA+U predicts a
band gap and the canted magnetic moments and lattice strains experimentally observed
in CoO are reproduced [45].

We have performed LDA+U computations on CoO and FeO and get very encour-
aging results, but only with more experiments will the predictive power of LDA+U be
understood. Since the results depend on the value of U, how U is computed or estimated
is critical. Without comparison with experiment it is hard to test different models for
U, so we have used several different values. A complication of LDA+U is that different
self-consistent results can be obtained depending on electronic symmetry and d-state
occupations. Thus one can have electronic symmetry that is lower than the lattice or
magnetic symmetry due to the orbital ordering. We report results on the lowest energy
states we have found, but no systematic study of the different metastable states has yet
been made.



230 R. E. COHEN, S. GRAMSCH, G. STEINLE-NEUMANN and L. STIXRUDE

2.5-

2.0

,1.5-

1.0-

0.5-

0.0-

160 180 200 220 240 260 280 300 320

V (bohr3)

Fig. 9. - Computed local moments for Co in cubic CoO. U = 0 is the GGA result, which shows
a first-order high-spin-low-spin transition. Note that turning on U inhibits the transition.

The equations of state for CoO obtained using LDA+U (and the GGA, i.e. U = 0)
are reasonable (fig. 8), and a U from 2–5 eV is consistent with the experimental equation
of state. Figure 9 shows the computed magnetic moments for antiferromagnetic CoO
with a cubic lattice, computed using LMTO-ASA with GGA. The curve for U = 0 is the
GGA result. Note that our LDA+U results used GGA for the density functional, so our
results could properly be called GGA+U. GGA gives a high-spin-low-spin transition, as
we found earlier [3].

The band gap in CoO is predicted to initially increase with pressure, and then decrease
(fig. 10). At zero pressure, the lowest conduction states are 4s states, so that the gap is
an intra-atomic gap between 3d and 4s. As pressure increases, the 4s states are driven up
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Fig. 10. - Computed band gap for cubic CoO using LDA+U.
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Fig. 11. - Energy differences between various LDA+U solutions and the unstrained rhombohe-
dral solution (dotted line) for (a) U = 4.6 eV, (b) U = 6.0 eV, and (c) U = 8.0 eV. Solid line,
strained rhombohedral solution; dashed line, strained monoclinic solution; dash-dotted line,
unstrained monoclinic solution.

and the gap becomes a d-d gap, which then decreases with increasing pressure. LDA+U
pushes unoccupied states up into the conduction band, so that the conduction band
edge contains 4s character, which are not affected by U. The d-s nature of the gap was
pointed out in ref. [46]; they suggested that this is consistent with photoemission data.
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Fig. 12. - Densities of states for FeO at the zero-pressure volume for (a) cubic lattice and
(b) optimal rhombohedral strain computed using GGA (U = 0). Right hatching, spin-up states
in one Fe muffin tin; left hatching, spin-down states.

In contrast, SIC lowers the occupied states, rather than raising the unoccupied states,
and gives a prediction of d-character for the lowest conduction band states [17]. This
suggests that LDA+U may be an approximation better than SIC for the nature of the
gap in transition metal oxides.

Of critical importance for gap closure, that is metallization pressure, is the behavior
of U with pressure. The assumption is generally made that U is about constant with
pressure, being a local, atomic-like property, but it may decrease with strong compression.
In that light, the U = 2 eV result of 170 GPa would be a lower bound for the metallization
pressure for cubic CoO. Lattice distortion may increase this to higher pressure, as would
a higher value of U. It is interesting that such moderate values of U are sufficient to
give an insulating state over a wide range of compression, when the GGA itself gives a
metallic band structure.

At high pressures and temperatures, FeO transforms from the rhombohedrally dis-
torted rocksalt (B1) structure to a superlattice of NiAs and anti-NiAs structure [48-50].
However, at room temperature, FeO can be maintained in the distorted B1 structure to
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Fig. 13. - Density of states for FeO with LDA+U, and U = 4.6 eV. (a) Rhombohedrally strained
with rhombohedral electronic symmetry at 0 GPa; (b) rhombohedrally strained with electronic
monoclinic symmetry at 0 GPa; (c) rhombohedrally strained with rhombohedral electronic sym-
metry at 180 GPa; (d) rhombohedral symmetry with a cubic lattice at 180 GPa. Right hatching,
spin-up states in one Fe muffin tin; left hatching, spin-down states.

over 120 GPa [51]. Here we discuss the behavior of FeO in the distorted rocksalt structure,
since understanding the behavior of transition metal oxides in this simple structure is a
prerequisite to understanding the behavior of more complex phases. We have performed a
large number of self-consistent computations using the full potential LMTO method [22]
for different lattice strains and d-orbital occupancies. The lowest energy state we find
has rhombohedral symmetry, except for very high pressures with U = 4.6 eV (fig. 11).
This value of U was obtained by computing the change in eigenvalues with potential shift
in each d-orbital, and is probably the best estimate at zero pressure [13]. As mentioned
above, the effects of pressure on U are still unknown. Smaller values of U (U < 3.5 eV)
give a metallic band structure at zero pressure.

The GGA (U = 0) density of states is shown in fig. 12 at the experimental zero-
pressure volume. The electronic structure is metallic in the GGA. With a rhombohedral
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Fig. 14. - (a) Energy vs. rhombohedral strain 6 for FeO at V = 137.33 bohr3/formula unit, the
experimental zero-pressure volume. The LDA+U results are an improvement over GGA. Good
agreement is found between full potential LAPW and full potential LMTO, and little difference
is found between LDA and GGA at fixed volume. (b) Optimized strain for FeO as a function
of volume. Asterisks, experiment [51].

strain, some minority spin states move down, making it possible to open a gap, but still
a gap does not form. LDA+U does open a gap (fig. 13), as was shown in the original
LDA+U work (ref. [9]). LDA+U also does a much better job for an isolated Fe ion in
MgO, indicating that it might work for arbitrary transition metal ion concentrations [52].

Previous work has not examined the LDA+U total energies. In order to understand
how predictive are the total energies computed with LDA+U, we studied the energy
as a function of rhombohedral strain for FeO. The lattice strain A in terms of the
rhombohedral strain parameter 6 is given by

(14) A = (1+
'1 + 8

6
8

8
1 + 8

8

8 '
8

1 + 8

We find that the lattice strain and its pressure dependence are predicted better by
LDA+U than by GGA or LDA (fig. 14). This is strong evidence that LDA+U is making
the right kind of corrections since the energetics of strain are quite subtle.

We also found more than one stable state for FeO with different orbital occupancies.
The lowest energy state at low pressures was the strained lattice with rhombohedral
symmetry. At high pressures, when U > 4.6 eV, we find a phase transition to a state
with monoclinic electronic symmetry (fig. 11).
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Fig. 15. - Band gaps as a function of pressure for different LDA+U solutions for FeO: (a) U —
4.6 eV, (b) U = 6.0 eV, (c) U = 8.0 eV. Solid symbols, rhombohedral solutions; open symbols,
monoclinic solutions. Diamonds, cubic lattice; circles, rhombohedrally strained FeO.

The band gaps for different symmetry solutions are shown in fig. 15. The lower
energy rhombohedral symmetry d-state occupancies also have a larger band gap, and
gap closure occurs at about 250 GPa for U = 4.6 eV. The rhombohedral strain lowers
the gap appreciably. It is interesting to note that the monoclinic structure gap closes at
much lower pressures. This suggests that large non-hydrostatic stresses might promote
gap closure at lower pressures than under hydrostatic conditions.

4. — Conclusions

Magnetism is an important contribution to the high pressure properties of many ma-
terials containing transition metals. For pure Fe, conventional electronic structure meth-
ods within the density functional theory using modern exchange-correlation functionals,
such as the generalized gradient approximation (GGA), successfully predict structural
and magnetic properties, including equations of state, phase transition pressures, elas-
ticity, etc. There are still some areas with discrepancies, such as the elastic properties
of hcp Fe, but these differences are probably due both to experimental difficulties, and
to not yet having the proper magnetic structure in the first-principles computations.
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Discrepancies in theoretical computations of the melting curve [53, 54] are probably due
to the difficulties of sufficient accuracy in computing the solid and liquid free energies
rather than any fundamental problem with the underlying theory. The main remaining
hurdle for Fe is to be able to do computations with sufficient speed and accuracy, self-
consistently within the GGA, to compute free energies of all of the phases as functions
of V, T, strain, etc., in order to obtain a thermal equation of state, elasticity, phase
transitions, magnetic, and vibrational properties over a wide pressure and temperature
range, though much progress has been made [53-57]. Theory suggests that magnetism in
Fe is key to understanding the high pressure behavior of Fe, for pressures at least up to
50 GPa. On the other hand, there are no experiments that show ambiguously the pres-
ence of local moments in hcp Fe, and many experiments imply the opposite. If indeed
iron is non-magnetic, contrary to our best theoretical calculations, important changes
to our best exchange-correlation functionals are required. Alternatively, perhaps defects
and/or thermal disorder are giving rise to loss of moments, as discussed above.

The situation for transition metal oxides is not so clear. Models are available now
that properly give insulating behavior for FeO and other transition metal oxides, such
as LDA+U and SIC. It is not yet known how predictive these methods are since the
experimental data are not yet available, though computations agree well with present
data. Theoretical predictions of high pressure behavior within SIC, or within other
methods such as dynamical mean-field theory are also not available. Here we presented
predictions of behavior from LDA+U that can be tested when more experimental data
become available. In any case, it is clear that local magnetism is responsible for the
insulating behavior, and is also probably key for accurately understanding lattice strains
and elasticity.

This is a forefront area, and we expect to see many advances in both theory and
experiment for the effects of magnetism on high pressure properties.
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Rheology: Elasticity and viscosity at high pressure

J.-P. POIRIER

Institut de Physique du Globe de Paris - BP 89, 4, Place Jussieu

75252 Paris Cedex 05, France

I. - Introduction

"Rheology" comes from the greek "p£^^'", to flow(1). The term was invented by Bing-
ham in the 1920s and means the study of the deformation and flow of matter [1]. "Rheol-
ogy" is thus a branch of science concerned with the time-dependent deformation behavior
of materials under stress, partaking of properties generally associated with solids and flu-
ids: elasticity and viscosity [2].

Elastic behavior is an extreme case, involving no flow. Elastic strain e appears in-
stantaneously, as soon as a stress a is applied, and it is proportional to stress (Hooke's
law, proposed in 1678). In the case of shear stress and strain, we have

where p is the shear modulus. There is no dissipation of energy and the stored elastic
energy is totally recovered when stress is removed. Particularly important is the case of
hydrostatic pressure, for which an isothermal constitutive relation, or equation of state
(EOS), can be found between pressure P and relative volume change V/Vo (or relative
density change p/p0 = —V/Vo):

P - K - K" — -K0-—- — KQ - ,
Vo Po

(1) "TLavra pei" said Heraclites: "Everything flows".

© Societa Italiana di Fisica 239



240 J.-P. POIRIER

where V0, po and K0 are the volume, density and bulk modulus at P = 0, respectively.
At high pressure, the linear Hooke's law, eq. (2), is no longer valid. The bulk modulus
increases with pressure and equations of state based on finite strain must be devised.

Viscous behavior is the other extreme case, on the side of fluids. It is dissipative and
results in an irreversible strain, proportional to time, when a steady state can be reached.
Newton's law from 1687 states that the velocity gradient, or shear rate, is proportional
to the shear stress:

f*\ d£ - • a
(3) — = e = - ,

at r/

where 17 is the viscosity, a measure of resistance to flow. Viscosity is usually strongly
temperature dependent. The linear Newton's law is not always valid and in many cases
viscosity depends on stress (non-Newtonian viscosity).

All real materials, in some measure, are viscoelastic. On time scales shorter than a
time characteristic of the material, they behave as elastic solids, whereas, on longer time
scales, they flow like viscous fluids. A good estimate of the characteristic time r of a
material is given by the ratio of viscosity (e.g., 77 in Pascal • second) to shear modulus
(e.g., /z in Pascal):

(4) r^-.

The meaning of r is best understood by referring to the typical linear viscoelastic
behavior of the Maxwell body, for which the total strain e is the sum of elastic and viscous
strains, £E and £y, respectively. The Maxwell body is represented by a mechanical analog
consisting of a spring (p) and a dashpot (77) in series. If a given strain is instantaneously
imposed to the system and held constant, we have

(5) 0=— = — + — =-— + i<r
^ dt dt dt [i dt 1]°'

and the stress relaxes exponentially from its initial value CTO , corresponding to the elastic
strain, with a relaxation time r:

(6) a = <70 exp .

As stress relaxes, the stored elastic energy is dissipated by viscous flow.
As an example, for the rocky mantle of the Earth, 77 ~ 1021 Pa s and p, ~ 70 GPa,

which yields a characteristic time r of about 500 years. Seismic waves, with periods
of the order of several seconds, propagate elastically in the mantle, but on the scale of
millions of years, the mantle behaves like a fluid and loses its heat by convection.

Crystalline solids (e.g., metals, ceramics and minerals) behave elastically at low tem-
peratures, but at high temperatures, they flow (creep) in a viscous manner and their
strain rate under constant stress is usually strongly temperature dependent.
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The constitutive equations used by materials scientists and geophysicists usually ex-
press the strain rate as a function of stress, of material parameters (such as elastic moduli,
diffusion coefficients, grain size, etc.), and of physical parameters (such as temperature,
pressure, oxygen partial pressure, etc.). The effect of pressure is indirect, often through
the pressure dependence of diffusion coefficients.

2. — Equations of state

The thermodynamic state of an elastic solid, under hydrostatic pressure P, at absolute
temperature T, is defined by P, T and specific volume V (or density p = l/V). These
quantities are linked by an equation of state (often called a P-V-T EOS), which can be
written as

where P(V,To) is the isothermal equation of state at room temperature T0, Pth is the
thermal pressure, which can be expressed in terms of the thermal expansion coefficient
a and the isothermal bulk modulus KT [3]:

fT fdP\ fT

(8) P th= / (TJT = / <*KT(V,T)dT.
JT \(y-L / v JTO

T

TO

P-V-T equations of state can be experimentally determined, for example in the case of
crystals, by X-ray diffraction, up to high pressures and temperatures, using diamond
anvil cells and synchrotron radiation [4]. Shock-wave experiments yield the Hugoniot
equations of state [5] for solids and liquids at very high pressures.

We will only deal here with the purely mechanical, isothermal equations of state [3,5].
As pressure increases, it becomes more and more difficult to compress a solid, i.e., the
bulk modulus K increases with pressure, and the linear equation (1), valid for infinites-
imal strains, cannot be used. We must find an appropriate EOS for a solid that has
undergone a finite strain under pressure. There are several ways of achieving this pur-
pose, and they all start from a thermodynamic definition of pressure, as the derivative
of free energy with respect to volume, at constant temperature:

where F is the Helmholtz elastic free energy of the solid.
One way of estimating the dependence of F on volume consists in taking an approx-

imation of the elastic energy expressed as a power series of the finite compressive strain,
usually truncated at second or third order. The finite strain must be expressed in terms
of relative volume change.

A currently used measure of strain is based on the difference of the squared distance
elements in the deformed and undeformed state: dS2 — ds2. Expressing the coordinates
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of a point in the undeformed state xi = Xi — ui, as a function of its coordinates in the
deformed state Xi and of the displacements ui (Eulerian approach), we have

(10) dS2 - ds2 =

The displacements are finite and are assumed to be continuous and differentiable
functions of Xi :

we therefore have

(12) dS2 - ds2 = 2 ̂  eg

where the tensor eg defines the Eulerian finite strain:

E1 ' lj 2

Under hydrostatic pressure, we have

dm du2 du3 1 AF _ 9
( ' dXl ~ dX2 ~ dX3 ~ 3 V0 ~ 3'

and

(15) eg=e^

where e is the isotropic strain, and 6ij is the Kronecker symbol, equal to 1 if i = j and
to 0 if i ^ j. From eqs. (13), (14) and (15), we have

6 l o2

(16) e = 3 - 2 7 -

Since

5
we obtain the relative volume change as a function of the positive compressive finite
strain, / = — e:

(18) ^ = ̂
Vo Po
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Writing the free energy

(19) F = af2 + bf3 + ---

and differentiating eqs. (18) and (19) truncated at second order, we obtain

(20) P -_^-_^^-^m + 2f)5 /2
(M> dV~ df 9V - 3V0

t( + f> '

The value of a is found by writing that the bulk modulus at zero pressure KQ is equal
to the limit of P/0, as defined in eq. (1). From eqs. (20) and (18), we finally obtain the
second-order Birch-Murnaghan Eulerian equation of state

7/3 / \ 5/3'

The third order EOS would be obtained in the same way, from the expression of F
truncated at third order (eq. (19)). It depends on both K0 and its derivative with respect
to pressure K'0. It reduces to the second order EOS for K'0 = 4.

The definition of finite strain is not unique. Instead of using the Eulerian strain,
defined by the change in distance between two neighboring points during deformation,
one can use the Hencky strain, obtained by integration of incremental strain [2]:

«"=t
and obtain a logarithmic EOS [6], particularly simple at second order:

(23) P = A'0— InA
Po Po

Equations of state can also be obtained from expressions of the free energy F in terms
of theoretical or empirical interatomic potentials, such as, for instance, the Mie potential:

(24) Mr) = -— + — = -aV~m/3 + bV~n/3.
^ •' \ ' Mm ~~<n

One then obtains equations of state of the same form as the Birch-Murnaghan EOS,
depending on the values of the parameters m and n, expressing the range of the attractive
and repulsive parts of the potential. The pressure derivative of the bulk modulus is

(25) tf£ = i(m + n + 6).
o

The second-order Birch-Murnaghan EOS corresponds to m = 2 and n = 4, and one
can see that K0 is then equal to 4.
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The EOS derived from interatomic potentials are only as good as the potentials used,
but as these are not truncated, they may be useful in the case of large compressive
strains. Thus, the Vinet EOS (see [5]), derived from a robust empirical potential (with
an exponential dependence on the interatomic distance), can be successfully used for very
compressible materials such as hydrogen:

-2/3

(26)

The equations of state of crystals are currently determined up to pressures of several
hundred kilobars by measuring the lattice parameters in a high-pressure cell at various
pressures, using synchrotron X-ray diffraction. The curve V/Vo = f(P) is usually fitted
by one of the above EOS. For some situations, there is an important trade-off between
the values of K0 and K'0 and in many cases, the accuracy of the measurement is too
low to obtain a good value of K'0, so K'Q = 4 is assumed. A review of the experimental
techniques and the values of KQ and K'Q for a number of minerals can be found in [7]
and [8].

3. — Viscosity of solids

Viscosity, defined by eq. (3) as a material parameter, has a meaning only if the shear
strain rate s = d£/dt does not depend on time, i.e., if the solid flows under constant
shear stress in a steady-state regime, i.e., if strain £ increases linearly with time. This
is the case of high temperature creep of crystals (see [9] and [10]). However, the steady
state is never reached in a finite time, and it is preferable to speak of quasi-steady-state
creep, when the creep rate stays constant within experimental error.

High temperature creep is a thermally activated process, which obeys an Arrhenius
law. In most cases, the creep rate dependence on stress may be fitted to a power law,
with an exponent n > 1. The constitutive equation can therefore be written in the form

AH
(27)

where H is the activation enthalpy, T the absolute temperature, and R is the gas constant.
The physical cause of creep strain is the motion of lattice defects in the crystal under

the applied stress. If the lattice defects are vacancies (empty lattice sites), they move
by diffusion through the lattice, exchanging sites with atoms. Vacancies flow from grain
boundaries in tension, where they form more easily and where their concentration is
consequently higher, to grain boundaries in compression, where their concentration is
lower. The flow of atoms in the opposite direction causes strain in response to stress
(di f fus ion creep).

The creep rate is proportional to the self-diffusion coefficient Dsd and to stress. It
also depends on the grain size d, approximately equal to the distance vacancies have to
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travel. The viscosity is Newtonian and the constitutive equation is

(28)
d2RT '

where a is a constant (usually of the order of 10) depending on the shape of the grains,
and 17 is the atomic volume.

In eq. (27), n = 1 and the activation enthalpy H is equal to the activation enthalpy
of diffusion. Non-Newtonian power law creep, with 3 < n < 5, is due to the motion of
dislocations. A dislocation is a linear defect bounding an area of a crystallographic plane
where slip by an interatomic distance b has taken place (see [11]). It can move in the
glide plane under applied stress, extending the slipped area, and thus producing shear
strain. The corresponding creep rate is given by Orowan's equation

(29) £ = pbv,

where p is the dislocation density (average total length of dislocation lines per unit
volume), v is the average dislocation velocity, and b is the length of the Burgers vector,
characteristic of the strength of the dislocation and equal to the elementary slip by an
interatomic distance. Equation (29) is a typical transport equation giving the rate of the
creep process as the product of the density of the carriers of strain, their strength and
their velocity.

Glide of dislocation is limited by obstacles in the glide plane, and the velocity of
dislocations depends on the rate of overcoming the obstacles. If the valleys of the po-
tential energy surface, between rows of atoms in crystallographic directions, are deep,
dislocations will tend to lower their energy by lying along these valleys. To move on the
glide plane, they must go over a potential hill into the next valley. The resistance to
motion is then intrinsic and is chiefly linked to the difficulty of breaking strong inter-
atomic bonds (e.g., in covalent crystals). This lattice friction is overcome with the help
of thermal vibrations and applied stress. Glide-controlled creep is thermally activated,
with a stress-dependent activation enthalpy, decreasing as the applied stress increases.

In the case of metallic or mostly ionic crystals, lattice friction is weak and easily
overcome. The dislocation motion is then controlled by discrete obstacles in the glide
plane (e.g., local internal stresses arising from other dislocations). A way for dislocations
of avoiding these obstacles and gliding further, is to climb out of their glide plane until
they find another plane free of encumbrance. Climb is much slower than glide between
obstacles and is thus the controlling process. To climb, a dislocation must absorb or emit
vacancies and the climb rate, hence the creep rate, is therefore controlled by self-diffusion.
The activation enthalpy of climb-controlled creep, H in eq. (27), is equal to the activation
enthalpy of self-diffusion. The case of metals, for which there is only one diffusing species,
is obviously much simpler than that of minerals, where multi-component diffusion takes
place. Furthermore, when minerals contain transition elements, such as iron, which can
exist in different oxidation states, the creep rate then depends on oxygen partial pressure.
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The non-linearity in stress of the climb-controlled creep rate (non-Newtonian viscos-
ity) arises from the fact that the dislocation density p in eq. (29) usually varies as a2,
while the dislocation velocity is approximately linear in stress, yielding a stress exponent
n theoretically equal to 3, although in most cases the experimental values range between
3 and 5. The creep rate is independent of grain size.

As the dislocation density is only weakly sensitive to pressure, the effect of pressure on
the diffusion-controlled high temperature creep rate (diffusion creep or dislocation creep)
can essentially be ascribed to the pressure dependence of the relevant diffusion coefficient.
In most cases, atoms diffuse by jumping into vacancies; self-diffusion therefore depends on
concentration of vacancies. Now, formation of vacancies is more difficult under pressure
and the diffusion coefficient decreases as pressure increases. The activation enthalpy of
self-diffusion can be written as

(30) AHsd = AH0 + P&Vsd,

where HQ is the enthalpy at atmospheric pressure and Vsd is the activation volume, of
the order of magnitude of an atomic volume.

The pressure dependence of the diffusion-controlled creep rate is thus embodied in
the activation volume for creep:

(3D

There are very few experimental determinations of the activation volume for creep
or for diffusion. However, the pressure dependence of the self-diffusion coefficients can
often be estimated by using a scaling relation, based on the empirical observation that
the activation enthalpy for diffusion is proportional to the melting temperature, at all
pressures. The same relation has been used for high-temperature, diffusion-controlled
creep of metals:

(32) A/fcreep » gRTm,

with g ~ 18. It is thus possible to estimate the pressure dependence of the creep rate
if the variation of melting point with pressure (melting curve) is known. Unfortunately,
the relation is not valid in the much more complicated case of minerals.

4. — Viscosity of liquids

The Newtonian viscosity of simple, unassociated liquids (e.g., molten metals) has been
well investigated (see [12, 13]). It can be shown that the kinematic viscosity, v — rj/p, is
the diffusion coefficient of momentum. Andrade's theory (see [5]) is based on the idea
that the short-range structure of liquids is similar to that of solids, with the viscosity
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due to transfer of momentum by collisions of atoms in neighboring layers. Viscosity is
found to decrease exponentially as temperature increases, according to the law

(33) 77 oc exp

where kB is Boltzmann's constant. Qv has the dimensions of an energy, and can be
treated like an apparent "activation energy" for practical purposes, although there is
no good physical basis for considering viscous flow in liquids as a thermally activated
process.

Viscosity 77 and the coefficient of self-diffusion D in liquid metals are connected by
the Stokes-Einstein relation

where a is an atomic size parameter. Ab initio calculations or experimental determina-
tions of the self-diffusion coefficient of liquid metals can yield the viscosity by application
of the Stokes-Einstein relation [14].

As in the case of solids, there exists an empirical scaling relation between the apparent
activation energy of viscosity Qv of liquid metals and the melting temperature [15]:

(35) Qv £ 2.6RTm.

It follows that the viscosity of liquid metals right at their melting point stays constant
along the melting curve, equal to the viscosity at the melting point under atmospheric
pressure. Thus, the viscosity of liquid iron at conditions of the Earth's inner core bound-
ary would be about 6 • 10–3 Pa s [15].

Silicate melts constitute another class of liquids, more complicated than liquid metals.
Silica-rich melts are polymerized into a framework of SiO4 tetrahedra linked by Si-O-Si
bonds. Aluminosilicates containing alkali and/or alkaline-earth ions are partially depoly-
merized. Silicate melts are typical viscoelastic Maxwell bodies, with characteristic stress
relaxation times r, defined by eq. (4). The viscosity of liquid silicates normally decreases
as temperature increases. The temperature dependence, however, is non-Arrhenian. This
behavior can be accounted for by considering that viscosity is due to cooperative struc-
tural rearrangements, and that it is proportional to the structural relaxation time, equal
to r. In the Adam-Gibbs model (see [16]), the relaxation time is inversely proportional
to the average probability of structural rearrangement, which depends on the configura-
tional entropy Sconf(T). The viscosity can then be written as

(36) r? = A exp

where A and B are constants.
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The viscosity of silicate melts is generally Newtonian at low strain rates, say

,0-rX • 100°(37) e < ,
T

but becomes non-Newtonian at high stresses and strain rates.
The pressure dependence of viscosity depends on composition. The viscosity of silica-

poor aluminosilicates increases with pressure while melts with a high silica content exhibit
a negative pressure dependence of viscosity. A review of the experimental techniques for
measuring the viscosity of silicate melts at high pressure is given in [17].
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Heisenbergstrasse 1, D-70569 Stuttgart, Germany

1. — Introduction

The term simple metals refers to non-transition metals with conduction band states
of sp orbital character, high-symmetry crystal structure with 1 or 2 atoms per primitive
cell, and weak interactions of the conduction electrons with atomic cores. The simplest of
these nearly-free-electron (NFE) metals [1] are the alkali metals. At ordinary conditions
of pressure and temperature they crystallize in the bcc structure. Being monovalent,
their Fermi surface lies inside the first Brillouin zone and hardly deviates from a spherical
shape because, due to the weak electron-core interaction, the splitting of bands at the
zone boundary is rather weak (with the exception of Li). The bcc structure represents one
of the common densely packed structures of elemental metals. The term dense packing,
however, is somewhat misleading here. The near-neighbor coordination is high in the
bcc modifications and the low-temperature forms of the light alkali metals, but they are
anomalous at ambient pressure in the sense that both the atom and valence electron
densities are low compared to neighboring elements in the periodic table (see fig. 1). In
fact, Cs has the largest atomic volume of all elemental solids made up of stable nuclei.

Because of the large specific volumes and compressibilities at ambient, the application
of pressure using diamond anvil cell (DAC) techniques is a means to tune the density of
the alkali metals over an unusually large range. For instance, at a pressure of 200 GPa,
Cs metal is compressed by a factor of about seven relative to ambient, approaching the
ambient-pressure volumes of d transition metals (fig. 1). Such large variations of density
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Fig. 1. - Left: Atomic volumes of elemental solids as a function of atomic number. The arrow
attached to the Cs point indicates the volume reduction for a pressure of about 200 GPa. Right:
Partial phase diagram of cesium for the low pressure regime up to 14 GPa [9,10].

induce major changes of interactions experienced by the valence electrons (electron-core,
electron-electron) and of core-core interactions, leading to a number of interesting and
unusual features in the structural, elastic, lattice dynamical, thermodynamic, and elec-
tronic properties.

Among the alkali metals, the heaviest-atom species, cesium, has been studied most
extensively in the past. For that reason Cs is well suited to introduce some of the inter-
esting aspects. The discovery by Bridgman in the 1940s [2] of a 11% volume discontinuity
of Cs near 4 GPa (300 K) has led to the concept of a pressure-driven electronic 6s -> 5d
transition, apparently first proposed by Fermi (see refs. [3]). Hall et al. [4] reported that
the discontinuous volume change of Cs is isostructural (fcc to collapsed fcc, Cs-II to Cs-
III). This observation has been the origin of a large number of theoretical investigations
of this particular phase transition regime, including quite recent studies based on density
functional theory. The Cs-III phase has a narrow stability range. Takemura et al. [5]
determined the structure of the next high pressure phase Cs-IV. The number of atoms in
the first coordination shell is reduced from twelve in fcc to eight in tetragonal Cs-IV. This
represents another unusual feature because the common rule that the atom coordination
increases with pressure does not apply in this case. Near 11 GPa Cs transforms into the
phase Cs-V [6]. At this transition Cs becomes superconducting [7,8], i.e. it appears to
be the only known superconducting alkali metal (see below, however, for a remark on
Li). Finally, the melting behavior of Cs (fig. 1) exhibits more complexity compared to
normal metals [9,10]; it exhibits two maxima near the bcc-to-fcc (Cs-I to Cs-II) transi-
tion at 2.3 GPa and a pronounced minimum in the region of the Cs-II —>• Cs-III —> Cs-IV
transitions.
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According to the pressure homology rule, phenomena observed for a given element
may be found in lighter elements from the same column in the periodic table, but at
higher pressures. One therefore expects some similarity in the high pressure behavior of
Cs and that of K and Rb, which both are pretransition metals and are candidates for
pressure-driven electronic ns —>• (n — l)d (n = 4,5) transitions. A variety of high pressure
phases is known for K and Rb and indeed some overall similarities are evident from the
available experimental data, as discussed below.

For the two light alkalis Li and Na, the electronic structure is different. In these cases
pressure is expected to induce strong hybridization effects between 2s and 2p (3s and 3p)
orbitals leading to what has been termed electronic s —>• p transfer [11,12]. Although,
based on band structure calculations, the s —> p transfer scenario in Li was known for
many years, it was not before the very recent theoretical work of Neaton and Ashcroft [13]
that important consequences for structural properties of compressed Li were considered.
Based on first-principles total energy calculations, performed within the framework of
density functional theory, they essentially made two predictions: i) symmetry-breaking
structural transitions, i.e. transitions to low-symmetry crystal structure, should occur
at about 2.5-fold compression (40 to 50 GPa) and ii) Li may become an insulating solid
at pressures above 100 GPa by adopting a paired-atom orthorhombic structure (space
group Cmca, Z — 8 atoms per cell) similar to that of a-gallium [14] or a variant thereof.
Actually, the possibility of an insulating ground state in compressed light alkalis was also
discussed by Siringo et al. [15], but they considered a different scenario involving a charge
density wave picture. The predictions of Neaton and Ashcroft have stimulated several
recent experimental studies of Li under pressure. Related calculations for Na have been
reported and experimental work on Na is in progress. The current excitement over the
behavior of compressed light alkalis partly stems from the notion that it may have some
relevance for research on dense hydrogen [16].

The lecture summarized in this paper is primarily concerned with recent structural
studies of alkali metals under pressure. For the heavy alkalis the existence of a number of
high pressure phases was known for many years, mostly based on diffraction studies [4,
5,17-25], but also inferred from electrical transport measurements [6-8,26] or optical
spectra [19,20,27]. Some of the structures, however, remained unsolved for many years.
It is partly through the availability of modern synchrotron facilities for X-ray diffraction
that advances in this direction became possible in the last few years. This also applies
to the light alkalis where synchrotron diffraction studies have started to reveal a rather
complex structural behavior under pressure. Figure 2 shows, as a function of relative
density, the stability ranges of high pressure phases of the alkali metals known from
experiment. The figure serves as a guide here and is hoped to provide sufficient orientation
when covering selected phases below.

This contribution is organized as follows: A few experimental aspects concerning syn-
chrotron X-ray diffraction are presented. We then proceed with cesium under pressure,
turn to rubidium with a few remarks on potassium, and then to the light alkalis. Finally,
some conclusions are offered. The alkalis and their high pressure properties have been a
research subject for many decades starting with the experimental work of Bridgman [2]



254 K. SYASSEN

Li

Na

K

Rb

Cs

R1
bcc fcc c|16 ?

bee fcc c|16

bcc fcc relatedtoRb-IV

14/mcm
bcc fcc ? / tet Cmca

(III) (IV) (V) (VI)

bcc fee fcc? tet Cmca

"Cs-IV "Cs-V

dhcp

i
1 2 3 4 5 6

Relative Density p /p0

Fig. 2. - High pressure phases of the alkali metals at room temperature. Horizontal bars indicate
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and the theoretical work by Wigner et al. [28]. Within the frame available for this sum-
mary, it is not possible to fully cover the relevant literature. This applies in particular to
the theoretical modelling of s —> d transfer in heavy alkalis [29-32], calculations related
to band structures of bcc and fcc phases and bcc —>• fcc transitions [33-39] and the more
recent investigations of shear instabilities, phase transformation paths, lattice dynamics,
and thermodynamic properties of high-symmetry phases [40-49]. We will also skip over
low-temperature phase transitions of the light alkalis [50-53] to the Sm type (9R) phase
or other phases with (partly faulted) stacking of hexagonal layers (a collection of related
citations may be found in ref. [54]).

2. — Experimental aspects

Several of the X-ray diffraction studies covered here were carried out at the beamline
ID9 of the European Synchrotron Radiation Facility (ESRF) using diamond anvil cells
(DACs). A sketch of the experimental setup, designed by M. Hanfland and D. Hausser-
mann, is displayed in fig. 3. The white X-ray beam from the undulator source is focused
vertically by total reflection at a bent Pt-coated silicon crystal. A bent Laue monochro-
mator is used for wavelength selection (typically 0.4 A) and horizontal focusing. A set of
slits defines the beam diameter at the sample position. A tutorial text covering some of
the beamline components is ref. [55].
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Fig. 3. - Outline of a synchrotron beamline (ID9 at the ESRF) for monochromatic X-ray diffrac-
tion with diamond anvil high pressure cells (not to scale). The "white" beam from an undulator
source is focused, monochromatised, and shaped by a combination of focusing mirror, bent Laue
monochromator, and a slit system. Typical beam diameters at the sample range from 30 down
to 10um. The energy is 30 ± 5keV. With a flux of 5 x 1010 photons per second the exposure
time of the image plate usually is 10 to 30 seconds.

For a nominal beam diameter of 30 /^m the total photon flux at ID9 of the ESRF is
of the order 5 x 1010 photons/s. The diffracted X-ray intensity is recorded by an image-
plate detector at a distance of typically 0.35 m from the sample. Exposure times usually
range from 10 to 30s. The image plate is read out with a spatial resolution of 100//m.
Conventional powder diffraction diagrams (i.e. intensity vs. 2© angle) are obtained by
integration of the two-dimensional image [56]. Diffraction patterns of a reference sample
are used in the calibration of the diffraction geometry. In order to improve orientational
averaging (powder statistics) during the exposure, the DAC is usually oscillated by a few
degrees around an axis perpendicular to the X-ray beam. This is particularly important
at extreme pressures, where a gasket with a hole of less than 50 pm diameter is used and
the nominal beam diameter needs to be reduced to 10//m if one wants to completely
avoid diffraction by the gasket, often made of rhenium.

Working with chemically reactive materials like the alkali metals means that the use
of a pressure medium should be avoided. Thus, usually the metal completely fills the
hole in the gasket. The pressure conditions cannot be perfectly hydrostatic in this case.
However, the shear strengths of compressed alkalis, Li and Na in particular, appear to
be very low, judged by non-observable [57,58] or weak diffraction line broadening at high
pressure. Thus, using a pressure medium is not expected to lead to any improvement
towards more isotropic stress conditions. A ruby chip usually serves as in situ optical
pressure sensor. It is advantageous to also use an X-ray marker, for instance a tiny
amount of Ta powder added to the sample. The pressure-volume (PV) relation of bcc-
Ta is sufficiently well constrained for calibration purposes up to 150 GPa (see ref. [57]
and citations therein).
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Fig. 4. - Left: The body-centered tetragonal (bet) crystal structure of Cs-IV [5] (space group
I41/amd, Z = 4). The structure is made up of layers of collinear face-sharing trigonal prisms, the
layers being stacked along the vertical c-axis. The prism orientation changes by 90° in subsequent
layers. Right: The ThSi2-type structure. The Th sublattice resembles the arrangement of Cs
atoms in the Cs-IV structure [63].

3. - Cesium

We start with the structure of the phase Cs-IV (fig. 4), which was first reported by
Takemura et al. [5]. Pauling [59] has questioned the structure assignment, but it was
subsequently confirmed by several groups [60-62]. The lattice is body-centered tetragonal
with 4 atoms per cell. The c/a ratio is 3.73. Atoms occupy the Wyckoff 4a site of
space group (SG) I41/amd (No. 141). Each atom has only eight neighbors in the first
coordination shell. The structure can be described in terms of layers of face-sharing
trigonal prisms with prism 3-fold axes all collinear. The layers are stacked along the
c-axis with prism orientations alternating by 90° in subsequent layers. Without the
90° rotation the structure would be hexagonal primitive (or a slightly distorted variant
thereof).

Besides the low coordination of Cs-IV, there is a second interesting aspect pointed out
by von Schnering and Nesper [63]. The Cs-IV structure is similar to the Th substructure
of a-ThSi2 (fig. 4). The ThSi2 structure is representative of a large number of metallic
disilicides. In the ThSi2-type structure the Si atoms form a 3-connected net with 120°
bond angles. Silicon is the electronegative partner in ThSi2- This leads to think of
electron density maxima in Cs-IV possibly located at the interstitial Wyckoff 8e site
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Fig. 5. - Angle-dispersive powder diffraction diagram of the phase Cs-V at 12 GPa [61]. The
insets demonstrate the good angular resolution and sensitivity to weak diffraction features of
monochromatic diffraction experiments at modern synchrotron sources. The line marked "R"
corresponds to the difference between measured diagram and calculated diagram refined in space
group Cmca (Z = 16).

occupied by Si in ThSi2. A band structure calculation indeed reveals some resemblance
of the valence electron density maxima in Cs-IV and the location of Si atoms in ThSi2 [64].
The important aspect here is that the chemical bonding in compressed Cs is characterized
by atoms arranged around interstitial regions with enhanced electron density. A similar
situation is encountered for other high pressure structures of alkali metals as discussed
below.

Olijnik and Holzapfel [21] have found that the Cs-IV type structure also is part of
the pressure-driven structural sequence in Rb. The phase denoted Rb-V (fig. 2), stable
from ~ 20 to 48 GPa, adopts this rather simple tetragonal structure. The Cs-IV type
structure seems to have been observed for heavy alkali metals only. It is, however, one of
the possible structure types considered in total energy calculations of highly compressed
light alkali metals [65,66] (see below).

Early studies of the phase Cs-V involve electrical transport measurements [6], the
discovery of superconducting behavior at the Cs-IV -» Cs-V transition [7] and attempts
to solve the crystal structure using laboratory-based angle-dispersive diffraction [67] and
energy-dispersive synchrotron X-ray diffraction [60]. The structure was finally solved [61]
using high-resolution angle-dispersive synchrotron X-ray diffraction.

A typical integrated diffraction diagram measured at 12 GPa is displayed in fig. 5.
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Fig. 6. - The Cs-V type orthorhombic crystal structure (space group Cmca, Z = 16, oCl6
in Pearson notation). Atoms occupy two different crystallographic sites. The nearly regular
octahedra occurring in this structure are indicated by shading. A cooperative rotation of the
octahedral units indicated in the projection along the a-axis (top right) together with a small
change of the axial ratios leads to the fcc structure.

The insets demonstrate specific aspects of synchrotron diffraction data, e.g., the excellent
angular resolution and the detection of very weak low-angle reflections. Not missing such
weak reflections is sometimes essential for the correct indexing of a diffraction pattern,
which is the most important step towards solving a completely unknown structure from
powder diffraction data.

The structure of Cs-V (fig. 6) is orthorhombic with 16 atoms per cell. The atoms are
located at two different Wyckoff sites (8f and 8d) of SG Cmca (No. 64). A characteristic
feature of this structure are layers of corner-sharing octahedra of Cs atoms. There are
several ways to illustrate the relation to simpler crystal structures [61,68]. One of them is
indicated in the view along the a-axis shown in fig. 6. A rotation of the octahedra in the
bc-plane with proper choice of the sense of rotation in subsequent layers, combined with
a relaxation of the a/c (a/6) ratio towards \/2, leads to the fcc lattice. Thus, the Cs-V
structure can be viewed as a distortion of fcc, leading to a 2 x \/2 x \/2 superstructure
formation with subsequent axial adjustments.

The Cs-V structure represents a denser packing of atoms compared to Cs-IV, but is
still not close packed. Takemura et al. [23] observed earlier that the phase Cs-V is stable
up to about 72 GPa. The next high pressure phase Cs-VI was originally reported to be
hcp, the possibility of another hexagonal packing sequence (dhcp = four-layer ABAC...
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Fig. 7. - Calculated enthalpy differences AH(P) for Cs as a function of calculated pressure
(after ref. [69]). The enthalpy of a hypothetical hexagonal close-packed structure is taken as a
reference. All enthalpy differences refer to optimized structural parameters.

sequence instead of ABAB...) not being ruled out. In a more recent diffraction study [69]
it was shown that the phase Cs-VI indeed is dhcp with a nearly ideal c/2a ratio of 1.63.
Cs remains in this structure up to at least 184(20) GPa. At this pressure Cs is compressed
to less than 15% of its ambient-pressure volume. Thus, the evolution of structures in Cs
with increasing density is such that the high-symmetry low pressure structures collapse
into a low-coordination phase (Cs-IV) at intermediate density, followed by two steps
of coordination increase at higher densities. This overall trend may be a more general
phenomenon in compressed alkalis.

Figure 7 shows calculated enthalpy differences, relative to a hypothetical hcp struc-
ture, for the Cs-IV, Cs-V, and Cs-VI phases as a function of pressure [69]. The results
are based on first-principles total energy calculations, which, for a given structure, yield
the energy E as a function of volume V in the static lattice limit (without zero-point
vibrations and thermal effects). At each volume, the structural parameters (axial ratios
and atom coordinates if applicable) are optimized. The pressure along the static lattice
"isotherm" is P = -dE/dV and the enthalpy is then obtained via H(P) = E(P) + PV.
Following the path of lowest enthalpy in fig. 7 one notes that the observed sequence of
structures as well as the observed transition pressures are quite well reproduced by the
calculations.

When the Cs-V structure was solved, it was a unique structure type among elemen-
tal metals. Once a new structure type has been identified, one often comes across high
pressure phases of other elements or compounds where the same structural model ap-
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TABLE I. - Structural parameters of known orthorhombic phases with the Cs-V type structure.
The space group is Cmca, Z = 16 and atoms occupy WyckoffSd (x, 0,0) and 8f ( 0 , y , z ) sites.
Note that the metric of the unit cells is close to tetragonal (b/c w 1). If the a/c ratios were
slightly larger (a/c = \/3 = 1.73), a hexagonal metric would come into play. The last column
lists optimized structural parameters obtained in density functional calculations for germanium.

Phase

P (GPa)
Vatom(A3)

a/c

b/c

x(8d)

y(8f)
z(8/)
dNN (A)

Cs-V

[61]

12.0

30.60

1.699

1.005

0.216

0.173

0.327

3.237

Rb-VI

[70]

48.1

17.96

1.694

1.003

0.209

0.157

0.321

2.637

Si- VI

[86]

42.5

11.31

1.676

1.004

0.219

0.172

0.328

2.321

Ge-VI

[68]

135

10.67

1.695

1.001

0.218

0.164

0.313

2.315

Ge-VI calc.

[68]

135

10.71

1.69

0.997

0.221

0.172

0.314

2.369

plies. Having in mind the pressure homology rule, it is then not surprising that the Cs-V
type structure was indeed observed [70] for the phase Rb-VI (fig. 2), which appears at
48 GPa [24]. In other words, at 48 GPa Rb undergoes a tetragonal-to-orthorhombic tran-
sition similar to that of Cs near 11 GPa. What is more surprising is that the somewhat
unusual Cs-V type structure was also found for the phases Si-VI (38 to 45 GPa) [71] and
Ge-VI [68] (~ 110 to 160GPa), i.e. for elements with a very different valence electron
configuration. For a detailed discussion of the Cs-V type phases of Si and Ge we refer
to refs. [68,71]. What should be mentioned here is that Si exhibits a maximum of its
superconducting transition temperature at a pressure which corresponds to the stability
range of the Cs-V type phase Si-VI [72].

Table I summarizes crystallographic data for the known Cs-V type phases. Results of
theoretical structure optimizations based on first principles methods [68,69,73-76] essen-
tially agree with the experimental data in table I. As an example, results of a structure
optimization for Ge at 135 GPa [68] are listed in table I. The bonding in Cs-V and Si-VI
has been compared on the basis of tight-binding band structure calculations [77]. Major
differences were found in the electron density distribution, i.e. maxima are located in
interstitial regions in the case of Cs-V and are characteristic of covalent a-type bonds
in the case of Si-VI. On the other hand we notice from table I that axial ratios and
positional parameters are almost identical for the four phases listed, independently of
the electronic configuration of a given element. This points to a common principle of
structure formation for Cs-V type phases.

For Cs, structural data are now available for all high pressure phases up to about
184 GPa. However, in the case of Cs-III, the collapsed fcc phase [4] was not observed in
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Fig. 8. Crystal structure of the phase Rb-IV [78] viewed along the c-axis of the tetragonal
framework structure. Face-sharing square antiprisms form collinear columns oriented parallel to
the c-axis. The columns are interconnected by short Rb-Rb contacts. Linear channels within this
framework are occupied by a second set of Rb atoms. Schwarz et al. suspected incommensuration
effects, which were indeed observed in a recent single-crystal study of Rb-IV [80].

recent diffraction studies (ref. [61] and unpublished work by Grezechnik et al. cited in
ref. [69]). Instead, diffraction patterns at T = 298 K (a few degrees lower in temperature
compared to the conditions given in ref. [4]) showed periodicities of 7.5 and 35 A [61],
indicating the formation of a phase with a large number of atoms per unit cell.

4. — Rubidium

As already mentioned, Rb-V adopts the Cs-IV type structure near 20GPa [21] and
transforms to Rb-VI with Cs-V type structure near 48 GPa [70]. There occur two phases
intermediate between fcc-Rb (Rb-II) and Rb-V. These were originally detected in elec-
trical resistance measurements [8] and optical reflectance studies [19] and confirmed in
diffraction studies [21,24].

The crystal structure of Rb-IV (fig. 8) is a rather complex one [78]. It consists of
a framework formed by one type of atoms denoted Rb(l). Collinear columns of face-
sharing square antiprisms are interconnected by short Rb(l)-Rb(l) contacts of 3.04 A.
This distance corresponds to about twice the ionic radius of Rb. The tetragonal unit cell
of the framework of Rb(l) atoms has a c/a ratio close to 0.5. Rb(l) atoms are located
at the Wyckoff 16k site of SG I4/mcm (No. 140). In between the prism columns there
are open channels which are occupied by chains of Rb(2) atoms.

Volume considerations require that there are at most 4 Rb(2) atoms per tetragonal
unit cell. This would appear to be a plausible solution, because in this case the structure
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would again represent a cation sublattice of a well-known intermetallic structure type,
namely the W5Si3 structure. The spacings between metal atoms in the chain sites of
W5 Si3-type compounds are often found to be extremely short compared to other metal-
metal distances in this structure, but nevertheless the proposed structure solutions are
found acceptable. In the case of Rb-IV, placing 4 Rb(2) atoms per unit cell on the chains
would lead to unreasonably short Rb(2)-Rb(2) distances, 15% less than the ionic radius
sum. In fact, the best refinement of the powder diffraction data of Schwarz et al. [78] was
obtained with only 3.48 Rb(2) atoms per tetragonal cell (at 17 GPa), implying an average
(acceptable) Rb(2)-Rb(2) distance of ~ 3.0 A. A physically reasonable interpretation of
the experimental observations would be that the periodicity along the Rb(2) chains is
incommensurate with the framework lattice. In fact, as noted by Schwarz et. al. [78].
incommensuration effects were considered for W5Si3 analogous alloys [79].

Recently, the structure of Rb-IV was reinvestigated by McMahon et al. using single-
crystal methods [80]. Direct experimental evidence for incommensuration in Rb-IV as
well as pressure-dependent ordering phenomena between chains was observed. As men-
tioned in ref. [78], the phase K-III has a structural motif closely related to that of Rb-IV.
In fact, pressure-dependent incommensuration effects were observed for K-III at pressures
ranging from 18 to ~ 60 GPa [81].

Incommensuration may lead to profound effects on the electronic transport behavior.
Electrons passing through the crystal would not see a periodic lattice but a potential
which has some similarity to that of a solid with disorder at the length scale of a unit cell
or less. As a result, electrons may experience strong scattering, leading to enhanced DC
electrical resistance and also a decrease in the near-infrared (NIR) optical reflectance. A
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Fig. 10. - Projection of the crystal structure of the high pressure phase Ba-IV [83] along the
tetragonal c-axis. One set of Ba atoms forms a framework (space group I4/mcm, Z = 8) which
is filled with incommensurate chains of a second set of Ba atoms. This type of structure was
also found for high pressure phases of strontium [84] and group-V metals [85].

characteristic feature of the phase Rb-IV (~ 17-20 GPa) is its very low reflectance in the
NIR spectral range [19] and its rather high electrical resistivity [8]. A similar optical be-
havior is found for the phase K-III [20]. This is illustrated in fig. 9 which shows a pressure
scan of the NIR reflectance of Rb and reflectance spectra of different phases of K.

It remains to be investigated whether the high resistance and low NIR reflectance of
Rb-IV (fig. 9) are caused, at least in part, by incommensuration effects. Such effects may
then also apply to the case of K-III. Strong interband absorption may also reduce the
NR reflectance. In any case it appears that the observation of incommensurate linear
chains in alkali metals opens a new direction of research into the physical properties of
these simple metals. Although at this point there is no obvious direct relation, we should
mention that the possible formation of incommensurate electronic charge density waves
in alkali metals, mainly driven by exchange interactions, is a subject already considered
in the 1960s [82].

Direct experimental evidence for high pressure phases with incommensuration was
reported recently for two other groups of metals, the alkaline earths Ba [83] and Sr [84]
and the group-V metals Bi and Sb [85]. Interestingly, the framework structure of these
metals has the same space group as that of Rb-IV, but in all these cases it is formed by
only 8 atoms per tetragonal cell instead of 16 in the case of Rb-IV. Figure 10 shows a
view of the Ba-IV structure along the tetragonal c-axis. Again, the structure is formed
from columns of face-sharing square antiprisms, but, different from Rb-IV, neighboring
columns share edges and the linear chains fill the inside of the prism columns.
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5. — Lithium

The calculations for dense Li by Neaton and Ashcroft [13] stimulated several experi-
mental high pressure studies [86-91]. DAC experiments are more difficult than expected
because at room temperature and pressures above about 20 GPa Li starts to attack the
diamond anvils, at least at room temperature. While some groups find this effect to be
very reproducible, others have somehow bypassed it and were able to take Li to pres-
sures in excess of 100 GPa for optical observations [88,89]. The process seems to involve
diffusion. Below 200 K it slows down sufficiently such that diffraction experiments could
be performed at pressures above 20 GPa [91].

In addition to the high pressure fcc phase of Li [22,86], two new phases were observed
at 180 K. Between 38 and 42 GPa Li adopts a rhombohedral primitive structure (hRl)
similar to that of a-mercury [14]. This structure can be regarded as a distortion of fcc.
involving a compression along one of the 3-fold cubic axes and an increase of interatomic
distances in hexagonal close-packed layers oriented perpendicular to that axis. Above
42 GPa, the structure of Li is cubic again, however, with 16 atoms per unit cell (fig. 11).
The space group is / — 43d and atoms occupy the Wyckoff 16c site with coordinates
(x,x,x), i.e. there is only one internal position parameter (x ~ 0.05). This structure
type was not previously observed for any other elemental solid. In the following we refer
to the structure by the Pearson symbol c/16. The structure of a high pressure form of
Ga belongs to the same space group, but the Ga atoms occupy the Wyckoff 12a site [14].
which is the center of the polyhedra shown in fig. 11.

The 16-atom cubic structure of Li is easily derived from a bcc lattice (SG la — 3d) as
indicated in fig. 11. The latter can be regarded as a packing of non-intersecting cylinders
(chains of equidistant atoms) running parallel to the body diagonals (the four equivalent
(111) directions) of the cubic cell [92,93]. A shift of rigid cylinders with respect to each
other lowers the symmetry to SG / — 43d and results in a 2 x 2 x 2 superstructure of bcc.
The atom coordination changes from 8 + 6 for bcc to 3 + 2 + 6 for Li-c/16 with x near
0.05. The five nearest contacts are indicated in fig. 11. While the atom coordination
decreases, the number of atoms arranged around interstitial sites increases. It is 4 + 2 in
bcc and eight for the dodecahedral sites in Li-c/16.

The calculated electronic density of states (DOS) for the undistorted (x = 0.0) su-
perstructure of bcc peaks close to the Fermi level EF (fig. 12) which is due to a flat
degenerate band near Ep. The distortion towards x = 0.05 lifts the band degeneracy
and changes the band dispersions, causing a pronounced minimum in the DOS close to
EF and a maximum of mainly p-orbital character about 0.4eV below EF. In other words,
band structure theory indicates that Li shows semimetal-like electronic features at pres-
sures above 42 GPa. With respect to bcc, the distortion towards Li-c/16 is reminiscent
of a Peierls-type instability where a symmetry-breaking structural distortion leads to a
gain in band structure energy.

Fortov et al. [90] reported a sharp increase in the electrical resistance of shock-
compressed Li at densities of 1.2-1.4 g/cm3 (see also the contribution of V. E. Fortov
in this volume, p. 127). This effect may be related to the formation of the Li-c/16 struc-
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Fig. 11. - Ball-and-stick representation of the crystal structure of Li near 45 GPa. The cubic cell
of the body-centered Bravais lattice contains 16 atoms (space group / - 43d, c/16 in Pearson
notation). The structure is similar to the cation substructure of cubic Yb4As3 which has the
anti-Th3P4 structure type. The shortest interatomic contacts, indicated by thick lines, form two
interpenetrating 3-coordinated nets. The structure can be interpreted as a 2x2x2 superstructure
of bcc obtained by moving rows of atoms parallel to the four body diagonals (by a vector [x ,x ,x ]
with sign permutations) as indicated in the left bottom part of the figure. A characteristic
feature is that interstitial sites (Wyckoff 12o) are surrounded by eight Li atoms forming distorted
dodecahedra instead of the nearly octahedral coordination around interstitial sites in bcc. The
two types of polyhedra are indicated by shading.

ture, but other structural effects cannot be ruled out. Such effects could possibly account
for the observed darkening (in reflected light) of Li at 70 GPa [89].

The arrangement of atoms in Li-cI16 is identical to that of the cation substructures
in compounds with the anti-Th3P4 and Pu2C3 type structures [93], e.g., Yb4As3 or
Rb4O6. Thus, a trend emerging from structural studies of the heavy alkali metals also
applies to Li: the low-symmetry structures encountered when these simple metals are
compressed have counterparts in cation sublattices of binary compounds. Furthermore,
the maxima in the calculated real-space valence electron distribution of Li (fig. 12) occur
at the interstitial Wyckoff 12a site (cf. fig. 11), which is the location of anionic units in
the structurally related binary intermetallic compounds.

A theoretical modelling of the phase stability of Li based on density functional the-
ory [91] fully reproduces the observed phase transition sequence near 30-50GPa (i.e.
fee -» hRl -»> c/16). With respect to all other structures considered in the calculations
the optimized Li-cI16 structure is found to be lowest in enthalpy from 48 GPa up to
165 GPa, where it yields to the "paired-atom" (Cmca) phase proposed by Neaton and



266 K. SYASSEN

) o
H—
O

0)
Q

Li (l-43d)
V/V0=0.4

-4 -2 0
Energy (eV)

Fig. 12. - Calculated electronic properties of Li-c/16 (SG / — 43d, Z = 16) at a relative volume
of V/Vo = 0.4, corresponding to 48 GPa calculated pressure. Left: For the optimized positional
parameter of x = 0.05 a pronounced minimum occurs in the density of states near the Fermi
energy Ep. The minimum is absent in the case of an undistorted (x = 0.0) 16-atom supercell
of the bcc structure. Right: Calculated valence electron density in a plane parallel to (100) of
Li-c/16. Positions of nearest-neighbor atoms are connected by straight lines. Density maxima
occur in interstitial regimes marked by thick contour lines. Inside these contours, the valence
electron density is higher than the average density.

Ashcroft [13]. More recently, however, this proposed orthorhombic structure of Li was
found to be dynamically unstable [49], an indication that other phases may occur at
some pressure lower than 100 GPa.

The structural sequence observed for Li up to 50 GPa, while following a different
route than predicted by Neaton and Ashcroft [13], nevertheless represents an experi-
mental confirmation of the conclusion following from their work that dense Li becomes
unstable towards symmetry-breaking transitions at pressures near 50 GPa. The search
for new phases of Li, in particular an insulating one, will continue. Another attractive
subject would be to extend the search for superconductivity in Li under pressure into
the phase transition regime near 40 GPa, as a test of the predicted high superconduct-
ing transition temperature [48]. In this context: Lin and Dunn [94] reported a sudden
electrical resistance drop of Li at around 7 K between 22 and 32 GPa, but they were not
certain that they observed a superconducting transition.

6. — Sodium

Contrary to Li, the core states of Na involve s and p orbitals, posing orthogonality
requirements for s- and p-like valence electron states. The effect of pressure on the
electronic properties of Na was studied already at a very early stage of the quantum
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theory of solids [28]. Several new aspects of compressed sodium were addressed in recent
theoretical work [15,43,65,66], among them the anomalous pressure dependence of elastic
properties and the instability of common close-packed structures at pressures above 110
to 130 GPa.

High pressure diffraction studies [25,95], covering pressures up to 48 GPa, showed
the ambient-pressure bcc phase to remain stable up to about 3-fold compression. Thus,
among the alkali metals, bcc-Na is the phase being most resistant against pressure-driven
structural instabilities (cf. fig. 2), despite the fact that, near ambient pressure, it changes
structure upon cooling [40,50,53,54].

It is only very recently that compressed Na was shown to transform, like the other
alkali metals, from bcc to fcc [58], at a pressure of 65 GPa (300 K). The stability range
of the fcc phase extends to 103 GPa, where Na transforms directly to the cubic 16-
atom structure observed for Li, without any indication for an intermediate a-Hg type
structure [96]. Pressure vs. atomic volume data of Na are shown in fig. 13. The volume
change at the bcc-fcc transition is extremely small [(Vfcc — Vbcc)/VbCC = —1(1) x 10-3],
and close to the resolution limit for volume differences between two cubic phases.

To illustrate that first-principles calculations yield a compression behavior in rather
good agreement with the experimental data we show in fig. 13 a PV relation calculated
for the fcc phase of Na (results for bcc-Na are hardly distinguishable from those for fcc-
Na). Details of the calculations are given in ref. [58]. At 100 GPa (experimental volume
10.4 A3/atom) the calculated volume is larger by only ~ 3%. The agreement between
calculations and experiment looks even better when given as a 1% difference in lattice
parameter. On the other hand, in terms of pressure, the difference amounts to ~ 10 GPa.
It cannot be ruled out that part of this difference is due to systematic errors in the ruby
(tantalum) pressure scales used in the experimental studies.

The inset of fig. 13 shows calculated enthalpy differences for bcc and fcc phases of
Na [96]. Results of other calculations, see, e.g., refs. [43,65,66], are qualitatively similar
except for a different ordering of phases at ambient pressure. Increasing pressure first
stabilizes bcc, but then, near 70 GPa, bcc becomes unstable relative to fcc. The calculated
transition pressure of 70 GPa for the static-lattice case (having an estimated uncertainty
of ±10 GPa) agrees well with the experimental results at room temperature. Attention is
drawn to the absolute magnitude of the enthalpy differences; at all pressures their values
are rather small compared to thermal energies at 300 K (25meV/atom) or the energy
of zero-point vibrations in Na (15meV/atom [37]). Thus, in claiming good agreement
between experimental and calculated phase stability one needs to keep in mind that
vibrational energies are not included in the calculations of enthalpy differences.

Neon is the closed-shell element next to Na in the Periodic Table. Experimental PV
data for neon [97] are also shown in fig. 13. At 100 GPa the atomic volume of Na is
~ 60% larger than that of neon. In a quite simplified picture it is the extra valence
electron of Na which requires about 60% more space compared to the neighboring closed
shell system at the same pressure.

The occurrence of the cI16 structure at 103 GPa (fig. 13) marks the onset pressure
for symmetry-breaking transitions in Na. The stability of this phase was tested in total
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Fig. 13. - Pressure-volume data for sodium measured by synchrotron X-ray diffraction [58,96].
Na transforms from bcc to fcc at 65 GPa and to the c/16 structure (SG /-43d) at 104 GPa. The
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volume data of solid neon [97], the neighboring closed-shell element of Na in the periodic table,
are shown for comparison. The inset displays the calculated enthalpy difference for bcc and fcc
Na as a function of pressure. Note that the enthalpy scale is an order of magnitude smaller than
that of fig. 7.

energy calculations [65,66], and the calculated results show this structure to become
more stable relative to fcc at pressures of 110 to 130 GPa, in good agreement with the
experimental observations. Several other structure candidates were also tested in the
calculations (fig. 14) and it is found that at higher pressures, but still within the range
of DAC techniques, Na may transform into Cs-IV and then into 0C8. This does not
necessarily mean that these phases will actually be observed. But the calculated results
definitely show that transitions to new phases of Na are to be expected. Based on what
is known for the other alkali metals one should be prepared to come across structures
not previously observed for other elements.

7. — Concluding remarks

Some general conclusions concerning simple metals under pressure are as follows:
1) Elemental metals considered to be simple in terms of their structural and electronic

properties at ordinary conditions of temperature and pressure adopt rather complex
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Fig. 14. - Enthalpy differences AH(P) for Na as derived from calculated total energies E(V)
for different crystal structures in the static lattice limit (courtesy of N. E. Christensen, see
also ref. [66]). The enthalpy of the bcc structure is taken as a reference. Similar results are
reported in ref. [65]. The calculated phase transitions to the fcc and / — 43d (cI16) structures
basically agree with experimental results at 300 K. The figure demonstrates that quite a number
of structures have been tested in order to find possible candidates with enthalpies lower than
that of the Cs-IV or Cmca (Z = 8) structures. Here, Cmca (oC8) refers to the orthorhombic
"paired-atom" structure originally considered in calculations for dense Li [13].

crystal structures at intermediate densities, most of them not previously observed for
other elemental solids.

2) Semi-metallic phases of alkali metals appear under pressure. The possibility of
insulating phases of the light alkalis Li and Na, as envisioned by Neaton and Ashcroft [13],
certainly remains a subject of high interest, and there may be some indication already
for non-metallic properties near 70 GPa [89].

3) Some of the observed new structures of the simple metals closely resemble cation
sublattices in binary intermetallic compounds or alloys. This means that the metal
atoms are arranged around interstitial sites which are occupied by anions in the binary
compounds. The bonding in the metals is of the multi-center type. The structural work
on the simple metals adds some new aspects to inorganic structural chemistry, a field
which in turn may provide ideas of other possible structures of dense metals.
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4) First-principles total energy calculations using trial structures obviously have a
good potential for predicting the conditions under which symmetry-breaking transitions
are to be expected. In experimental studies it has happened that unexpected structures
are observed at the densities of interest. Once structural properties of a new phase are
known from experiment, the results can usually be well reproduced in the calculations and
serve as input for test calculations of the phase stability in chemically related materials.

5) Lattice dynamical aspects of high pressure phases of simple metals appear to have
moved into the focus of theoretical studies [43-49]. On the one hand, theory can be used
to test the dynamical stability of new structural arrangements found to be energetically
favorable in static-lattice total energy calculations. On the other hand, new insight is
gained from microscopic theory into the lattice dynamics electron-phonon coupling, and
thermodynamics of known phases, along with some guidance for related experiments.

6) While rather unusual structural properties of simple metals are revealed by recent
experimental and theoretical high pressure studies, we still look forward to detailed
experimental investigations of the related physical properties, e.g. phonon dispersions,
electronic transport, optical response, and superconductivity.

Part of the material covered in this lecture note resulted from collaboration with
U. SCHWARZ, M. HANFLAND, K. TAKEMURA, I. LOA, A. GRZECHNIK, N. E. CHRIS-
TENSEN, D. L. NOVIKOV, and O. JEPSEN, who all made substantial contributions to the
experimental and/or theoretical investigations. Further collaboration with R. J. NELMES
and M. I. McMAHON is acknowledged. The author enjoyed discussions with N. W.
ASHCROFT and J. B. NEATON.
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1. - Introduction

Almost 30 years after the theory of superconductivity by Bardeen, Cooper and Schri-
effer (BCS) in 1957 [1], and more than 75 years after the discovery of the first supercon-
ductor by Kamerlingh Onnes in 1911 [2] (Hg, with a Tc — 4.15K), the first material to
superconduct above the boiling point of nitrogen (77.3 K) was discovered: YBa2Cu3O7-x

with Tc = 91 (2) K [3]. Notably, it was a consideration of the effect of pressure on the
40 K La cuprates [4] that guided experiments leading to the results for YBa2Cu3O7_x: [3].
Pressure continues to play an important role in the study of these and other superconduc-
tors. Indeed, the highest superconducting Tc (164 K) has been achieved by application
of pressure of ~ 30GPa on HgBa2Ca2Cu3O8+<5 [5], a material that also has a record
Tc of 133 K at ambient pressure. With recent developments in diamond cell methods,
investigations of superconductivity under pressure have been extended to more extreme
conditions and to a broader spectrum of materials, including novel phases formed in the
megabar range (> 100 GPa; e.g., refs. [6,7]). The results provide important insights into
the behavior of materials at very high densities, including the existence of new physical

© Societa Italiana di Fisica 275



276 V. V. STRUZHKIN, E. GREGORYANZ, H. K. MAO, R. J. HEMLEY and Y. A. TIMOFEEV

and chemical phenomena [8].
Current techniques for investigating superconductivity at very high pressures are

based on highly sensitive magnetic susceptibility or electrical conductivity methods. In
both cases, techniques developed for ambient conditions have been adapted so that they
can be applied to very small sample volumes (a typical sample size in an experiment at
30 GPa is about 100 x 100 x 20 /zm3). The sample volumes must be further reduced when
a pressure medium is used (mandatory for many applications) and for experiments at
much higher pressures (e.g., megabar range). To handle these demanding tasks, mag-
netic methods have been developed to measure superconducting transitions by exploiting
the Meissner effect in very small samples. We present an overview of these techniques,
together with an in-depth discussion of a relatively new double-frequency modulation
technique. The technique was used in measurements of Tc in sulfur to 230 GPa [9],
and in recent measurements of superconductivity in MgB2 to 44 GPa in He pressure
media [10].

The paper is organized as follows. We begin with an overview of magnetic techniques
in sect. 2. We then give a detailed description of the most sensitive magnetic method
yet available, the double-frequency modulation technique (sect. 3). This is followed by
several examples. Section 4 presents pressure effects on superconductivity in simple s-p
metals. The TC(P) in the chalcogens is given in sect. 5. In sect. 6 we present pressure
data for the recently discovered superconductor MgB2.

2. — Overview of existing techniques

One of the very first techniques for measuring TC(P) in superconductors is well de-
scribed in a review by Klotz, Schilling, and Muller [11]. This is a single-frequency stan-
dard technique often used at ambient pressure and adapted for diamond anvil cell exper-
iments (fig. 1). The technique is capable of detecting signals from the samples as small
as 80 m in diameter. A similar technique was developed by Tissen et al. and used in
measurements of Tc in La to 50 GPa [12]. Several other techniques have been developed
in recent years [13-15] to overcome the problem of the background signal in the single-
frequency technique. The most notable techniques are the third-harmonic method [14]
(fig. 2), and the vibrating-magnetometer technique [15] (fig. 3). Both techniques are ca-
pable of measuring signals from very small samples; however, the smallest possible sample
size was not estimated in the original publications [15, 14]. The vibrating-magnetometer
technique has been used to detect superconductivity in vanadium to 120 GPa, where
TC = 17.2K [16].

The method presented here was introduced by Timofeev [13]. We have addressed
the techniques for measurements of superconducting critical temperatures and Curie
temperatures in ferromagnets recently [17,18]. The technique has been used to the highest
pressure of 230 GPa [9], currently the record for high pressure magnetic susceptibility
measurements of Tc. The highest reported pressure of superconductivity measurements
(250 GPa) has recently been reached in experiments on boron by electrical conductivity
techniques [7]. We refer the reader to original papers and reviews on the progress in
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Fig. 1. - The setup for TC (P) measurements using the standard single-frequency technique [11].
The system includes a diamond anvil cell driven by the double-diaphragm press with a He
pressure medium. The magnetic-susceptibility setup operates at single frequency (500 Hz).
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Fig. 2. - Third-harmonic technique used for TC(P) measurements. The technique can be applied
for studies of superconductivity in large dc magnetic fields [14].
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Fig. 3. - Vibrating-magnetometer technique for diamond anvil cell applications [15]. The detec-
tion coil is composed of the inner (20 turns) and the outer (10 turns) coils, which are oppositely
wound so as not to respond to a uniform magnetic field. The maximum sensitivity is reached
above the gasket at the position of the maximum gradient of the magnetic field.

investigation of transitions from insulating to metallic states and Tc measurements in high
pressure metals by resistivity methods [7, 19, 20]. Here we will focus on measurements
of superconducting transitions by magnetic susceptibility techniques in a diamond anvil
cell.

3. - Double-frequency modulation method

3'1. Technique overview. - We begin with a discussion of problems that arise when
measuring magnetic properties of a small superconducting sample in a system consisting
of signal and compensating (secondary) and exciting (primary) inductance coils located
in the vicinity of the sample (fig. 4). The exciting coil (1) creates an alternating mag-
netic field which produces electromotive forces in both the signal (3) and compensating
(2) coils. These coils are included in the electrical circuit in such a manner that their
electromotive forces act in opposite directions and nearly compensate for each other.
The difference between the two electromotive forces determines the background signal
with magnitude depending on several factors. The most significant are a) differences
in the geometric parameters of the signal and compensating coils and their unavoidable
asymmetric disposition inside the exciting coil, and b) the proximity of the system of
coils to metal parts of the high pressure chamber (not shown in the figure), which distort
the uniform distribution of magnetic flux passing through signal and compensating coils
due to geometric asymmetry and electrical conductivity.

A modulation technique can be applied to detect the superconducting critical temper-
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Time

Fig. 4. - Schematic representation of the background subtraction principle in magnetic suscep-
tibility measurements: 1, primary coil; 2, secondary compensating coil; 3, secondary signal coil.
Removal of the sample from the signal coil produces measurable changes in the total output
signal.
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Fig. 5. - Schematic of the double-frequency modulation setup. Coil 4 is used to apply a low-
frequency magnetic field to modulate the amplitude response from the high-frequency pick-up
coil 2 due to the superconducting sample. The setup includes two signal generators and two lock-
in amplifiers, operating at low (20-40 Hz) and high (155 kHz) frequencies. Details are presented
elsewhere [18].
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0.0
(1-n) 1 2

H/H
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Fig. 6. - Left panel: Magnetization curves for type-I and type-II superconductors. 1, ideal type-I
superconductor; 2, type-I superconductor, with demagnetization factor taken into account; 3,
magnetization curve for type-II superconductor. The right panel shows schematically where
Meissner state, mixed state, and normal state are located in H-T space for type-II supercon-
ductor. It shows also that Hc1 is almost linear close to Tc.

ature due to the fact that one can "virtually" remove the superconducting sample from the
high pressure cell by applying an external magnetic field that destroys superconductivity
in the sample. The technique is based on the fact that the magnetic susceptibility of su-
perconducting materials depends on the external magnetic field enclosed in the volume of
the sample. When the magnetic field is high enough to quench the superconductivity, the
Meissner effect is suppressed and the magnetic field penetrates the sample volume. (This
happens at the critical magnetic field Hc.) In contrast, the susceptibility of the metallic
parts of the high pressure cell (diamagnetic and paramagnetic) is essentially independent
of the external field. Thus, insertion of the high pressure cell containing the sample
in an external magnetic field exceeding the critical value changes the part of the signal
produced by the sample, while the background remains practically constant. This fact
allows the separation of the signal arising from the sample from that of the background.
We apply the low-frequency (f = 22 Hz) magnetic field with an amplitude up to several
dozen oersteds, which causes the destruction of the superconducting state near the su-
perconducting transition. This in turn leads to a change in the magnetic susceptibility
of the sample from —1 up to 0 twice in a given period, and produces a modulation of
the signal amplitude in the receiving coils at a frequency 2f. The subsequently amplified
signal from the lock-in amplifier is then recorded as a function of temperature on the
computer. The critical superconducting temperature Tc is then identified as the point
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+ Hc1(Tmax)

-2
7Time axis, arb. units 88 89 90 91 92 93

Temperature, K

Fig. 7. - Left: schematic presentation of magnetic field variation with time near the sample. The
low-frequency component at frequency / is used to "virtually" remove the sample from the cell:
when the amplitude of the low-frequency magnetic field H0 exceeds the first critical field Hc1, the
magnetic field penetrates the sample volume. Right: signal at frequency 2f extracted from the
amplitude of the high-frequency signal. At T > Tc the signal disappears because the magnetic
field penetrates the sample volume at all times; thus there is no variation of high-frequency signal
amplitude with time. When T < T1, the signal also vanishes for an ideal superconductor (T1 is
determined by the condition Hc1(T1) = H0), because then Hc1 > H0 and the magnetic field is
excluded at all times from the sample volume, and there is no variation of the high-frequency
signal amplitude with time. When T1 < T < Tc, the magnetic field enters the sample volume
twice per period of the low-frequency magnetic field T (frequency f = 1/T), thereby producing
amplitude modulation of the high-frequency signal with period T/2 (at frequency 2f).

were the signal goes to zero due to the disappearance of the diamagnetic signal at Tc.
Figure 5 shows the outline of the system of coils and relevant electronics for detecting
the double-frequency 2f modulated signal.

3"2. Signal shape. - The dependence of the signal on temperature for the outlined
double-frequency modulation technique can be estimated using the Hao-Clemm model
for reversible magnetization in type-II superconductors [21]. Hao-Clemm theory has been
highly successful in describing the magnetization curves of high-Tc superconductors, and
is valid in the temperature and field region where magnetization is thermodynamically
reversible and fluctuation effects are not important. Figure 6 shows the magnetization
curves for type-I and type-II superconductors. We illustrate the time dependence of the
magnetic field at the sample position in fig. 7. When the temperature increases and
approaches Tc, the critical magnetic field Hc1 decreases (almost linearly close to Tc),
reaching zero at Tc. Using magnetization curves for type-II superconductors we have
calculated numerically the signal at the second harmonic of the low-frequency magnetic
field, which is shown in fig. 8. The signal starts developing when Hc1 is equal to the
amplitude of the low-frequency magnetic field (temperature T1, fig. 7) and reaches its
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Fig. 8. - Left: signal dependence for type-II superconductors calculated for different values of
the Ginzburg-Landau parameter k, using Hao-Clemm theory (see text). Right: illustration of
how the signal shape is modified if the sharp cusp in the magnetization curve at Hc1 is smeared
out by experimental conditions (e.g., when the amplitude of the high-frequency magnetic field is
not negligible compared to the amplitude of the low-frequency field) or by irreversibility effects
in magnetization.
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Fig. 9. - Comparison of the theoretical signal shape from fig. 8 (left) with the experimentally
observed signal shape for slightly overdoped YBa2Cu3O7—x in a He medium (right).
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maximum at the temperature Tmax, which is determined by the actual values of the
parameters involved. The signal drops to zero at Tc. We assumed in the calculation
that Hc1 is a linear function of (TC-T) close to Tc. The numerically calculated signal
shape does not depend significantly on the value of the Ginzburg-Landau parameter and
is shown in fig. 8. The signal shapes calculated for different magnetization curves are
close to the signal shape observed in experiments on YBa2Cu3O7—x in a He pressure
medium (fig. 9). Our assumptions of reversible magnetization are supported by reported
magnetization measurements in YBa2Cu3O7_x between 80 and 90 K [22]. However, more
realistic calculations should take into account the irreversibility effect on the magnetiza-
tion curves near Tc, similar to calculations performed in ref. [23] for the signal shape at
the third harmonic of the excitation frequency.

3'3. Sensitivity. - The crucial parameter for such a system is its sensitivity. We
give below a simple estimate of the sensitivity based on classical electrodynamics. The
sample is very small and acts as a magnetic dipole with a magnetic moment (in SI units)
M — VsxB/no (where Vs is the sample volume, x is the magnetic susceptibility, B is the
magnetic induction, produced by excitation coils, and u0 = 4 10–7 H/m is the magnetic
permeability of a vacuum). The EMF induced by the sample on the detection coils is

(1) £ = 2*f^VsXB,

where / is the frequency of the exciting field, n is the number of turns, and D is the
diameter of detection coils. Using experimental parameters / = 60 kHz, n = 300, D =
3.5 mm, Vs = 10–14 m3 (sample size 33 x 33 x 10/m3), B = 3.10–5T, and assuming that
X = — 1 for T < Tc, we obtain e = 12 nV. This estimate is fairly close to experimental
values. Equation (1) is also helpful in estimating ways of increasing the sensitivity of
the experimental setup. It is evident that when parameters n, D, B are optimized,
one can increase the exciting frequency / in order to increase the sensitivity. However,
increasing the operating frequency introduces problems related to the fact that the stray
capacitances of all electrical leads and cables become important. The details of the setup
are described elsewhere [18]. In fig. 5 the schematic representation of the setup is given;
we refer the reader to refs. [13, 17, 18] for details. We will give below representative
examples of Tc measurements at megabar pressures.

3"4. Background issues. - Samples of 99.9995% purity S were loaded in Mao-Bell
cells [24] made from Be-Cu and modified for measurements down to liquid-helium tem-
peratures. The gaskets made from nonmagnetic Ni-Cr alloy were used together with
tungsten inserts to confine the sample; no pressure transmitting media were used. The
gasket and insert may be responsible for the temperature-dependent background seen
in the raw temperature scans (e.g., fig. 10a). Two peaks are clearly seen at ~ 10–12 K
and ~ 17K. The second broad peak at lower temperatures arises from the sample out-
side of the flat culet, where pressure is considerably lower than within the center of the
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20 30 10
Temperature (K)

Fig. 10. - Superconducting signal from sulfur sample at 231 GPa, overlapped with the back-
ground. This figure illustrates how smooth background can be subtracted from the signal, using
information for both signal amplitude and phase. See text for details.

culet. The splitting of the 17 K peak is artificial and only reflects the fact that the signal
amplitude has increased substantially with respect to the background.

The background signal in our measurements appeared to be ferro-or para-magnetic,
as its phase is approximately opposite to that of the signal from the sample (diamagnetic)
(see fig. 10a). Because the background signal changes smoothly with temperature, we can
separate the signal from the background by the simple procedure illustrated in fig. 10.
We measure amplitude and phase of a sum of signal and background with a lock-in tech-
nique. The signal changes very abruptly in the vicinity of the superconducting transition,
allowing us to see these changes both in amplitude and phase of the signal (fig. 10a).
It is straightforward to interpolate the background in the range of the superconducting
transition with a smooth polynomial function. The total signal can be represented as
the complex variable U = Ase1^3, and the interpolated background as B = Asel^B; our
signal is then S == Ase^8 = U — B (the difference of two complex variables). The signal
with background subtracted is shown in fig. 10b, which clearly separates into the main
sharp peak corresponding to the sample confined in the gasket hole with Tc ~ 16 K, and
a broad peak at lower temperatures that is due to the sample part which has flowed out
of the gasket hole and is confined between the diamond culet and the gasket.
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4. - Simple metals

We will focus in this section on simple s-p metals. Theoretically these metals are
considered well understood. The first treatment of simple metals using pseudopotentials
was given by McMillan [25]. This treatment was extended later by Allen and Cohen [26].
By definition, "simple metals" are metals in which outer (s and p) conduction electrons
are removed far enough in energy from d or f levels that these conduction electrons can be
treated as nonlocalized nearly free electrons. In these metals the electron-ion interaction
can be treated using a pseudopotential approach, and the pseudowave functions are
similar to the free-electron plane waves. In the following discussion we will use the
Allen-Dynes [27] modified McMillan's [25] expression for Tc:

(2) -1.04(1 +A)
(2)

Here the electron-phonon coupling constant is given by

fdu>a2(u)F(u) N(£F)(I2)
(3) / w = M(u;2) '

where a(w) is an average of the electron-phonon interaction, F(u) is the phonon density
of states, N(eF) is the density of electron states at the Fermi level, (I2) is the square of
the electron-phonon interaction matrix element averaged over the Fermi surface, M is the
atomic mass, p* is the Morel-Anderson effective Coulomb repulsion pseudopotential [28],
and wlog and (w2) are averages over the phonon spectrum given by [27]

[2 f°° dw 2 r n / ., 1
(4) c^og = exp - / —a F(u)lnu ,

[A J0 u j
2 f°°

(5) (a;2) = - / dwa2F(u)u.
A Jo

These expressions follow from a thorough analysis of the dependence of the superconduct-
ing transition temperature on material properties (A, /^*, phonon spectrum) as contained
in Eliashberg theory [25, 27].

Within the pseudopotential model, McMillan [25] has derived the expression

(6) </2> - lk2E2(v2),

where EF and kF are the Fermi energy and wave number, and (v2) is a dimensionless
average of the pseudopotential V(q) squared,

(7) (v2
q) = fF V(q)2q3 dq/ V(0)2q3 dq.

Jo Jo
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For a free-electron gas, the density of states of one spin per atom is N (0) = 3Z/4EF [25]
(Z is the valence of the atom). Expressing the average phonon frequency in units of the
ionic plasma frequency

(8) 2 = 4 NZ2 e2/M.

McMillan [25] gives the expression for the coupling constant as

The factor E F / k F e 2 is just 0.96/rs, where rs is the radius in atomic units of a sphere
containing one electron; thus, a simple expression can be derived [25]:

(10) A=HV"2)

McMillan [25] noted that the observed phonon frequencies are extremely sensitive to
small changes in pseudopotential and the important dependence of the coupling constant
A upon the pseudopotential arises from the (w2) term in the denominator of eq. (10),
rather than from the (v2) in the numerator. Thus, for simple metals the pseudopotential
theory predicts that the coupling constant varies inversely with the phonon frequency
squared, A = C/((w2)/n2). Making further approximations, McMillan arrives at his
famous relation for simple metals:

(11) A & ——, T7-.

Allen and Cohen [26] pointed out that in the jellium model,

The potential strength ( v 2 ) is a simple function of rs in the jellium model, approximated
by 0.075rs in the region 2 < rs < 5 (fig. 4 in ref. [26]). The net result of the jellium model
analysis is that A should scale as rsZ

2/3 on theoretical grounds, or as rsZ
5/3 empirically.

We will use these results in our examination of the Tc trends in the chalcogen family given
below. For the analysis of high pressure data it is convenient to write down an explicit
expression for the Hopfield parameter h = N(0){I2} as follows from pseudopotential
relation for (I2) from eq. (6),



288 V. V. STRUZHKIN, E. GREGORYANZ, H. K. MAO, R. J. HEMLEY and Y. A. TIMOFEEV

Pressure (GPa)
100 200 300 400 500 600 700 800 900 1000

20

15

10

5

! bco j 6 :

? | CJ%^ i SC?

r l p-poA s- Rudin et al-
I. I . : .

hrr 9 Sulfur

>*-O. Zaharov et al.

•

.
(

12
10
8

4
?

) 50 100

§! bco ' p-Po 0 ^
0 *
El I M.Otan eta).

^ol"**^ 0 *^• i . i 9

150 200 250

I bcc Selenium'
9 ^ PV* / c

S. Rudin et al.

. •

10 20 30 40 50 60
IU

6

4

. ?.bco

• !k/i N

p-Po °

' o o— • •

bcc Tellurium
,
^ ^ F. Mauri et al.

^-X

Fig. 11. - Superconducting Tc in S, Se, and Te. Data for S and Se below 25 GPa, and above
150 GPa are from refs. [6, 9]. Data for Te and the remaining data for Se are from refs. [29–32].
The observed similarity in TC(P) curves illustrates the scaling relations derived in the text.
Theoretical results are also shown (see table II).

Using (Vg) ~ rs, and k^Ep ~ l/r^, we find that h ~ 1/rf ~ 1/V, which is widely used
by experimentalists as an empirical relation for the Hopfield parameter in simple metals.
In the next sections we will explore how these simple principles can be applied to real
materials under pressure.

It should be noted, however, that real metals deviate from this simple model in many
respects. As Allen and Cohen [26] have pointed out, there are considerable complications
due to the following factors in real materials: i) The actual Fermi surface is distorted
away from a sphere near zone boundaries, ii) The actual matrix elements deviate from
the free-electron matrix elements near zone boundaries, iii) The phonon frequencies are
anisotropic. We may add to this list: iv) The effects of anharmonicity play a substantial
role in modifying the electron-phonon interaction (MgB2, BaBiO3, high-Tc supercon-
ductors), v) Different electron energy bands (surfaces) have different contributions to
electron-phonon coupling in materials with anisotropic energy bands (MgB2).
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5. — Chalcogens: sulfur, selenium, tellurium

We begin this section with estimates of scaling relations for pressure as follows from
chemical considerations. Prom the virial theorem we have estimates for the total energy
of valence electrons in the form [33]

w ~ f + v = ~

Here T is the averaged kinetic energy, and V is the averaged potential energy, Z is the
number of valence electrons, e is the electron charge, a0 is the Bohr radius, and n is the
principal quantum number for the valence electrons (n = 3 for S, n = 4 for Se, n = 5 for
Te). According to Pauling [33],

(15) W = 2

where r ~ a0 is the average electronic radius of the valence orbitals. On the other hand,
in the free-electron gas approximation, the total energy of the free-electron gas is given
by the expression

*-W£)&T'
where Va is the atomic volume, (4/3)Zrr3 = Va, and rs is the radius of the sphere
enclosing one electron. Assuming that in metallic state the total energy W ~ EF, we
find that n2 r2~V2/3

a , and thus W ~ l/(n2V2/3), where V is the total volume. By
noting that P ~ 5W/6V', we obtain P ~ l/(n2r5), ensuring that the relation

(17) n2r5P - const

holds through the chalcogen series for equivalent free-electron—like metallic states as
long as there is no substantial contribution from s- or d-orbitals to the energy balance.
We have estimated that the product in eq. (17) is indeed almost invariant for phase
transition pressures in the chalcogen series from bco to B-Po and from /3-Po to bcc
in metallic phases (illustrated by data in table I). We also show the behavior of the
superconducting Tc for S, Se, and Te in fig. 11 by adjusting the pressure scale to the bcc
phase transition pressure point. The observed similarities in TC(P) mimic similarities
in the phase transition sequence. Note also that theoretically predicted Tc's for the B-
Po and bcc phases are in good agreement with experiment. Table II shows theoretical
estimates for averaged phonon frequencies and electron-phonon coupling A as follows
from theoretical calculations. It is remarkable that the A values change very little when
going from Te to S (except for the very high A in the Te bcc phase close to the phase
transition, which is attributed to soft phonon modes [34]). Thus, instead of ~ rs as
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TABLE I. - Scaling relations for the chalcogen family. Atomic volumes at phase transitions
bcc Po (VB-Po) are from refs. [32, 35–37], atomic volumes at phase transitions Po bcc
(Vbcc) are from refs. [32, 38], pressure of the Po bcc phase transition for sulfur is taken
from theory [38].

Element (n)

VB-Po (A
3)

rv = rsZ
1/3(A)

P (GPa)

n2 r5
vP (A5 GPa)

Vbcc (A3)
rs Z1/3 (A)rsZ

1/3 (A)

P (GPa)

n2r5
vP (A5 GPa)

Te (5)

25.8

1.83

10.5

5.4.103

21

1.71

33

1.2 • 104

Se (4)

14.3

1.51

60

7.5 • 103

11.3

1.39

140

1.2 • 104

S (3)

8.5

1.27

160

4.7 • 103

7.4

1.21

545

1.3 • 104

TABLE II. - Average phonon frequencies and electron-phonon coupling in the chalcogen family
superconductors at selected pressures from theoretical work [34, 38–40].

P (GPa)

Sulfur

160 (/3-Po)

280 (/3-Po)

280 (sc)

584 (bcc)

Selenium

103 (/0-Po)

118 (0-Po)

129 (bcc)

166 (bcc)

Tellurium

17 (0-Po)

23 (/?-Po)

26 (bcc)

47 (bcc)

2 (cm–1)

375

463

481

411

217

227

204

234

109

116

103

131

wlog ( c m – 1 )

305

343

389

422

174

179

157

185

57

55

87

58

A

0.76

0.66

0.53

0.58

0.58

0.57

0.83

0.66

0.8

0.8

1.64

0.93

TC(K)

17

13.5

7.4

15

4.04

3.91

9.9

6.6

2.8

2.7

9.1

5.2

Reference

[39]

[39]

[39]

[38]

[40]

[40]

[40]

[40]

[34]

[34]

[34]

[34]
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Fig. 12. — This figure shows the pressure dependence of Tc in isotopically pure MgB2 samples,
measured in He pressure medium. Corresponding insets show experimental temperature scans.
Circles are used for Mg10B2, squares for Mg11B2; full symbols are for compression and open
symbols for decompression.

we would expect from pseudopotential theory (see ref. [26], and discussion after eq. (12)
in sect. 3), we have instead A ~ const. If this trend continues to oxygen, we may expect
rather high Tc values in atomic oxygen at pressures above 1000 GPa [41].

6. — MgB2 and phonon-assisted electronic topological transition

The recently discovered high-temperature superconductor MgB2 [42] has attracted
considerable interest. Experiment [43,44] as well as theory [45-48] indicate that MgB2 can
be treated as a phonon-mediated superconductor. Calculations show that the strongest
coupling is realized for the phonon branch in the Brillouin zone from (E2g phonon) to A
(E2u phonon), which is related to vibrations of the B atoms [46–48]. This makes MgB2 a
unique system in which a single phonon branch appears to dominate the superconducting
properties within the framework of a phonon-mediated mechanism for superconductivity.
By knowing the pressure dependence of these phonon frequencies and the pressure de-
pendence of Tc, the electron-phonon coupling in this material can be directly addressed.

We measured TC(P) in isotopically pure samples of MgB2 (samples were similar to
those used in ref. [43]), with 10B and nB. The details of the experiment are presented in
ref. [10]. In fig. 12 we show the Tc as a function of pressure; temperature scans at selected
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Fig. 13. - The superconducting critical temperature (Tc) plotted as a function of volume is
linear, with kink at about 20 GPa for Mg10B2, respectively. Insets illustrate the proposed
phonon-assisted electronic topological transition, responsible for the observed effect. See text
for details.

pressures are also shown. The signal observed is close to the limit of the sensitivity of
our setup. The signal is superimposed on the nonlinear paramagnetic background from
the gasket material at lower temperatures (below 25 K), which has a characteristic 1/T
dependence (subtracted from the data for Mg10B2). However, the onset of Tc can be
reliably identified with an accuracy 0.2–0.8 K (depending on the actual quality of the
data, as illustrated in fig. 12) up to the highest pressures reached in this experiment.

We plot Tc for Mg10B2 as a function of volume in fig. 13. One can clearly distinguish
a kink in TC(V) at a volume that corresponds to 20 GPa. We observe a similar kink
at 15 GPa for Mg11B2 [10]. The pressure dependence of the E2g phonon was measured
recently in our laboratory [49]. We have measured the E2g Raman mode in Mg10B2 at
room temperature to 50 GPa [10] to understand the anomaly in Tc; we observed similar
anomaly in the pressure dependence of the Raman mode slightly above 20 GPa (see
lecture by Goncharov et al., this volume, p. 297).

At lower pressures the zero-point motion of the boron atoms for the E2g mode strongly
splits the boron in-plane a bands, so that the lower band moves below the Fermi level,
thereby crossing it and fulfilling the condition for an Electronic Topological Transition
(ETT) (fig. 13, right inset). This means that for a frozen-phonon calculation there should
be an anomalous contribution to the total energy, that behaves similarly to the 2(1/2)
power term in the free energy, suggested by Lifshitz [50], with the amplitude of the phonon
mode being a parameter that drives the electronic subsystem through the transition.
As such, the phonon frequency is strongly anharmonic, and its volume derivative (the
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Gruneisen parameter) may even diverge at the transition. At higher pressures the zero-
point motion does not split the a band strongly enough for the lower band to cross the
Fermi level (fig. 13, left inset). Thus, the system is always at conditions in which there
is no anomalous contribution to the free energy from ETT-like 2(1/2) power terms, and
the phonon mode and Tc behave in a more regular manner. Between those two regimes
there should be a small pressure range in which the amplitude of the zero-point motion is
just enough for the top of the lower band to coincide with the Fermi level. It is proposed
that this condition is almost fullfiled at the observed kinks in pressure dependencies of
Tc and E2g phonon frequency.

The lower pressure for the observed transition in Mg11B2 vs. Mg10B2 [10] may be due
to the isotope effect: the zero-point motion for a heavier atom is smaller, and the match-
ing condition for the a band is fulfilled at lower compression of the lattice. Several argu-
ments support the observed isotope trend, following the reasoning proposed by An and
Pickett [46]. They noticed that the a bands belonging to B, which form cylindrical Fermi
surface sheets [45], can be treated as quasi-two-dimensional. The states in these bands
contribute most of the electron-phonon coupling responsible for superconductivity [46].
The overall splitting of the a band is characterized by the p-p matrix element tppo ~ d3,
where d is the B-B bond length. Thus, the deformation potential of the a band will be
proportional to the derivative of the above matrix element with respect to d (the E2g

mode modulates the B-B distance), and thus |D| ~ d –4. We have determined earlier that
the phonon frequency of the E2g mode scales as u ~ (a/a0)–10 .8 = (d /do) – 1 0 . 8 below
15 GPa [49]. The amplitude of the zero-point motion u ~ u– 1 /2 ~ (d/d0)5.4,which means
that the splitting of a bands A.E ~ Du ~ ( d / d 0 ) 1 . 4 decreases almost proportionally with
the B-B bond length.

The low pressure regime for both isotopic compounds suggests a strong contribution
from ETT anomalies to the observed properties of the materials. It should be noted that
the electron-phonon coupling may be strongly affected by the non-adiabatic effects due
to the violation of the condition that the Debye frequency is much less than the Fermi
energy, WD/-EF < 1 [51] close to the ETT regime. We also expect large effects of uniaxial
stresses and stoichiometry on the pressure dependence of the superconducting transition
in MgB2.

7. — Conclusions

Developments in magnetic susceptibility techniques for diamond anvil cell applications
have been reviewed here with an in-depth discussion of the basics of the recently improved
double-modulation technique. The method has been applied to studies above 230 GPa
without a pressure medium and above 40 GPa with He pressure medium. The pressure-
limiting factors have not been explored in detail yet, and the high pressure limit of
the technique remains to be established. Numerical estimates/extrapolations indicate
that superconductivity measurements on samples down to 10 m, in diameter are within
reach [18].

We have measured superconductivity in S over a broad pressure range from metal-
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ization onset at 90 GPa (bco phase) to 231 GPa into the /3-Po phase. Superconductivity
in Se was studied below 33 GPa, and the pressure-induced increase of Tc was discovered
in a yet to be identified low pressure phase; we also observed Tc ~ 7.5 K above 160 GPa.
These experiments, together with previous pressure studies of superconductivity in Te
and Se, indicate that pressure-induced changes of Tc in the chalcogens follow a scaling
relation n2r5

s P ~ const (eq. (17)). The electron-phonon coupling constants in the chalco-
gens in the corresponding phases appear to be remarkably similar, a result that cannot
be explained by the trends derived from a simple pseudopotential model.

MgB2 is an example of a less isotropic simple s-p metal, with a Tc value almost at the
limit of what is expected from a phonon-mediated superconductor. We have explored the
pressure dependence of Tc for two B isotopes: Mg10B2 and Mg11B2. Combining Tc studies
with Raman measurements of the E2g mode, we were able to find a correlation between
the highly anharmonic behavior of the phonon and the TC (P) anomaly in Mg11B2. A
Lifshitz ETT [50], with the amplitude of the zero-point motion of the B atoms taken into
account [10], can explain the origin of these effects.
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1. — Introduction

The study of the effect of pressure on materials is fundamental to a range of problems
in physics (e.g., ref. [1]). With increasing pressure, the distances between atoms normally
decrease, which leads to the increase of interparticle interactions. Thus, by changing the
pressure, one can tune the physical properties of materials and observe corresponding
changes in the vibrational, electronic and magnetic excitations. The gradual changes
of interatomic distances and interaction in some cases yield to radical transformations
that are unique to high pressure. The behavior of compressed materials can be studied
under static conditions to pressures above 300 GPa (or 3 megabars). The associated
large decrease in volume provides a wealth of opportunities to observe basic changes in
bonding character, magnetic or electronic structure or chemical state. Such experiments
have become possible with the development of ultrahigh pressure diamond anvil cell
techniques (e.g., ref. [2]). In particular, high pressure spectroscopy provides crucial and
often unique information on bonding properties and excitations of metals, semiconductors
and superconductors [3, 4]. Ultrahigh pressure research, by its very nature, imposes
substantial requirements on the experimental technique. The extremely small amount
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of the material (e.g., down to picoliter volumes) brought to megabar pressures demands
an extremely sensitive and versatile equipment. Thus, the quality of the information
obtained critically depends on the development of new techniques and improvement of
the existing methods.

Raman studies of metals are challenging because only a very thin surface layer of the
sample (skin depth < 1000 A) is typically probed by the exciting laser radiation. This
makes the requirements for the experimental technique even more severe. Raman studies
in metals were began in 1966, with the pioneering work of Feldman et al. [5]. They were
able to detect very weak signals from phonon modes in Be and AuAl2. The first work on
metals under pressure was published in 1992 by Olijnyk [6]. The high pressure phases
of Si and Ge were studied to 50 GPa by Raman measurements of the phonon modes,
and the results were in reasonable agreement with theoretical calculations [7–9]. Such
studies have now become more feasible, reliable, and definitive with the development
of new CCD array detectors and optical systems [10, 11], because they give tremendous
advantage in comparison to single-channel and diode-array techniques.

Raman spectroscopy of metals has been of growing interest, in part because it is a very
informative way of characterizing high temperature superconductors (including determi-
nation of the superconducting gap; e.g., refs. [12, 13]). The possibility of using Raman
spectroscopy under pressure for studies of these materials has been demonstrated [14].
Several applications of the technique to metals have been reported [15-18], but its more
extensive use has been limited in pressure range and by the need to detect very weak
signals. We applied new holographic transmission optics Raman techniques [19] for high
pressure studies to obtain substantially improved performance, which allowed us to ex-
tend Raman measurements in metals to the megabar pressure range [20].

2. — Experimental

2'1. Raman technique. - The recent improvements in Raman spectroscopy techniques
stemmed from the development of extremely sensitive array detectors (CCD) and fast
imaging spectrometers [4, 11] coupled with and incorporating holographic transmission
optics. The latter has already found a wide application as notch filters, which efficiently
block undesirable Rayleigh-scattered light in Raman systems used for routine measure-
ments [21]. This obviates the need for cumbersome low-transmission double subtractive
monochromator filter systems for measurements above 50 cm–1 and increases substan-
tially the throughput of the system. The obvious drawback of such systems in its com-
mercial realization is the need of a separate set of optics for each excitation wavelength
(e.g., lines of an Ar-ion laser).

In the case of high pressure spectroscopy, flexible changes in both the excitation wave-
length and the spectral range are essential because of the need to choose the optimum
excitation for both ruby fluorescence and Raman measurements. This requires conve-
nient tuning of the central wavelength of the laser bandpass filter and the position of the
notch of the laser rejection filter. We have developed a simple universal design for Ra-
man/fluorescence measurements with capabilities of collecting low- and high-resolution
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Fig. 1. — Layout of an optical system used for the study of metals under pressure.

spectra and exciting spectra in different geometries using a variety of laser wavelengths,
which can be easily selected by tuning holographic optics (fig. 1). The spectral and spatial
purity of the laser beam is greatly improved by use of a bandpass filter (Kaiser Optical
Systems) and a spatial filter, which is also used as a beam expander. The collimated
laser beam is focused to the sample in either backscattering geometry with a neutral
or dispersive beamsplitter [22] and the same long-working-distance objective lens, which
is used for collecting the scattering radiation, or at an oblique angle using an auxiliary
long-focal-length lens. The scattered radiation collimated by the objective lens passes
one or two notch filters (Kaiser Optical Systems) and is focused into a confocal pinhole,
which is conjugated to the entrance slit of the spectrograph, to reduce the unwanted
fluorescence from the diamond anvils. The best performances have been realized with
the 460 mm focal length f/5.3 imaging spectrograph (Jobin Yvon HR460) equipped with
two 1800 and 300 grooves/mm gratings on the same turret. This feature allows one first
to take a quick spectrum over a wide spectral range (about 5000 cm–1) and then study
regions of interest with higher accuracy and resolution. The system can be tuned to other
excitation frequencies by changing the laser wavelength and rotating the holographic fil-
ters. One set of holographic filters covers the spectral range about 70 nrn (notch filters)
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and 150 nm (bandpass filter), which is suitable for most applications. Use of notch filters
for laser radiation rejection limits the spectral range available for Raman measurements
to Ar/ > 50–100 cm–1 because the bandpass of the notch filter cannot be made narrower
with present technology. If the low-frequency range is needed, then the spurious laser
radiation can be supressed by a double tunable filter made with dispersive holographic
transmission gratings [22].

Use of the double spatial filtering (one for the laser and one for the signal) effectively
suppresses laser plasma lines and unwanted Raman/fluorescence signals (e.g., from dia-
mond anvils). In this configuration the laser spot can be made very tight (e.g., 2 m)
and the depth of focus is substantially reduced. Thus, the Raman signal from the dia-
mond anvil is suppressed to a minimum; the effects of pressure inhomogeneity can also
be substantially reduced [23]. Diamond fluorescence can be further reduced by using
synthetic ultrapure diamonds anvils. This is crucial for studies of very weak scatters
(e.g., high temperature superconductors) and/or materials at very high pressures (above
200 GPa), where strong stress-induced fluorescence of diamond anvils is a major obstacle
for obtaining Raman/fluorescence spectra of samples [23].

In the case of metals, the use of an angular excitation geometry was found to be
crucial, since it allows a substantial reduction in background compared to the pure back-
scattering geometry. For this, the diamond cell must be modified to allow the angular
light access. Specially designed tungsten carbide seats with angular conical holes have
been used for this purpose.

2'2. Materials. - Samples of iron-nickel alloys Fe(1_x)Ni:r with x < 0.2 from various
sources have been studied recently. Some of them (with x = 0.05, 0.10, 0.15, 0.20) were
synthesized and characterized at Cornell University [24]. Another group with x = 0.05
and x = 0.1 were the same materials studied in ref. [25]. New samples with x = 0.01, 0.03
and 0.07 were synthesized at the Geophysical Laboratory. The sample with x = 0.07
was enriched by 57Fe isotope for nuclear resonance inelastic X-ray scattering (NRIX)
measurements. Rhenium samples were either commercially available polycrystalline foils
or powders in the case of our hydrostatic experiments. Samples of Mg10B2 were similar
to those used in refs. [26, 27]. They are essentially in a powdered form and consist of
aggregates of 30-50 m linear dimensions, which is ideal for high pressure experiments.

3. — Raman studies of metals

3'1. Iron and Fe(1_x)Nix alloy. — Knowledge of the physical properties of iron and its
alloys is very important for understanding the nature of the Earth's core. Recently, there
has been a flurry of experimental and theoretical activity devoted to determination of
the elastic properties of iron at the conditions close to those of the core [28–35]. Despite
these efforts, direct and unambiguous measurements of the second-order elasticity tensor
(e.g., Cij) under pressure are missing, and existing experimental and theoretical data are
still controversial [30, 36]. Raman spectroscopy can provide independent constraints on
the high pressure elasticity from measurements of the frequency of the transverse optical
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Fig. 2. - Illustration of folding of the dispersion curves in a hexagonal closed-packed (hcp)
structure due to a doubling of the unit cell (with respect to a cubic one). The zone boundary
transverse acoustic mode propagating along the [001] direction becomes the zone center E29

Raman-active mode. The gray solid and dashed (folded) lines are first-principles calculations
at about 60 GPa [34,38]; the black solid line is a "sine" curve computed with the same zone-
boundary frequency (279.5cm-1).

phonon, which is related to the shear elastic constant C44 by the relation

(1) C.44
J

where M is the atomic mass of iron, c and a are unit cell parameters, and v is the
frequency of the optical phonon [36, 37]. This simple relation reflects the fact that the
frequency of the phonon and the sound velocity (or corresponding Cij) are the properties
of the same phonon branch (fig. 2), folded because of the doubling of the fcc unit cell to
form hcp. Figure 2 shows the dispersion curves in the FA direction (001) for the e-Fe
computed theoretically [34, 38] in comparison with a "sine" curve obtained with the same
phonon frequency. They are very close to each other (but with a small discrepancy near
the zone boundary), which shows the validity of the model used. The theoretically com-
puted 644 is 232 GPa, while the model gives a comparable value of 258 GPa. In general,
this method gives fairly good results in for metals that exhibit a "normal" behavior under
compression, while the proximity of phase transitions may cause a substantial anisotropy
of elastic properties, which makes the validity of the approach significantly reduced (see
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Fig. 3. - Raman spectra of Fe at different pressures to 152 GPa [20]. Spectra at 7GPa and
14 GPa axe measured on pressure release. The points are experimental data; the solid lines are
phenomenological fits (Lorentzians). The spectra are shifted vertically for clarity.

discussion below).
We performed the Raman measurements in e-Fe to 152 GPa, which correspond to

pressure at the core-mantle boundary [20] (see also ref. [36] with similar measurements
at lower pressures). Raman spectra of iron at selected pressures are shown in fig. 3.
The strong band, which appears in the spectra above 15 GPa on pressure increase and
remains at approximately 10 GPa on pressure decrease, is identified as the E2g mode of
e-Fe. The difference for compression and decompression is consistent with the known
hysteresis through the a-e transition [39]. A second band, which is weaker and broader
than the main one, is observed at higher frequencies at moderate pressures. It will be
discussed below in comparison with analogous behavior found for the alloys.

We also present preliminary results of a similar study of Fe(1-x)Nix alloys and compare
the results with pure Fe. Ni can be considered a secondary element in the Earth's core, so
we addressed possible change of elastic properties of the chemical substitution. The phase
diagram of the low-nickel Fe(1-x)Nix alloys are similar to pure Fe [24], and the transition
pressures at room temperature are very close. Moreover, the equations of state are very
similar in both the a or e phases [25, 40]. The Raman spectra of Fe0.93Ni0.07 at different
pressures are shown in fig. 4. As for pure Fe, the dominant feature of the spectra is the
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Fig. 4. - Raman spectra of Fe0.93Ni0.07 at different pressures to 96GPa. Spectra at 7.5GPa
and 15 GPa are measured on pressure release. The spectrum at 15 GPa is shown along with a
manual fit using a coupled oscillator model [41–43]. The spectra are shifted vertically for clarity.

Eig mode, which appears when pressure exceeds the a-e transition boundary (> 15 GPa
upstroke in agreement with numerous X-ray data). The second broader and weaker peak
is more pronounced in the alloy compared to pure Fe (fig. 4). It could be observed up
to almost 60 GPa (cf. 45 GPa in pure Fe) and also after the back transformation to a-
Fe (< 8 GPa downstroke), where the E^g mode, which is only active in e-Fe, becomes
unobservable. The E2g mode line profile appears to be asymmetric at low pressures,
which may be related to coupling to other excitations.

The frequency of the E2g mode is lower by some 10 cm -1 for the alloys compared to
pure Fe, and this difference decreases with pressure, so the curves merge above 100 GPa
(fig. 5). Surprisingly, this Raman frequency offset is independent of composition for
x > 0.03. For x < 0.03 the pressure vs. frequency data are undistinguishable within
the experimental accuracy. The pressure dependences of the frequency of the second
broad Raman peak for the pure Fe and the alloys are close to each other (fig. 5). In
the case of the alloys, they seem to show an upturn with pressure. This second Raman
peak was tentatively assigned in [20] to disorder-induced phonon scattering. According
to calculations [45], the LA phonon branch is very flat between K and M points of the
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Fig. 5. - Pressure dependence of frequencies of the Raman excitations for pure Fe and repre-
sentative Fe : Ni alloy (Fe0.93Ni0.07)- The curves for other x (Ni compositions) coincide within
experimental uncertainty with either that for pure Fe (if x < 0.03) or for the Fe0.93Ni0.07

compound shown (if x > 0.03). Circles correspond to the results of fitting two-Voigt spectral
functions (Fano plus Voigt for the 15 GPa spectrum) to the measured data. Diamonds and
dotted line are theoretical results from refs. [30, 44] and refs. [34, 38], respectively.

Brillouin zone, thus giving a large density of phonon states close in frequency to the
experimentally observed second Raman peak. It can also be due to TA zone boundary
phonons at the L point of the Brillouin zone [46]. The large density of phonon states in
this frequency range is also confirmed by direct measurements [34]. The reason for the
disorder may be a proximity to the transition boundary which can give rise to stacking
faults (mixed hcp-fcc stacking). The alloys are also naturally disordered because of the
presence of different atoms. In principle, disorder relaxes symmetry and wave vector
conservation requirements for Raman activity and causes coupling between excitations
with different parent symmetries. The results of a coupled oscillator model fit [41,42] are
shown in fig. 4 [43]. An alternative explanation would be possible weak magnetism in
e-Fe at lower pressures [30, 47], which would lift the degeneracy of the E2g mode. Both
interpretations are consistent with the disappearance of the effect at higher pressures.

The lower frequency of the E2g mode in the alloys compared to pure Fe is intriguing.
One would expect very small reduction of the frequency (0.5% or 1cm -1 at 25 GPa
for the Fe0.8Ni0.2 alloy with the maximum substitution studied) if only the effect of
changing the mass is taken into account. Since no effect of changing of lattice parameter
with Ni substitution is reported, a substantial change in force constant is not expected.
One possible explanation for the observed softening would be different coupling constant
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Fig. 6. - Raman spectra of rhenium at selected pressures to 138 GPa. The spectrum at 138 GPa
(dots) is shown along with Lorenzian fit (solid line). Spectra are shifted vertically for clarity.

between the E2g mode and the second Raman mode for the pure Fe and alloys. A larger
coupling constant (in case of alloys with more relaxed selection rules, see above) would
shift the Eig mode to lower frequency.

The threshold nature of the effect observed (see above) suggests a change in behavior
at about x — 0.03. This may be due to a change in magnetic (or chemical) ordering or a
change of free carrier density (which in turn can influence the coupling of the E2g mode
with free carriers). If qvF /huj < 1, where u and q are the phonon frequency and wave
vector, VF is the Fermi velocity, then the phonon experiences so-called Landau damping,
so that its frequency and damping renormalize [48]. The magnitude of the effect can be
tuned by variation of pressure (through variation of w) and by doping level, which change
the Fermi velocity v-p- Additional studies need to be performed to clarify the observed
effect.

3'2. Rhenium. - Our initial motivation for measuring the Raman spectra of Re un-
der pressure was its possible use as a convenient secondary pressure calibration gauge.
As an hep metal, Re has a Raman-active E<zg mode, which has been measured under
pressure by Jephcoat and co-workers [16-18]; no anomalies have been reported consistent
with the wide stability field of the phase. On the other hand, there are several peculiar
observations at ambient and low pressure, which have motivated further study. Raman
measurements at low temperatures and ambient pressure show extra peaks, which have
been ascribed to a possible structural instability [49]. The pressure dependence of super-
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Fig. 7. - Pressure dependence of frequency of the E-ig Raman phonon of Re. Filled circles,
hydrostatic conditions (Ne medium), empty symbols, nonhydrostatic data. The inset shows
the pressure dependence of the mode Griineisen parameter. Solid line, our data; dotted line,
ref. [18].

conducting transition temperature shows anomalous behavior up to 1.6 GPa [50], which
has been tentatively ascribed to a pressure-induced change of the topology of the Fermi
surface (electronic topological transition; ETT) [51].

We measured the Raman spectrum of Re up to 138 GPa (fig. 6). We found a positive
monotonic shift in frequency of the E^g mode with pressure in agreement with the results
of ref. [17] (which stopped at 65 GPa). A broadening of the band with pressure (fig. 6)
arises from nonhydrostatic stresses because no pressure transmission medium was used

TABLE I. - Comparison of the measured and deduced from the Raman measurements shear elastic
modulus C44 at ambient conditions.

Element

Zr

Mg

Zn

Re

Raman shift (cm -1)

87 [15]

122 [17]

71.5 [18]

119 (this work)

C44 (GPa) calculated

28.9

15.9

19.8

133

C44 (GPa) experimental

33.4 [52]

18.6 [52]

39.6 [52]

161 [53]



RAMAN SCATTERING OF METALS TO VERY HIGH PRESSURES 307

300-

250-

O

50 100
Pressure (GPa)

150

Fig. 8. - Pressure dependence of the shear modulus C44 of Re deduced from the E2g Raman
frequency. Solid line, fit to the experimental data; squares, ultrasonic measurements [53]; solid
circle, lattice strain measurements [54]; upward triangles, first-principles LDA calculations [30];
downward triangles, first-principles GGA calculations [30].

(as in case of experiments reported in ref. [17]). The frequency shift (fig. 7) is weakly
sublinear with pressure (cf. ref. [17]).

We also performed measurements under quasihydrostatic conditions to 44 GPa (using
Ne as a medium [55]) and found that there is a systematic deviation in the frequency
at the higher energy side compared to nonhydrostatic data [56, 57]. As a result, the
pressure dependence of the E2g mode frequency under quasihydrostatic conditions is
essentially sublinear at low pressures (fig. 7). The volume dependence of the mode-
Griineisen parameter (inset to fig. 7) obtained from these data and X-ray diffraction
measurements of the equation of state [58] shows a strong volume dependence in contrast
with the measurements of Olijnyk et al. [18]. Also, the initial mode-Griineisen parameter
7io = 2.16 is substantially larger than in ref. [18] (7^0 = 1-76). We relate the large 7io
and its volume derivative to the possible proximity of Re to ETT at < 1 GPa [50] (see
discussion below).

Using the formalism developed in refs. [16 ,20, 37], we calculated the pressure depen-
dence of the shear modulus C44 for Re from our Raman measurements of the E2g mode
frequency (fig. 8). The result at ambient pressure is 17% lower than the direct measure-
ments, which appears to be a systematic offset of the model based on comparisons among
different metals (table I). This systematic deviation can be easily explained by departure
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Fig. 9. - Raman spectra of the E2g mode in MgE2 at different pressures. Spectra are shifted
vertically for clarity.

from the ideal "sine" shape of the dispersion curve inferred in refs. [16,20,37] because of
long-range interactions. This deviation can be substantially larger (as in the case of Zn)
if there is a substantial departure from "normal" behavior (e.g., ETT). Nevertheless, if
the validity of approximation [16,20,37] is established by an independent method at low
pressures (by direct measurements), it can be successfully used at high pressures, which is
very significant if other measurements and/or theoretical calculations give contradictory
results.

The pressure dependence of C44 for Re (fig. 8) determined in this work shows a
systematic offset compared to first-principles theoretical calculations [30]. This deviation
is smaller at higher pressures, and it can at least partly be accounted for by the systematic
underestimation of C44 from the Raman frequency (see discussion below). This result
differs from the lattice strain measurements (see discussion in ref. [54]).

3'3. MgB2 and ETT. - The recently discovered superconductor MgB2 [59] appears
to be a clear case of a conventional superconductor with strong electron-phonon cou-
pling [26,60–66]. Theoretical calculations demonstrate that only one phonon branch
corresponding to vibrations of the B atoms perpendicular to the c-axis is responsible
for most of the coupling [63, 64]. This branch becomes Raman-active at the zone center
(E2g mode), which allows the study of the electron-phonon coupling by vibrational spec-
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Fig. 10. – Pressure dependence of the E2g Raman frequency [67]. The inset shows the pressure
dependence of the linewidth.

troscopy. Application of pressure tunes the parameters of the system, so it can be used
as an important test for theoretical models.

Combined Raman, X-ray diffraction and Tc studies under hydrostatic pressure [67-
69] up to 57 GPa confirm the first-order phonon nature of the broad Raman band and
provided the volume dependence of the electron-phonon coupling parameter. Figure 9
shows the monotonic shift of the E2g mode to higher frequencies with pressure. This
band is very broad because of the electron-phonon coupling [65], becoming even broader

TABLE II. – Comparison of the initial mode-Gruneisen parameters 7io and their volume deriva-
tives qi0 for different metals.

Compound

Diamond

Iron (e phase)

Zn

Re

MgB2

MgB2

7io

1.00(0.03)

1.68(20)

3

2.16(5)

2.9(3)

1.5 (P > 29 GPa)

QiO

-1(1)

0.7(5)

4.7

9(3)

0(1)

Comment

normal behavior

normal behavior

close to EET

close to ETT?

large anharmonicity

change of 7; is due to ETT

Reference

[70]

[20]

[18]

this work

[68]

[67]
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at 15–25 GPa, which may be due to the appearance of an additional band close to the
original one. At higher pressure the band becomes narrower, and no additional Raman
band structure is observed.

The pressure dependences of the Raman frequency and linewidth of MgB2 are pre-
sented in fig. 10. The pressure shift of the frequency has a kink at about 20 GPa, so the
pressure derivative of the frequency discontinuously diminishes at this point, which cor-
responds to the step-like change in the mode-Gruneisen parameter (table II) because no
anomaly is found in the P-V curve up to 50 GPa [71]. The mode-Gruneisen parameter
from ambient to 20 GPa is anomalously large, which we also ascribe to the electron-
phonon coupling [68] and the peculiar topology of the Fermi surface [64]. It has the
crossing of the lower B a bands with the Fermi level modulated by the zero-point motion
associated with the E29 mode. Pressure pushes these bands up and the amplitude of the
zero-point motion decreases with pressure, reducing this dynamical crossing related to
the E2g mode. It is interesting that the Tc vs. pressure curve also changes slope close to
20 GPa [67] (see lecture by Struzhkin et al.).

The mode-Gruneisen parameters (table II) appear to be sensitive not only to the
phase transformations, but also to changes in electronic structure (like ETT) through
the electron-phonon coupling. This is due to the fact that 7, as well as Tc are related to
the high-order derivative of the thermodynamic potential, and thus are more sensitive to
delicate changes in comparison to the phonon frequency or lattice parameters. Changes
in 'ji(qi) are in turn even more sensitive and may indicate the proximity to an ETT or
an approaching instability of the lattice.

Table II contains information about the mode-Gruneisen parameters and their deriva-
tives for several materials. Diamond is known to be stable to at least 350 GPa and can
be considered as an example of "normal" behavior under pressure. Accordingly, 7$ is
almost independent of pressure, 7$ « 1, which is typical for covalent compounds [72].
Metals are expected to behave similarly; this is illustrated by the example of e-Fe, which
is stable to at least 300 GPa and exhibits no substantial change of structural parame-
ters (e.g., c/a ratio) observed [40]. Zinc shows anisotropic compression [73], and various
calculations suggest the occurrence of an ETT [74, 18], which has not been confirmed
experimentally [18, 75] in agreement with recent calculations [76]. We speculate that the
enormously large 7^0 and qi0 for Zn (and Re; fig. 7) indicate the proximity to an ETT,
which could be at negative pressures. With its very large electron-phonon coupling,
MgB2 appears to be a very clear case of an ETT driven by the phonon [67].

4. — Conclusions

The development of optical spectroscopy instrumentation makes it now possible to
obtain the Raman spectra of metals to megabar (> 100 GPa) if not multimegabar pres-
sures. The information obtained includes the behavior of first-order phonon modes and
their coupling to the electronic and (possibly) magnetic excitations. It can be used
to estimate the elastic moduli, and to obtain diagnostics of phase transformations and
electronic topological transitions.
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1. — Introduction

Hydrogen at high pressures has been a major scientific issue ever since Wigner and
Huntington predicted that solid hydrogen would undergo molecular dissociation to a
monatomie solid at a pressure of ~ 25GPa (250kbar) at temperature T = 0 K. Since
this monatomie solid would have a half-filled band, it would be a metal. Thus, pressure-
induced dissociation of molecular hydrogen induces an insulator-metal transition [1].
This Wigner transition is yet to be observed. In addition, because Jupiter is composed
of ~ 90 at.% hydrogen, the convective dynamo action of metallic fluid hydrogen at high
pressures and modest temperatures causes the magnetic field of Jupiter [2]. Thus, under-
standing hydrogen metallization is essential for understanding how the large magnetic
field is generated in the deep Jovian interior. Fluid hydrogen has recently been observed
to be metallic at 140 GPa, ninefold compressed initial liquid density, and 2600 K achieved
in the fluid with a reverberating shock wave [3]. This nonmetal-metal transition is a Mott
transition [4] and is responsible for the Jovian magnetic field [5]. For hydrogen 2600 K is
a modest temperature because it is small compared to the Fermi temperature TF of the
metal.

Despite the fact that cold dense hydrogen (Z = 1) is expected to be well understood,
it is not. The theory of dense hydrogen at OK is quite difficult because of its large zero-
point motions and lack of core electrons. As a result, the predicted metallization pressure
at T = 0 K has ranged from 25 to 2000 GPa [1, 6]. Hydrogen is not metallic up to 340 GPa
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in the solid [7–9]. Current estimates put the metallization pressure within the molecular
solid phase above 430 GPa using LDA theory [10], which is roughly comparable with the
estimate of ~ 620 GPa for the Wigner transition based on extrapolation of static high
pressure data up to 120 GPa [11]. The wide range of unobserved predicted metallization
pressures indicates that hydrogen experiments are essential.

The fact that fluid hydrogen exhibits metallic behavior illustrates the importance
of modest temperatures at high pressures in the condense phase; i.e., in the regime
TM < T <C IF, where TM is the melting temperature. Ultrahigh pressures of several
100 GPa are achieved statically in hydrogen with a diamond anvil cell. However, if the
cell is heated statically even a few 100 K, hydrogen can rapidly diffuse out of the cell
before a measurement can be made. For this reason, the highest temperature which has
been measured for hydrogen at static high pressures and temperatures is 500 K at 20 GPa
on the melting curve [12]. On the other hand, the lifetime of the shock experiment is
~ 100ns, very long for thermal equilibrium and too short to lose hydrogen by mass
diffusion and chemical reactions with the sample holder. Thus, dynamic compression
with a reverberating shock wave is an ideal way for studying dense fluid hydrogen at
both high pressures and modest temperatures, conditions in hydrogen yet to be achieved
by other means.

It is the modest temperatures that enable observation of a metallic phase. The value of
the conductivity of metallic hydrogen is 2000/ fi cm, which is the minimum conductivity
of a disordered metal. In this case the mean free path of an electron is essentially
the distance between adjacent atoms or molecules supplying conduction electrons [13].
The calculated temperatures are about twice the calculated melting temperatures at the
pressures in the experiments. Hence, the thermodynamic states are expected to be in the
metallic fluid phase, which is expected to have the minimum conductivity of a metal, as
observed. So disorder induced by melting at the appropriate density is crucial to being
able to observe a metallic state and melting is induced by appropriate temperatures
achieved with a reverberating shock wave.

Pressures of 90–180 GPa and temperatures of 1700–3100 K were achieved with a re-
verberating shock wave generated with a two-stage light-gas gun [3,14,15]. The samples
of liquid H2 or D2 at 20 K were 25 mm in diameter and 0.5 mm thick. The electrodes
were 0.75 mm in diameter separated by 1.5 mm. These relatively large dimensions could
be used because the extreme conditions were generated by an impactor 25 mm in di-
ameter and because the experiments were done under inertial confinement, that is, the
experiment is over when the compressive shock wave reaches a free surface of the sample
holder. Thus, the sample holder need not support high pressures but only accommodate
the initial conditions near atmospheric pressure and 20 K.

These shock-reverberation experiments have four significant advantages: i) the life-
time of the experiment (~ 100 ns) is short for mass diffusion and long for thermodynamic
equilibrium, ii) the temperatures are relatively high (~ 3000 K) so that iii) hydrogen is
melted and disordered and iv) sample and electrode diameters are relatively large (25
and 0.75 mm, respectively) which means sample holders are straightforward to fabricate
and shielding of electrical noise in the voltage measurement is straightforward.
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Electrical conductivities of hydrogen have also been measured under single-shock
(Hugoniot) compression up to 20 GPa and 4600 K [16]. Those measurements showed
that electronic conduction is thermally activated in the semiconducting fluid. Hugoniot
equation-of-state (EOS) and shock temperatures have also been measured for hydrogen
under single- and double-shock compression [17, 18]. Those data have been used to gen-
erate a scaling relationship for the electrical conductivity of hydrogen as a function of
density and temperature at high pressures [5].

The model to explain the onset of metallic conduction in dense fluid hydrogen is not
specific to hydrogen. Hence, other simple diatomic fluids are expected to undergo a Mott
transition as well. To test this hypothesis, oxygen was investigated up to 180 GPa and
observed to reach minimum metallic conductivity at a pressure predicted for a Mott tran-
sition [19], as expected. Nitrogen undergoes a Mott transition at the predicted pressure,
as well [20]. On the other hand, it is important to find a hydrogen-rich fluid that does not
become a metal at 100 GPa pressures in the fluid. Water is a hydrogen-rich fluid which
is a proton conductor, rather than a metal, under compression up to 180 GPa by a rever-
berating shock wave, as expected [21]. Once the electrical conductivities of dense fluid
hydrogen became known [5], it became possible to test the hypothesis that hydrocarbons
decompose into diamond-like C and H2 at high shock pressures [22]. For this reason
electrical conductivities of methane (CH4) and benzene (C6H6), which were measured
fifteen years ago, were recently analyzed. The results suggest that these hydrocarbons
do decompose into diamond-like C nanoparticles and H2 at high shock pressures [23],

Our purpose here is to describe dynamic experiments to compress and diagnose low-Z
fluids at extreme conditions up to 200 GPa achieved with a two-stage light-gas gun and to
describe nonmetal-metal transitions in dense fluid hydrogen and oxygen, proton conduc-
tion in water which is essentially totally ionized chemically, and chemical decomposition
of the hydrocarbons methane and benzene.

2. — Finite temperatures

Because shock compression is fast, it is adiabatic and temperature increases. By "fast"
we mean that the lifetime of the experiment is short compared to the time required for
thermal transport out of the sample into the surrounding medium. The amount tem-
perature increases is determined by the rate at which pressure is applied. By controlling
temperature, thermal pressure is controlled and so is density. Figure 1 illustrates the
effect of pressure rise time on thermodynamic states achieved dynamically in dense hy-
drogen. Figure la shows two extreme cases in which pressure increases instantaneously
in one sharp step (or shock) to final pressure and the case in which pressure increases
in ~ 10 sharp steps to the same final pressure; fig. 1b illustrates that a single-step (or
Hugoniot) compression produces very high temperatures and thermal pressures, which
result in a modest maximum density, while the multistep process produces much lower
temperatures and thermal pressures and substantially higher densities relatively close to
the 0 K isotherm. The multistep process was achieved experimentally with a shock wave
reverberating in hydrogen between two stiff anvils.
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Fig. 1. - Schematic illustration of effect of time interval over which pressure is applied on
thermodynamic states achieved. One strong shock on Hugoniot produces high thermal and total
pressures (long-dashed curve). Series of many shocks produces substantially lower temperatures
and thermal pressures and substantially higher densities (solid curve) close to OK isotherm
(short-dashed curve) [14].

3. — Minimum metallic conductivity: hydrogen

These experiments were performed at conditions at which metallization is driven by
density and the temperature is just sufficient to cause melting to the disordered fluid.
These conditions are achieved with a two-stage light-gas gun.

31. Experiment. - A liquid layer of H2 or D2 0.5mm thick and 25mm in diameter
at 20 K was compressed by a shock wave reverberating between two stiff, electrically
insulating sapphire anvils (single-crystal Al2O3) 2.0mm thick and 25 mm in diameter.
These sapphire disks are contained between two 2.0 mm thick Al (alloy 1100) disks of
the main body of the Al cryogenic target assembly. Al is strong, ductile, and a good
thermal conductor at 20 K, which facilitates condensing the sample from high-purity
gas. The hydrogen layer thickness was chosen such that the experiment would have a
sufficiently short time duration that deleterious effects could not occur (loss of the high-
temperature hydrogen by mass diffusion and chemical reactions), while being sufficiently
long to achieve thermal and electrical equilibrium.

The compression is initiated by a strong impact-generated shock incident from one
of the anvils into the liquid hydrogen. Electrical resistance of the hydrogen sample is
measured versus time by inserting electrodes (302 stainless steel) through the other anvil,



SHOCK COMPRESSION OF HYDROGEN AND OTHER SMALL MOLECULES 321

Liquid hydrogen

Metal impactor

Sapphire
insulator disks Aluminum

container

Electrodes for
conductivity
measurements

Differential
digital

Circuit switch |~~ oscilloscope
with

r> -»,„ ... :. 1-nanosecondRL ^ Rowgowski coil 0̂̂ ^

(b)

(a)

Fig. 2. - Schematic of electrical conductivity experiments. Four electrodes in (a) were connected
to circuit in (b). Metal impactor is accelerated to ~ 7 km/s with two-stage light-gas gun [14].

as illustrated in fig. 2a. The incident shock was produced by impact of a planar metal
plate accelerated up to ~ 7km/s with a two-stage light-gas gun [14]. The 25 mm diameter
impactor consisted either of an Al or Cu plate 3.0 mm thick, hot-pressed into a Lexan
polycarbonate sabot.

In order for the hydrogen sample to achieve the highest densities and lowest tempera-
tures at high pressures, the sample must have a relatively high initial density. High initial
density was achieved by using a liquid sample near the saturation curve. Either H2 or
D2 samples were used, depending on the final density and temperature desired. That is,
because the initial mass densities of liquid H2 and D2 at 20 K differ by a factor of 2.4,
their final shock-compressed densities, temperatures, and conductivities also differ sub-
stantially at the same final pressure. Thus, the two isotopes are used to achieve different
thermodynamic states, rather than to look for an isotope effect. Since the sample holder
is destroyed by the impact shock, a new cryogenic one is required for each experiment.

The electrical circuit for four-probe measurements is shown in fig. 2b. All cables are
coaxial. Voltage histories were measured with Tektronix DSA 602A digital oscilloscopes
and 7103 analogue oscilloscopes with ~ 2 ns time resolution, triggered at the appropriate
time. In order to measure relatively low potential differences in a noisy environment,
the oscilloscpes were used in a differential mode; i.e., voltage was measured on each
probe relative to ground and then voltage difference was determined to eliminate common
electrical noise on both cables. The current was measured with a Rowgowski coil. Typical
currents were ~ 1 A and voltages were a few tens of mV. The current density in the
hydrogen sample was ~ 500 A/cm2 for 100 ns. Electrical resistivity p was derived from
measured electrical resistance R through the cell constant C: R = Cp. Cell constant C
was determined by experimental calibration and/or computational simulation.

The measured electrical resistivity of shock-compressed sapphire [24] is five orders of
magnitude larger than that of hydrogen at metallization, which means that sapphire is
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Fig. 3. - Logarithm of measured electrical resistivities of Fb and D2 plotted versus pressure.
Pressure is maximum pressure, Pf in fig. 4, achieved by shock reverberating in hydrogen between
two sapphire anvils in fig. 2. Two isotopes are used to vary densities and temperatures. There
is no isotope effect at these temperatures [14]. Plateau at 140 to 180 GPa is minimum metallic
conductivity.

effectively an electrical insulator in these experiments. The electrically insulating nature
of Al2O3 at 100 GPa dynamic pressures is not affected by the fact that Al2O3 undergoes
a slow diffusive phase transition at ~ 100 GPa static pressures and ~ 1000 K [25].

Logarithms of measured electrical resistivities log(/>) are plotted versus pressure P
in fig. 3. P is final shock reverberation pressure, Pf in fig. 4. These data are tabulated
elsewhere [14]. Similar results have been obtained with shock compression driven by high
explosives [26].

3"2. Thermodynamic states. - The shock reverberation for our experiment at 180 GPa
is illustrated in fig. 4a, plotted as pressure P versus mass velocity up behind a shock front.
That is, a shock wave travels at a supersonic velocity us, which causes mass behind the
shock front to move in the same direction at mass velocity up. P and up are continuous
across an interface. In fig. 4b the dependence on time t of pressure at the midpoint of
the hydrogen layer is shown. The values of the pressure steps are caused by the shock
reverberating in hydrogen between the two stiff sapphire disks. The values of P, up, and
t in fig. 4 were obtained by computer simulation [27].

The impact causes an initial pressure Pf in the Al2O3. When this shock reaches the
liquid hydrogen, the pressure drops until the release pressure of sapphire matches the
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Fig. 4. - Shock reverberation in hydrogen. These curves were calculated [27] for 140 GPa.
(a) Pressure P versus mass velocity up. Reflection side is sapphire on right and impact side is
sapphire on left in fig. 2a. State 1 is first shock in hydrogen; state 2 is reached when first shock
reflects off Al2O3 on right in fig: la; etc. Even-numbered (P, up>) states lie on Al2O3 Hugoniot;
odd-numbered states lie on mirror reflection of Al2O3 Hugoniot. (b) Pressure versus time t at
midpoint of hydrogen layer. State 1 is shock; states 2 and higher are very weak shocks and
comprise a quasi-isentrope. Pf is final pressure in hydrogen, equal to pressure incident from
sapphire on left. Thermal equilibrium is achieved within thickness of indicated risetime of each
step [14].

Hugoniot of liquid hydrogen (state 1 in fig. 4). This drop is about a factor of 30 in
pressure. The shock in hydrogen then reverberates back and forth between the sapphire
anvils until the pressure reaches Pf, the pressure incident initially from the sapphire. For
a typical initial 5 GPa shock in hydrogen, the pressure increases by a factor of 50000
from ambient, which causes some shock heating. However, the successive reverberations
are very weak shocks because the pressure increases only a factor of 4 or less on each of
these reflections. Thus, the total of all the shock reflections off sapphire corresponds to a
quasi-isentrope. This fast compression process is adiabatic and the hydrogen is heated.
About 40% of the final temperature is caused by the first shock and the remainder
by the quasi-isentrope. The pressure-density states achieved are on the solid curve in
fig. 1b. Shock reverberation is necessary to reach metallization near 0.7 g/cm3. The
various pressure-density curves in fig. 1b were calculated using the equation of state of
Kerley [28].

The densities and temperatures must be known to analyze the electrical conductiv-
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ities. At present these must be calculated because it is not yet known how to measure
them in this experiment. Densities and temperatures were calculated by computation-
ally simulating the experiments with two representative hydrogen EOSs of Kerley and
Ross [28, 29]. Based on the differences between these calculations, the systematic uncer-
tainties in calculated density and temperature are 6% and 30%, respectively, more than
sufficient to justify the occurrence of a nonmetal-metal transition.

3 .3. Semiconducting fluid hydrogen. - The change of slope at 140 GPa in fig. 3 is the
nonmetal-metal transition. At pressures of 90 to 140 GPa fluid hydrogen is semiconduct-
ing. When plotted versus pressure, log(p) for both hydrogen and deuterium fall on the
same curve because density and temperature increase monotonically with pressure for
both isotopes [14]. Data in the semiconducting regime 93-120 GPa fit the relationship

where a is electrical conductivity, a§ depends on density D, E g (D) is the density-
dependent mobility gap in the electronic density of states of the fluid, kB is Boltzmann's
constant, and T is temperature. Six data points were fit to eq. (1). Densities of these
points varied from 0.291 to 0.326 mol t^/cm3 and temperature was in the range 2100 to
2800 K. The densities and temperatures calculated with Ross' model were used for the
fit to eq. (1). The conductivity values calculated from this fit differ from the measured
values within the magnitude of the error bars. The results of this least-squares fit are

(2) Eg(D>) = 1.22 - (62.6)(D> – 0.30),

where ES(D) is in eV, D is in mol H2/cm3 (0.29–0.32), and cr0 = 90 (ft cm)"1.
The Eg(D) derived from this fitting procedure and kBT are equal at a density of

0.32 mol H2/cm3 and a temperature of ~ 2600 K (0.22 eV), as illustrated in fig. 5. In this
region, the energy gap is smeared out thermally, activation of electron carriers is complete,
disorder is saturated in the fluid, and conductivity is expected to be weakly sensitive to
further increases in pressure and temperature, provided the nature of the fluid does
not change significantly. At 0.32 mol H2/cm3 the calculated pressure is 120 GPa, which
is close to the 140 GPa pressure at which the slope changes in the electrical resistivity
(fig. 3). The 10% increase in density from 0.29 to 0.32 mol H2/cm3 causes the bandgap to
decrease from 1.8eV to ~ 0.25eV, where the gap is filled in by fluid disorder and thermal
smearing. Thus, fluid hydrogen becomes metallic at about 140 GPa and ~ 2600 K via a
continuous transition from a semiconducting to metallic fluid. Because conductivities are
thermally activated in the semiconducting regime [14, 16], electronic states at the Fermi
level of this disordered material are localized.

Because densities were not measured, it is not yet possible to know experimentally if a
density discontinuity occurs at metallization. Nevertheless, it is our opinion that because
of the high densities and temperatures and lack of a clear resistivity discontinuity in fig. 3,
a density discontinuity does not occur at metallization.
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Fig. 5. - Characteristic energies plotted versus molar density, assuming hydrogen is molecu-
lar: electronic mobility gap Eg, molecular dissociation energy Ed extrapolated from [18], and
calculated temperatures kBT [14]. Minimum metallic conductivity occurs at density at which
E 0.32 mol H2/cm3

3'4. Metallic fluid hydrogen. - Since these experiments are at finite temperatures in
the disordered fluid, the density of electron states (DOS) around the Fermi level is not
zero, as for a crystalline semiconductor at T = OK. Thermal smearing and disorder
cause a small, nonzero DOS near the Fermi level in semiconducting fluid hydrogen [30].
Increasing pressure reduces the 15 eV bandgap and thermal disorder fills it in. When
pressure and temperature are such that Eg/kB = T ~ 2600 K, the depression in the
bandgap is filled in, a metallic density of states is achieved, and the electronic system
has a Fermi surface characteristic of a metal.

A key question is whether metallic fluid hydrogen is monatomic or diatomic. Char-
acteristic energies are plotted versus density in fig. 5. Eg produced by single-shock
compression [16] is the point at 0.13 mol H2/cm3. The linear dependence of Eg near
0.3 mol H2/cm3 was determined in multiple-shock experiments (eq. (2)). These two de-
terminations are interpolated linearly by the dashed line. The molecular dissociation
energy Ed was extrapolated from Ross' model [18]. The calculated temperatures in these
conductivity experiments are also shown plotted as k&T. Figure 5 shows that the temper-
atures are relatively low compared to Eg and Ed and that these conductivity experiments
are sensitive primarily to electronic excitation, with a relatively small amount of molecu-
lar dissociation. This is consistent with the suggestion that conduction in dense hydrogen
is caused by electrons delocalized from H2 molecules, producing H+

2 ions [31]. The free
H+

2 ion is quite stable, having a dissociation energy of 2.8eV, and thus it is reasonable
to expect them to exist at these conditions. These considerations suggest metallic fluid
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hydrogen is primarily diatomic.
On the other hand, tight-binding molecular dynamics calculations of Lenosky et

al. [30] show that fluid metallic hydrogen at 3000 K is "molecular" on a very short time
scale. These simulations show a peak in the proton-proton pair distribution function at
a distance corresponding to the separation between protons in the molecule. These MD
simulations also show that "molecules" are short-lived (10–14 to 10–13s). A proton pair
exists for a few molecular vibrational periods and then on subsequent collision breakups
into atoms, which combine with other atoms to form new dimers or remain unpaired as
atoms, and so forth. Because of the short lifetimes, a better term to describe such an
object is "transient pair". It is also reasonable to assume that a particular electron might
bind two protons into one H2

+ transient pair and then be the conduction electron in its
next transient pair. Other species, such as H+

2 H2, H
+, H, H+

3, and possibly higher-order
H clusters might be present as well. These MD simulations also show that kinetic, vi-
brational, and rotational energies of the transient pairs are comparable and dissociation
commences at conditions near those for the onset of metallization. These more detailed
calculations indicate that metallic fluid hydrogen is essentially monomeric because the
dimer lifetime is so short (~ 10–14s) compared to the diagnostic resolution (~ 10–9s).
This is probably the more realistic situation.

In this tight-binding picture conduction electrons have a very short mean free path,
namely, the distance between adjacent particles supplying conduction electrons. A con-
ducting electron exchanges with its neighbor when electronic overlap is sufficiently large
to allow an electron to hop to its nearest neighbor to produce a net current flow. This is a
strong-scattering system and describes a state characteristic of the minimum conductivity
of a metal.

Metallic fluid hydrogen is highly degenerate because of the very high density of elec-
trons. At a molar density of 0.32 mol H2 / cm3 the Fermi energy is 19 eV and T /TF ~ 0.01.

The fluids Cs, Rb, and hydrogen at ~ 2000 K all metallize with the same electrical
conductivity of 2000 (fi cm)–1 [32]. These fluids also obey the same condition of metal-
lization, namely, the same scaled density = Dm a*, where Dm is the number density of
conduction electrons and a* is the effective Bohr radius. This scaled density is simply
the ratio of two length scales, namely, the ratio of the size of the free particle, a*, to

•• 1/3

the average distance between particles at metallization, Dm . This transition to the
metallic fluid occurs at the same value of Dm a* = 0.38 for fluids Cs, Rb, and H. Since
the Bohr radii of H and H2 are essentially equal [14], the scaled electron densities for
monatomic and diatomic hydrogen differ simply by the factor 21/3. Thus, for pure H2,
metallization occurs at Dm1/3a* = 0.30. The value of Dm a* is not very sensitive to
whether hydrogen is diatomic or monatomic.

3'5. Density at metallization. - The density of metallization, 0.32 mol H2 / cm3, was
derived in simulations of all the experiments to calculate densities and temperatures.
Conductivities in the semiconducting phase were then fit as a function of density and
temperature to eq. (1). Metallization density is taken as the density at which the volume-
dependent mobility gap equals ~ kBT. The species is assumed to be primarily H because
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quantum simulations suggest that a substantial concentration of dimers live for a lifetime
of the order of only ~ 10–14 s [30].

Further, metallization density is given by the Goldhammer-Herzfeld criterion [33],
which depends only on the polarization of the free particle. Using the polarization of
the free hydrogen atom gives a metallization density of 0.595 mol H / cm3, which is within
7% of the metallization density of 0.32 mol H2 / cm3 = 0.64 mol H / cm3 determined by the
method in the previous section. While the good agreement between the two values of
metallization density might be fortuitous, this agreement does suggest that fluid metallic
hydrogen is monomeric.

3'6. Minimum conductivity of a metal. - The Drude conductivity, <r, is given by

m

where n is the number of conduction electrons per unit volume, e and m are the charge
and mass of the electron, respectively, and T is the relaxation time for electron scattering.
In a strong-scattering system the relaxation time is given by the loffe-Regel [34] condition
r = d/vp, where d is the electron mean free path, equal to the average nearest-neighbor
distance, and up is the Fermi velocity. In this case eq. (3) reduces to [13]

(4) amin = 3hd

1 /3

where h is Planck's constant, and d = Dm ' . For a metallization density of
0.595 mol H/cm3 obtained from the Herzfeld criterion, crmin = 6000 ($1 cm)–1, which is in
good agreement with the measured value of 2000 (0 cm)–1. Under the extreme assump-
tion that H2 molecules are stable and a metallization volume of 0.32 mol H2 / cm3, eq. (4)
gives a conductivity of 5000 (H cm)–1. Since the values of metallization volume and con-
ductivities are similar under the assumption that hydrogen is monatomic or diatomic,
existing conductivity data cannot distinguish between the two. Metallic conductivity
values in good agreement with experiment were calculated by Louis and Ashcroft with
the Ziman model [35] for molecular hydrogen and with tight-binding molecular dynam-
ics [36] which indicate that dimers are short-lived. The latter show that the nonmetal-
metal transition in hydrogen is density-driven at conditions in these experiments; that is,
once sufficient density is achieved, metallic conductivity depends weakly on temperature
in the disordered fluid.

In summary, metallic fluid hydrogen is a relatively simple system in a time-averaged
sense. The density of metallization is given by the Goldhammer-Herzfeld criterion using
only the polarization of the free hydrogen atom. This calculated density yields the mea-
sured electrical conductivity when substituted into the expression for minimum metallic
conductivity. In this sense this system is behaving as a disordered monatomic glass. Since
the time resolution of the diagnostic system is ~ 10–9 s and fluctuations in this fluid occur
on a timescale of ~ 10–14 s, the diagnostic system cannot resolve the difference between
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a fluid and a glass. In contrast, on a timescale of 10–14s quantum tight-binding calcu-
lations indicate that dense fluid hydrogen is extremely complex. Dimers are continually
colliding, breaking up, and the protons from one dimer combine with those from another
to form new dimers. The average lifetime of such a dimer is ~ 10–14 s, comparable to the
vibrational period of the free molecule. The kinetic, vibrational, and rotational energies
of these dimers are comparable. The fact that these dimers have finite lifetimes means
that the system is intermediate between monomeric and dimeric. The fact that dimer
lifetimes are so short implies that the system is essentialy monomeric. On a timescale of
~ 10–14 s metallic fluid hydrogen is a novel state of condensed matter.

4. — Nonmetallic fluid hydrogen

Nonmetallic fluid hydrogen is produced by single- and double-shocking liquid hydro-
gen or deuterium samples. Basic shock-compression phenomenology is described else-
where in these proceedings [37]. Since shock pressure is proportional to initial mass den-
sity, hydrogen and deuterium samples are used to generate different pressures, densities,
and temperatures. Hugoniot pressure-volume (EOS) experiments, shock temperature
experiments, and electrical conductivity experiments are illustrated in fig. 6. In EOS
experiments shock velocity is measured with point detectors either in the liquid sample
to characterize the first shock-compressed state or across an anvil against which the first
shock is reflected. Temperature is measured from the spectral dependence of optical
radiation from the front of the first shock or from the interface of double-shocked deu-
terium and a transparent crystal anvil. The thermal emission spectrum is fit to a gray
body spectrum which has a characteristic emission temperature. Electrical resistance is
measured by inserting two planar electrodes of a size ~ 1.0 x 1.0 x 0.05mm3 into the
liquid and measuring voltage and current versus time as the first shock traverses the
electrodes. Resistance R is converted to resistivity p via the cell constant C: R = Cp.
C is determined by experimental calibration and/or computation.

Figure 7 shows on the left single- and double-shocked Hugoniot EOS data for liquid
deuterium [17] and on the right double-shock temperature data for liquid deuterium [18].
Maximum double-shock conditions are a pressure of 80 GPa, a volume of 4 cm 3/ mol which
is sixfold compressed liquid, and a temperature of 5000 K. The results are compared with
those reported in refs. [18,38]. Electrical conductivities of deuterium shock-compressed
from 13.3 to 20.4 GPa are shown in fig. 8 [16]. The temperatures in these conductivity
experiments range from 2900 to 4600 K. The data in fig. 8 have an activation energy of
11.7eV at 7.5cm3/ mol.

5. — Minimum metallic conductivity: oxygen and nitrogen

The model to explain the minimum metallic conductivity of fluid hydrogen is not
specific to hydrogen. Thus, this model should apply to the similar diatomic fluids,
oxygen and nitrogen, as well. That is, since minimum metallic conductivity is weakly
dependent on material (eq. (4)), a conductivity of ~ 1000 (ft cm)–1 is expected for both
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Fig. 6. - Schematics of gas-gun experiments: (a) Single-shock Hugoniot EOS experiment. Six
detectors are positioned in liquid on each of two levels with central detector on axis, (b)
Double-shock Hugoniot EOS experiment. Detectors are arrayed to measure shock velocity across
anvil, (c) Optical shock temperature experiment under single- and double-shock compression,
(d) Electrical conductivity experiment under single-shock compression.
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Fig. 7. - Single- and double-shock EOS data for liquid D2 [17,18]. On the left are Hugoniot
pressure-volume data (figs. 6a) and 6b) [17]; on the right are temperature data (fig. 6c) [18].
Present model is in [18]; RRY is [38].
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Fig. 8. - Logarithm of electrical conductivity of shock-compressed liquid D2 versus reciprocal
shock temperature [16].

oxygen and nitrogen. In addition, this conductivity should occur at a pressure which
induces a Mott transition. These features are observed in the electrical conductivities
of both oxygen [19] and nitrogen [20] at 100 GPa pressures. The results for oxygen are
shown in fig. 9, a plot of log(cr) versus Mott scaling parameter.
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Fig. 9. - Electrical conductivities versus Mott scaling parameter for oxygen (circles), hydrogen
(triangles), rubidium (+), and cesium (x). Dotted lines are guides to the eye [19].
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Fig. 10. — Electrical conductivities of water and hydrogen plotted versus shock pressure. Tri-
angles are [41]; squares are [39]; and solid circles are [40]. Open circles and inverted triangles
are [14]. Solid line is theory [42].

6. — Proton conductivity: water

It is important to find an H-rich fluid that does not become metallic at 100 GPa
pressures in the experiment in fig. 2. That is, because these are the first experiments
under these extreme conditions, it is important to measure various different predicted
conductivities to demonstrate that it is the sample which is being studied and not the
sample holder. Measurements of the electrical conductivity of water up to 60 GPa on
the Hugoniot [39] were explained quantitatively by assuming that conduction is caused
by one proton per compressed molecule and that proton scattering relaxation time is the
distance between adjacent molecules divided by classical thermal velocity. Since the max-
imum number of protons are produced by single-shock compression at 60 GPa, then going
to a pressure of 200 GPa with shock reverberation is not expected to have a significantly
higher conductivity. To test this idea, the electrical conductivity of water was measured
in the range 70 to 180 GPa and at temperatures of 4000 to 10000 K [40]. The measured
conductivities are in the range 40 to 200(11 cm)–1. This relatively weak pressure de-
pendence is consistent with water being fully ionized chemically and protons being the
dominant conduction mechanism. These results are illustrated in fig. 10, which includes
results from previous water conductivity measurements under single-shock compression
along the Hugoniot [39, 41]. Measured conductivities in the range 50 to 180 GPa are in
good agreement with recent Quantum Molecular Dynamics calculations which indicate
that protons are the dominant charge carriers and conductivity increases relatively slowly
with pressure [42].

7. — Hydrocarbons: chemical decomposition

Because the electrical conductivities of dense fluid hydrogen [5] and of graphite
shocked into the diamond phase [43] are now known, it has become possible to test
the hypothesis that hydrocarbons decompose into diamond-like C and H2 at high shock
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Fig. 11. - Electrical conductivity of methane versus Hugoniot shock pressure. Crosses are data
points; dashed line is calculated assuming electrical conduction is only through fluid H2 formed
on decomposition of methane into H2 and diamond-like C nanoparticles [23].

pressures [22]. For this reason electrical conductivities of methane (CH4) and benzene
(C6H6) were recently analyzed. The results suggest that these hydrocarbons do decom-
pose into diamond-like C nanoparticles and H2 at high shock pressures [23].

Conductivities were measured for methane and benzene singly shocked to pressures
in the range 20 to 60 GPa and temperatures in the range 2000 to 4000 K achieved with
a two-stage light-gas gun. The data for methane and benzene can be interpreted simply
in terms of chemical decomposition into diamond-like, defect-laden C nanoparticles and
fluid H2 and their relative abundances (C:H2), 1:2 for methane and 2:1 for benzene.
Conduction is predominately through the majority species.

Conductivity data for methane are plotted as the crosses in fig. 11 versus single-shock
pressure. For comparison, the dashed line represents conductivities expected if methane
decomposed completely into diamond-like C and H2. At 26 GPa methane conductivity is
two orders of magnitude lower than expected if it decomposed, which suggests methane
is still molecular. On the other hand, at 36 GPa methane conductivity is within a factor
of 3 of what is expected if methane decomposed completely into diamond-like C and
H2, which suggests that methane has decomposed substantially. These results suggest
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Fig. 12. - Measured electrical conductivities of benzene versus Hugoniot shock pressure. Con-
ductivity saturates at ~ 40 (£l-cm)– l. 40 GPa occurs at a critical density at which connectivity
of C nanoparticles becomes sufficiently large that further increase in density has weak affect on
the effective cross-sectional area for electrical conduction [23].

that methane is in a range of Hugoniot shock pressures in which dissociation increases
continuously from a system which is mostly methane near 26 GPa to one which has a
substantial concentration of H2 near 36 GPa.

Conductivity data for benzene are plotted versus single-shock pressure in fig. 12. Ex-
ponential increase of benzene conductivities at 20-40 GPa is probably caused by thermal
activation of nucleation, growth, and connectivity of diamond-like, defected C nanoparti-
cles following decompostion of benzene. At 40 GPa the concentration of these C nanopar-
ticles reaches a critical density, such that further increase in their density does not have
a significant effect on the cross-sectional area of conduction and, thus, conductivity sat-
urates. The value of conductivity on the plateau above 40 GPa is 40(0 cm)–1, which
is essentially the same value of graphite shock-compressed into the diamond phase [43],
which suggests conduction is predominantly through defected diamond-like C.

* * *

This work was performed under the auspices of U.S. Department of Energy by the
University of California Lawrence Liverrnore National Laboratory under Contract No.
W-7405-ENG-48.
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Quantitative spectroscopy of simple
molecular crystals under pressure

L. ULIVI

IEQ-CNR - via Panciatichi 56/30, 50127 Firenze, Italy

1. — Introduction

11. Molecular crystals. — The intuitive notion that molecular crystals are "solids made
up of molecules" is substantially correct. More precisely, one may state that in these solids
the molecular identity of their constituents, typical the gas phase, is maintained in the
solid state, because the cohesive forces between different molecules are much smaller than
the strength of the molecular bonds. Crystals of small molecules have always attracted
the interest of physicists because they are simple systems in the sense that the interaction
among constituents is known, and are therefore the most suited system to test theory of
lattice dynamics, melting, phase transitions etc.

Many simple molecular systems are gaseous at ambient pressure and temperature,
and rare-gas solids, even if atomic instead of molecular, can be considered the simplest
among them [1]. With the advent of the diamond anvil cell (DAC) they have been the
basis for high pressure studies in chemical physics [2], and continue to play an important
role as test systems, especially when new high pressure or measurement techniques are
proposed [3, 4].

Solids of (diatomic or simple poliatomic) molecules are just one step above in com-
plication [5, 6]. Their dynamic properties at ambient pressure have been the subject of
detailed studies [7], and the effects of high pressure on these systems have been reviewed
recently [8]. Due to the additional molecular, degrees of freedom, these solids at rela-
tively low pressure exhibit a large number of equilibrium structural phases as a function
of temperature and pressure (see sect. 2). At particularly high pressure (generally above
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100 GPa) even closed-shell atomic and molecular systems can display large changes in
electronic structure, and breaking of intramolecular bonds and creation of new bonds
(e.g., metallization and polymerization) [9–12]. These high pressure effects will not be
discussed here.

Solids of light atoms or molecules (helium, hydrogen and neon) have a particular im-
portance for fundamental physics because they are quantum many-body systems. Hydro-
gen in particular has been an important research field by itself, as the simplest diatomic
molecule [13, 14]. The search for the insulator-metal transition in solid hydrogen has
stimulated thorough investigations of this system, mainly with spectroscopic techniques,
producing important results [15]. (See the lecture by Aschcroft, this volume, p. 151.)

1'2. van der Waals compounds. - The application of high pressure to binary mixtures
of non-reacting molecules has uncovered qualitatively new effects, with the unexpected
discovery of ordered stoichiometric solids. These are in every respect new compounds
(called van der Waals compounds) stable only at high pressure. After the identification
of He(N2)11 [16], others have been found, such as Ne(He)2 [17], Ar(H2)2 [18], more
than one in the system CH4—H2 [19] and in the system H2O—H2 [20], and possibly also
in the solid formed by O2 and H2 [21]. They are suitable systems for the study of
the interactions between heterogeneous simple molecules in different environments. The
Ar(H2)2 compound has been the subject of several investigation, even above 200 GPa [22],
because it has been proposed as a convenient system for the observation of the pressure-
induced insulator-metal transition of the H2 sublattice [23]. On the other hand, the
analogy with the hydrogen problem has been questioned under the argument of possible
hybridization of the Ar orbitals with those of the H2 molecules. At lower pressure,
however, the Ar(H2)2 compound presents many of the quantum molecular properties of
solid H2. In particular, the H2 molecules perform quasi-free rotation, the size of the
vibrational coupling between the molecules is quantitatively equal to that measured in
pure H2 [24], and the rate of the ortho-para conversion presents a large increase as a
function of pressure [25], as in solid H2 [26–28].

Here I will present in detail only two systems, namely nitrogen and oxygen. Particular
evidence will be given to those spectroscopy measurements which have given quantitative
information on molecular properties, or on molecular interactions. In the next section
(sect. 2) the phase diagrams of the two systems will be presented and discussed together.
In sect. 3 a few details will be given of the experimental setup commonly used for Raman
and infrared absorption spectroscopy, and on the general interpretation of spectroscopic
data on the basis of group theory. Section 4 will be devoted specifically to recent results
concerning nitrogen, and sect. 5 to oxygen. Few concluding remarks will be given in
sect. 6.

2. — Phase diagrams

Surprisingly, solids of diatomic molecules display quite complicated phase diagrams.
At low pressure, direct structural methods (neutron and X-ray diffraction) are easily
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Fig. 1. - Phase diagrams of nitrogen and oxygen. The structure of the various phases is
discussed in the text. For N2, solid squares and circles represent phase boundaries determined
by infrared and Raman spectroscopy, respectively [29, 30]. For oxygen, solid dots derive from
experiments by various authors [31, 32]. Some questionable phase transition lines, believed to
exist between ct-O2 and 5-O2, have been omitted, while the empty circles indicate a recent
determination, by synchrotron X-ray diffraction, of the a-6 phase boundary [33].

applied to determine the structure. For light samples in a DAC, diffraction experiments
pose some problems, which can be overcome only by the use of synchrotron radiation
sources in the case of X-rays. For these reasons, spectroscopy has been of fundamental
help for the determination of phase boundaries, the pressure dependence of excitation
frequencies, and constrains on crystal structure, by the use of group-theoretical methods
(see subsect. 4'1). At low temperature, the equilibrium transitions boundaries between
different phases may be difficult to determine if hysteresis between the different structures
is present.

The phase diagrams of oxygen and nitrogen are shown in fig. 1. Despite some
similarities, the equilibrium crystal structures are actually different for the two systems,
with only one exception: <>-N2 has the same structure as 7-O2, described in subsect. 41.

21. Nitrogen. - Nitrogen has been used as the more suitable model for a classical
ensemble of diatomic molecules, since the determination of the interaction potential has
been particularly successful [34]. Its quadrupole moment is quite large, and it is of
importance for the orientational ordering of the molecules in the low temperature phases.
In effects, o;-N2 has the cubic Pa3 structure, with molecules oriented along the four
cube diagonals, to minimize the electric quadrupole-quadrupole interaction energy [35-
37]. At higher pressures, the tetragonal 7-N2 (space group P42 / mnm) [36, 38] and
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the rhombohedral e-N2 (R3c) [39–42] are both fully ordered structures. With increasing
temperature, instead, the orientational ordering of the molecules is lost. In /?–N2, indeed,
the molecular centers are on a hexagonal close-packed (hcp) lattice, but their orientation
is not fixed, and perform hindered rotations [29, 43–47]. Also in 6-N2 (cubic, Pm3n)
the eight molecules in the primitive cubic cell do not have fixed orientations, and show
a very peculiar arrangement. The molecules on the vertices and on the center of the
cube (sites of Th symmetry) have a spherical statistical distribution, while the other
molecules, positioned two on each face of the cube, on sites of D2d symmetry, have a
disk-like orientational distribution in a plane perpendicular to the cube face. Recently,
by means of Raman spectroscopy, a new phase, named £1oc, was detected [29 ,48]. Infrared
absorption measurements have demonstrated that the structures of the 6 and <51oc phases
are different: in particular, the site symmetry of the "disk" molecules changes [49]. This
subject will be discussed in more detail in subsect. 4'1. The S1oc-E phase transition occurs
by way of a stretching of the cubic cell along a body diagonal leading to the rhombohedral
R3c structure.

At higher pressure, two phase transitions at 20 and 66 GPa have been detected [50, 51].
This region of the phase diagram has recently been the subject of a Raman and infrared
study [30], whose main results will be summarized in subsect. 4.2.

2"2. Oxygen. - The isolated oxygen molecule has a lower electric quadrupole mo-
ment than N2, and, unique among diatomics, presents a non-zero magnetic moment in
its ground state, due to the two unpaired electrons. The structure of the low pressure
phases is influenced in an essential way by the resulting magnetic interactions. The lowest
temperature phase of solid oxygen (cc-O2) is monoclinic, and the oxygen molecules are
perpendicular to the basal plane ab. The molecular spins are aligned along the mono-
clinic axis 6, giving rise to an antiferromagnetic order, with a quasi-two-dimensional
character. The space group that describes the structure disregarding magnetic order is
C2 / m with one molecule in the primitive cell, but the magnetic primitive cell contains
two molecules [52–54]. Calculations reproduce the monoclinic structure, and show that
large magneto-elastic effects are responsible for its stability [55–57]. Above 23.8 K at
atmospheric pressure, oxygen transforms into the rhombhoedral (R3m) /3-phase [58, 59],
where the molecules are still perpendicular to the basal plane, but with a hexagonal
arrangement. Interestingly, this is the ground-state structure one would predict on the
basis of the value of the molecular quadrupole moment, internuclear distance and short-
range repulsion, in the absence of magnetic interactions [60]. It has been suggested that
the spins in 0-O2 have a quasi-helical arrangement in the a, b basal plane [61-63], which
is consistent with neutron scattering data [54, 59]. The a-/3 phase transition takes place
with a very small volume change, and the corresponding slight structural distortions
are interpreted as essentially due to magnetic effects [57, 64]. At room temperature, the
existence of three solid phases above solidification has been suggested on the basis of
Raman spectroscopy [65]. These have then been identified by X-ray diffraction. Between
solidification (5.5 GPa) and 9.6 GPa the stable structure is the same as the low tempera-
ture /?-phase [66,67], and above 9.6 GPa an orthorhombic structure (£-phase) with space
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group Fmmm has been found [68]. The fluid-7-/? triple point lies slightly below room
temperature [31]. This structure is similar to the en-phase, and the transition between
the two phases, according to a computer simulation [55], may be described by a change
of the angle between the a- and c-axis. Indications of such a transition from Raman
experiments have been reported at low temperature [31,32,69], but the results are some-
what contradictory. A direct structural analysis has found a structure with a monoclinic
distortion in the whole pressure range from the a- to the e-phase, thus confining the
range of existence of the 5-phase above 240 K [70]. The monoclinic distortion is very
small, however, and possible hysteresis may have prevented the determination of the
a-6 transition. A subsequent X-ray diffraction experiment led to different conclusions,
locating the 8-a phase transition in the region indicated in fig. 1 [33] (see subsect. 5.2).
The results of very recent spectroscopic investigations [71-73] that have clarified the mag-
netic properties of solid oxygen at low temperature will be discussed in more detail in
subsect. 5.1. Above 8–10 GPa and depending on temperature, oxygen transforms to the
e-phase [65, 67], with a large volume reduction [74] and a drastic color change, with the
sample turning deep red. It is known that this phase has a monoclinic structure [75, 76],
but the positions of the molecules in the unit cell have not been determined. It is stable
up to 96 GPa at room temperature, where the insulator-metal transition in solid oxygen
has been observed [77]. Spectroscopic results obtained in the e-phase of solid oxygen will
be discussed in subsect. 5.3.

3. - Experimental techniques

This section is restricted to static techniques for high pressure generation, namely by
the use of the DAC, and to spectroscopic i nvestigations, involving Raman scattering and
infrared absorption.

3'1. Sample preparation. - These samples are gaseous at normal pressure and tem-
perature conditions. Therefore the DAC should be filled either cryogenically, or by high
pressure gas filling. This latter method is the only applicable to fill the DAC with a
gas mixture of known composition, either to study the mixture itself or to grow a single
crystal of the sample in a hydrostatic environment (usually helium), after demixing. In
some cases, the knowledge of the orientation of the single crystal, in conjunction with
the control of the polarization of the incoming and scattered light, has allowed one to
discriminate between bands of different symmetry [24, 78]. The use a diaphragm-driven
("membrane") DAC has the advantage of allowing facile remote control of the pressure,
without removing the cell from the vacuum chamber, and without altering optical align-
ment.

3'2. Raman scattering. - Raman scattering [79] is a common technique in high pressure
research. The dimensions of the sample, the presence of diamonds and, sometimes,
the location of the DAC under vacuum, for low- or high-temperature measurements,
typically distinguish it from a conventional Raman experiment. For transparent samples,
a forward-scattering geometry can be used, with two microscope objectives in a confocal
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TABLE I. - Correlation diagram for the internal vibrational mode (vibron) in 5-N2. The A1g and
E9 modes are Raman active, while the A2g and F2u modes are inactive.

Molecular symmetry Site symmetry Factor group symmetry
D rp A9 9 A 2g

Raman inactive

Site symmetry
D2d

Raman Raman inactive

arrangement, that has the advantages of ease of alignment, small spot size (high spatial
selectivity) and the drawback of an intense beam entering the spectrometer. This forces
one to use either a double (or triple) monochromator, or a notch filter, which precludes
the Raman measurement in the first few tens of wave numbers. When low frequency
modes (phonons) are of interest, a geometry with a certain angle between incident and
scattered beam gives better results. Usually the green (514.5 nm) or blue (488.0 nm) lines
of an argon-ion laser are used, with an incident power of 100–500 mW, but for absorbing
samples (as red oxygen in the e-phase) the use of a red excitation is necessary (krypton-
ion laser at A = 647.1 nm or Ti-sapphire laser around 790 nm). The use of a red excitation
line has the further advantage of reducing diamond fluorescence, as an alternative to the
use of ultrapure synthetic diamonds. When possible, a CCD multichannel detector can be
used, but for bands at small Raman shifts a scanning monochromator and photomultiplier
detection may be preferable.

3.3. Infrared absorption. - Infrared (IR) absorption in a DAC is a less common tech-
nique than Raman scattering. The large spot size in conventional instruments and diffrac-
tion losses have always been a major concern (particularly at longer wavelengths), prob-
lems that have been overcome with the use of high intensity sources (IR synchrotron
sources) [80]. For samples of dimensions of the order of 100 /um or more, IR absorption
measurements can be done by the use of a commercial Fourier transform infrared (FTIR)
interferometer, modified with the insertion of a beam condensing device in the sample
chamber [81, 82]. Also in this case, a careful design of the optical system can allow the
measurements even in the far-IR region [83, 84].

4. — Nitrogen

4.1. 8-N2. - As an example of the application of group theory to the determination
of the active vibron modes, the correlation diagram for the internal vibrational mode of
the N2 molecule in the £-phase is presented in table I [41]. This diagram is constructed
with the standard rules of group theory (see, for example, [85]), with a procedure that
is justified by the representation theory of finite groups. The result is that the internal
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vibration modes of the two molecules on the sites of Th symmetry ("spheres") give rise (at
k =0) to two vibrational modes, which are respectively Raman active and inactive. The
vibration of the six molecules on sites of D2d symmetry ("disk" molecules) combines to
give rise to 4 modes, two of which are not active and two are Raman active. The Raman
spectrum of this phase [29, 41,48] presents two well-resolved peaks, separated by about
10 cm–1, named v1 and v2 in order of decreasing frequency. These, according to their
relative intensity (1:3), are assigned to the intramolecular stretching modes of the two
different sites, spheres and disks, respectively [41]. This splitting is due to the different
crystal field experienced by the molecules on the two sites. The group-theoretical analysis
predicts an additional splitting of the v2 mode, arising from molecules on equivalent sites
(Davidov splitting), whose magnitude depends on the magnitude of the coupling between
molecular vibrations (see subsect. 4.3).

The presence of a second order-phase transition in solid N2 was first detected by
Scheerboom and Schouten [48] with Raman scattering, cooling from room temperature
along isobars. A clear cusp was observed in the temperature behavior of the v\ mode, and
a less evident change occurred also for the v2mode. The crystal modification intermediate
between 5-N2 and e-N2, named 51oc, has been interpreted, with the help of computer
simulation [86], in terms of a progressive orientational localization of the disk- like rotating
molecules of the <5-phase as the temperature decreases, with no change of structure.
Recently, synchrotron X-ray experiments identified the transition between the cubic 6-
phase and the 61oc phase at HGPa [87], proposing a tetragonal structure for the 61oc

phase. Infrared spectroscopy allowed to clarify the nature of this transition. Monitoring
the absorption spectrum along isobars from room temperature down to 30 K and between
5 and 10 GPa the appearance of a sharp peak at about the same frequency of the v2

Raman band has been observed. According to the group-theoretical analysis, in the 6-
phase no IR absorption should be observed (see table I). This result is not in contrast
with the idea that the <5-<$1oc transition is triggered by the localization of the freely rotating
disk molecules, but the presence of this IR mode implies a local symmetry reduction and
a unit cell different from that of the 5-phase.

Plotting the integrated intensity of this band as a function of temperature (see fig. 4
of ref. [49]) one observes the increase of the absorption on lowering the temperature
towards the 81oc-Ephase transition, where a sudden jump occurs. The integrated absorp-
tion may be directly correlated with the molecular reorientation and structural changes,
and by analogy with a recent study of the second-order phase transition between the
ordered broken-symmetry phase (BSP) and the disordered low pressure phase of solid
deuterium [88], it may be considered proportional to the square of the order parame-
ter [89]. The integrated intensity indeed grows linearly with decreasing temperature,
as expected in a second-order phase transition [90]. A linear extrapolation to zero of
the experimental intensity was used to better locate the transition temperature at the
various pressures. In fig. 1 these extrapolated transition values have been inserted in the
phase diagram of nitrogen.
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4"2. Stability of E-N2 and C-N2—Different studies of the N2 phase diagram above
15-20GPa and between 25-300 K have given controversial results. The 6-c transition at
room temperature was located around 16.5 GPa on the basis of spectroscopic and X-ray
studies [40 ,50, 51, 91–93]. More contrasting are the results related to higher pressure. At
room temperature, two transitions were detected at 20 and 66 GPa [50], and one more
transition was supposed to exist at 20 GPa between the E- and a new ̂ -phase [51]. These
conclusions are not supported by a recent lineshape analysis of the internal Raman bands
up to 30 GPa [94]. At lower temperature (300–15 K) the pressure range investigated is
much smaller (w 30 GPa) [29,37-39,41,42,45,46,48]; furthermore below 100 K only
Raman [41] and IR (up to 7 GPa) [42, 49] experiments have been performed above the
7-e phase boundary (~ 2GPa).

A recent study [30] of both IR and Raman spectra of solid nitrogen up to 40 GPa
between room temperature and 25 K helped to clarify the stability range of the 61oc-
and e-phases. With increasing pressure above 17 GPa at room temperature, a growing
asymmetry and eventually a splitting of the Raman v2 mode has been observed. This
observation was ascribed in previous Raman experiments to the formation of a new phase
(rj) distinct from c [50, 51]; the two peaks represent instead the A19 and Eg components
of the v2 mode in the e-phase. No phase transition, in fact, has been observed at these
pressures either by X-ray diffraction [40, 87, 91] or by Raman scattering [95]. The low
temperature region of the phase diagram was investigated with isobaric cooling cycles,
changing pressure only at room temperature. This procedure avoids hysteresis common
in isothermal pressure scans at low temperature, especially releasing pressure. According
to these results we were able to establish the phase diagram below 295 K and 40 GPa. The
d-61oc transition has been confirmed, and between 10 and 17 GPa only the 61oc-€ transition
occurs. Above 23 GPa, a transition has been detected by a progressive asymmetry of the
v2 doublet, and confirmed by the spectra measured in the lattice phonon region (fig. 1).

4.3. Vibrational coupling. - When more than one molecule per primitive cell is present
on sites of the same symmetry, a dynamic splitting of the internal vibrational modes is
observed. This effect is called Davydov splitting or vibrational coupling. This effect is
observed, for example, in hcp hydrogen (two molecules per primitive cell) as a frequency
difference between the Raman-active vibron and the (induced) IR band [15, 96 ,97]. The
same effect has been observed in Ar(H2)2, where the situation is complicated by the
presence of eight molecules in the primitive cell, but its analysis has allowed quantitative
determination of the vibrational coupling constant between H2 molecules [24]. The split-
ting of the z/2 mode in the (5, 61oc and e structures is a measure of the size of this effect
and of the influence of the different molecular orientation for nitrogen molecules. The
two Raman-active components split only above the 61oc-e transition, and are essentially
degenerate below it, in the 6- and <51oc-phases. This difference (fig. 2) grows almost lin-
early with pressure up to 40 GPa. The frequency of the IR Eu component in the e-phase
is lower than the two Raman ones by 1.5-3 cm–1, depending on pressure. Vibrational
coupling has been argued to be very small from molecular dynamics simulations [98], but
these results shows that the coupling affects the modes much more than predicted theo-
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Fig. 2. - Davydov splitting among the active components of the v2mode in 5-, <51oc-, and e-N2.
Plotted is the frequency difference with respect to the stronger Raman band. Full dots: second
Raman component, of symmetry Eg in 6- and e-N2; empty circles: IR-active component (having
Eu symmetry in e-N2). In the <5-phase no active IR band exists, and the Raman band does not
show any detectable splitting.

retically. The presence of an IR peak in the 51oc-phase allows one to extend this analysis
at lower pressure, where the two Raman-active and the one IR-active mode coincide, in
the limit of the accuracy of available data. This points out the importance of the relative
molecular orientations. Similar conclusions are addressed in a recent Raman study up
to 104 GPa, by means of isotopic substitution [95].

5. — Oxygen

The discovery of pressure-induced metallization of solid oxygen [77] has triggered a
strong interest on its high pressure properties. Many question remain open, principally
those related to the presence of magnetic order at high pressure and the microscopic
mechanism giving rise to the peculiar properties of the e-phase. In the following I will
present mainly these two aspects.

51. Magnetism. - On the basis of the data discussed in subsect. 2'2, it was not clear
until recently whether the antiferromagnetic order of the a-phase persisted also at high
pressure. The low temperature phase changes inferred from spectroscopy [32, 69], and
possibly corresponding to the predicted [55] a-6 transition remained quite controversial.
This transition is associated with a slight structural change (a shift of the basal planes of
the crystal along the a-axis), and may in principle be second order. Computer simulation
performed with an intermolecular potential adapted to the known properties of solid
oxygen and including the spin-spin exchange interaction predict the occurrence of the
transition at 2.5 GPa [55].
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The presence at low temperature of an IR absorption band at about 1550cm–1, in
the frequency range corresponding to the vibron excitation of solid O2 is not explained
on the basis of the known crystal structure of either the a- or <S-phases [71]. Both phases
are indeed described by structures with only one molecule in the primitive cell, thus not
allowing the IR activity of a vibron mode for a homonuclear molecule. Quantitative
analysis of the frequency and intensity of this peak gives results that help understand
the origin of the feature. Its frequency does not increase much with increasing pressure,
from 2GPa up to the e-phase (8GPa at low temperature), while the frequency of the
analogous Raman vibron (measured at 10K) increases substantially with pressure [32].
In addition, the frequency of the IR vibron is lower than the Raman mode. As discussed
in subsect. 4'3, the frequency difference between IR- and Raman-active modes arising
from Davidov splitting of the same molecular mode can be quantitatively reproduced
considering the vibrational coupling between molecular pairs.

The quantities of interest are defined by a simple formalism [13]. The interaction en-
ergy of a pair of diatomic molecules V(R, r1 , r2 , w1 , w2 ) is a function of the intermolecular
distance R, of the orientation (described by the two polar angles W1 and w2) and of the
internuclear distances ri (i = 1, 2). Since ri ~ re, the equilibrium internuclear distance of
the molecule, V(R, r1, r2, w1,w2) is commonly expanded in terms of the deviation from
equilibrium ui — r i — re , giving rise to the relation

(1)

+ F(R, w1 , w2) (u1 + u2
2) + G(R,

The vibrational coupling parameter G is responsible for the energy difference of the (in-
phase) Raman and (out of phase) IR vibrations. This analysis has been done for solid
hydrogen, up to very high pressure [96, 97], and for Ar(H2)2 [24]. In hcp H2 (phase I)
the molecules rotates freely, and the quantity which is considered is the average over all
relative orientations of the pair, that is G(R) = (G(R, w1, w2))Wl, w2. In this case it has
been found that the sign of the parameter G(R) is negative, and that G(–R) oc R-7-2 [97],
that is, a behavior very similar to what is expected considering only long-range dispersion
forces (G(R) oc R–6). For solid oxygen it is possible to perform a similar quantitative
analysis, since the relative orientation of all nearest-neighbors (nn) molecules is the same
(these molecules are all on the same layer, and are all parallel). Such quantitative analysis
would be much more difficult for other fully ordered phases of molecular crystals, as
for example e-N2, for the different relative orientation of nn molecules. The result for
oxygen is quite surprising. First, the sign of G is positive, and the dependence on
intermolecular distance is much stronger than an inverse power law with exponent 6. The
coupling between molecules is of a completely different nature from what would derive
from dispersion forces, typical of closed-shell molecules. The nature of the coupling is
essentially magnetic, a conclusion supported by other observations. The intensity of
the IR peak decreases rapidly with increasing temperature towards the /?-phase, with
a behavior resembling the one expected for an order parameter of a magnetic phase
transition, which suggests that antiferromagnetism is the origin of this peak. That this
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may be the case can be understood by considering that an anti-ferromagnetic structure
must be described with a primitive cell containing (at least) two molecules with opposite
spins. The coupling between magnetic and elastic degrees of freedom provides the dipole
moment necessary for the vibron absorption.

The antiferromagnetism of oxygen at high pressure has been confirmed by the re-
sults of near-IR absorption measurements, at 8000-9000 cm–1 [73]. The results of these
measurements have allowed quantitative measurements of the overlap integral J. The
absorption in this frequency region is due to the electronic transition from the molecular
lower triplet state 3S~ to the singlet state 1A9. This is a forbidden transition in the
single molecule, but absorption due to this band is observed even in the gas at a pressure
of a few hundred bars [99]. The square-law dependence of the intensity on the gas density
demonstrates that the absorption is a birnolecular process, induced by the interactions
between pairs. A typical spectrum in the solid at 14 K and at low pressure is presented in
fig. 3a. The low- and high-frequency bands correspond to the same 3S~ -*1 A9 electronic
transition combined with the v — 0—> 0 or v = 0 —» 1 vibration transition, respectively.
At low pressure, both bands exhibit fine structure, with two narrow peaks separated by
about 11 cm–1. In the low temperature a-phase, bands associated with this transition
have been studied in the past [100], as well as more recently [101]. The absorption in the
solid is due to exciton-magnon transitions, and associated fine structure is interpreted
as due to the anisotropy of the magnon branches [100]. With increasing temperature
along isobars (see fig. 3d) the bands broaden and become less intense and a considerable
red shift of both features is evident at the S-/3 transition. This shift is understood in
terms of the antiferromagnetism of the &-phase and has led to the determination of the
exchange integral J (as for the a-/3 transition). In fact, the 3Eg —t1 A9 transition corre-
sponds to the simultaneous excitation of two nn molecules belonging to different magnetic
sublattices. In an antiferromagnetic phase, the ground-state energy contains a negative
spin-spin exchange interaction term, which in the (3-phase is almost absent due to the
loss of spin correlation. If it were exactly zero, the exchange integral J for the <5-phase,
where each molecule interacts with four nn, would be given by J = —Av/4, where Av is
the difference between the band frequency in the £-phase with that in the /3-phase. Tak-
ing into account the value of the spin correlation function in the /?-phase (derived from
calculations at zero pressure [57] and assuming it does not change with increasing pres-
sure), some small corrections should be introduced [73]. From the frequency difference
measured along different isobars, J as a function of pressure (and consequently of inter-
molecular distance) has been derived. This is reported in fig. 4, where it is compared
with other experimental determinations or theoretical models. The exchange integral
J(R) has an almost exponential behavior as a function of intermolecular distance, and
it almost coincides with the model assumed for lattice dynamics calculation [55]. Also
the experimental values of J derived from the Raman frequency of a peak assigned to
the magnon [103] agree quite well with the spectroscopic data. A discrepancy of almost
a factor two is observed with ab initio calculations [102]. In the inset of fig. 4 also the
values obtained at room pressure by neutron scattering [59] and by susceptibility mea-
surements [104] are reported. These spectroscopic results demonstrate that solid oxygen
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Fig. 3. - (a) IR absorption spectra of solid O2 due to the transitions 3E9 —>l Ag v = 0 —> 0
and v = 0 —> 1 at 0.45 GPa and 14 K. (b) and (c) Details of the structure of the peaks.
(d) Temperature evolution of the same two bands from the fluid through the /3-phase and to
the 5-phase. The frequency shift of the band can be noticed from the spectrum taken at the 6-{3
coexistence.

maintains its antiferromagnetic order from the low pressure a-phase up to the transition
to the e-phase.

5'2. a-6 transition. - The question of where to locate the a-6 transition at low pres-
sure has not been answered by these results, since they do not depend on whether the
crystal structure is either orthorhombic (<5-phase) or monoclinic (a-phase), because both
the antiferromagnetic order and our treatment of the vibration coupling involve only
molecules in the same plane. Low temperature X-ray diffraction has been performed
only recently. One of these studies [70], performed by increasing pressure starting from
the a-phase, failed to observe the orthorhombic &-structure (which does exist at room
temperature [45]), a result that confined it to exist in the region of the phase diagram
above 240 K, unexplored by the authors. A similar subsequent experiment followed a
different procedure, annealing a polycrystalline sample in the stability region of the 6-
phase, not much below room temperature [33]. By decreasing temperature and pressure
along step wise isobars and isotherms, the orthorhombic structure was maintained at low
temperature. The transition to the a-phase was then detected on decreasing pressure
by a sudden change of the monoclinic angle, from 90° ± 1° to « 96° ± 1° (fig. 5). Even
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Fig. 4. - Exchange integral — J as a function of the nn distance (solid circles with errors bars),
fitted by a double exponential function (solid line, see ref. [73]). The dashed line is a fit of ab initio
calculation for a dimer in a parallel configuration [102], and the dotted line is the model used
in lattice dynamics calculations [55]. Empty squares are derived from Raman data [103]. The
ambient pressure values arising from neutron scattering [59] and magnetic susceptibility [104]
are represented with an empty and a full triangle, respectively (see also the inset).

though some metastability may have affected also these results, the equilibrium a-6 phase
boundary should be located close to the four points drawn in fig. 1.

5.3. Molecular pairing. ~ That the electronic structure of the O2 molecule changes
substantially in the e-phase was clear since the first observation of color change of the
oxygen crystals [65] and from measurements of the optical absorption spectrum [105].
These effects have led to the hypothesis that an association between molecules occurs,
leading to the formation of molecular complexes or polymers [106]. It has been proposed
that this association occurs between pairs of molecules, leading to the formation of O4

units in the crystal [84, 107]. The first evidence of this was derived from IR absorption
in the region of the intramolecular vibration, which is so strong that practically no
radiation is transmitted through a sample having a thickness of a few tens of microns.
One can measure the absorption intensity by preparing a sample with a thickness of
about 1 /um. The value of the absorption derived in ref. [84] is of the same order of
magnitude as a typical molecular system with an allowed IR transition. A study by
different authors of the IR absorption spectrum of e-oxygen led to a much smaller value
of the absorption coefficient, since they did not observe saturation even for a sample as
thick as 15/um [109]. In addition, they observe that the IR fundamental consists of four
components, with different polarization characteristics. This apparent splitting is more
probably due to the activation k # 0 components, which are much weaker than the main
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Fig. 5. - Behavior of the angle /#', determining whether the structure is monoclinic or orthorhom-
bic (see inset) measured by low temperature synchrotron X-ray diffraction decreasing pressure
along isotherms at 145, 102, 66 K. The solid line with the small solid circles represents the
results of simulation [55], shifted along the x-axis, to make the transition pressure coincide with
the experimental one.

peak, caused by possible lattice defects, as discussed in ref. [107].
Solid oxygen in this phase also has a strong absorption band in the far-IR (FIR)

region of the spectrum, at about 400cm–1 at 20 GPa. The measurements of FIR spectra
in the DAC, down to 100cm–1, with laboratory instrumentation is not a straightforward
task, but it can be achieved with proper instrumentation.

The peak frequency versus pressure of both modes shows a peculiar behavior. Below
20 GPa, the frequency of the FIR mode increases steeply while the one of the mid-
IR mode decreases. Above 20 GPa both frequencies change more slowly and have an
almost linear increase. The hypothesis of a pairing between O2 molecules leading to the
formation of 04 molecules nicely explains these findings. A tetra-atomic molecule in a
D2h configuration would have 2 IR-active modes. The stability and frequencies of the
vibration modes of such a molecule can be calculated using density functional theory.
The result is a rectangular structure, with two O2 molecules at a distance of 1.95 A. The
calculated frequencies, which may serve as a guide for the interpretation of the spectra,
are in qualitative agreement with the measured ones [84].

A strong argument supporting the hypothesis of the formation of such molecules comes
from the analysis of the overtone bands, that have a very peculiar shape in e-oxygen. In
fact, two distinct, quite broad bands are observed, whose width is almost constant with
changing temperature. The positions of these bands as a function of pressure, compared
with the same quantities relative to the IR and Raman band, determine the assignment
of the lower frequency one to the overtone of the IR mode, and the higher frequency
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Fig. 6. - "Weighted" density of states of the high frequency modes in e-oxygen, resulting from the
deconvolution of the combination bands at 19.7 (dashed line) and 55.8 GPa (solid line). Vertical
bars indicate the positions of the k = 0 IR and Raman modes.

one to the combination of the IR and Raman mode. This assignment differs from that
proposed in ref. [108]. The constancy of their width with changing temperature testifies
that modes with all wave vectors contribute to their intensity. The decomposition of
these bands as the sum of three or four components [109] is therefore questionable.
Instead, their shape can serve to obtain information on the density of states of the high
frequency modes. Actually, the quantity that is extracted from the shape of the bands is
the density of states weighted by the transition matrix elements, which in principle may
be different for different values of k. Most of the time, however, the observed absorption
shape of combination bands compares in a rather satisfactory way with the calculated
density of states [110], and in this analysis the difference between the two quantities is
neglected. With a fitting procedure of the combination bands as a convolution of two
other functions, the density of states can be determined with the assumption outlined
above. A gap in frequency divides it into two different branches, located close in energy
to the k = 0 Raman and IR mode, respectively. The presence of this gap is a strong
indication of the fact that these vibrational states arise from two different modes of
the isolated molecule, which therefore cannot be diatomic. The so-derived "weighted"
density of states is presented in fig. 6, for two different pressures. The gap increases with
increasing pressure, up to 20 GPa, and then decreases. A simple model of interacting
molecules can be constructed to obtain a density of states of the high frequency stretching
modes of the 04 molecule such that it resembles closely the "weighted" density of states
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extracted from the experiment. It is found that the coupling between a pair of O2

molecules is in the e-phase about 20 times greater than in the £-phase. This pressure
behavior, together with the behavior of the intensity and of the frequency of the far
IR, mid IR and Raman modes, which changes at about 20–25 GPa, indicate that the
formation of the O4 molecule is a gradual process with increasing pressure, and it is
complete above 20 GPa.

In summary, all authors agree on the presence of a particularly strong interaction
between oxygen molecules in the e-phase, which is an exception for a molecular crystal
at this pressure, leading to a change in the electronic states. There are strong indications,
in my opinion, that this interaction breaks the symmetry of the crystal and induces the
formation of molecular pairs. Other authors favor a model where a polymeric association
between oxygen molecules exists, possibly generated by charge transfer effects [105, 108,
109].

6. — Conclusive remarks

Much is known about simple molecular solids, but this is a stimulus for further and
deeper investigations. They are fundamental systems where all aspects of physical and
physico-chemical phenomena can be observed. Moreover, since no other systems are
known in such a detail, they are quite suitable for testing theories, and for understanding
the origin of the high pressure behavior of other, more complicated, physical systems.
The two systems I have described serve to demonstrate how much spectroscopy can
contribute to determine the physical properties of the system, in a quantitative sense.

* * *
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1. - Introduction

The properties of the hydrogen bond are applicable to a wide range of fields. They play
a crucial role in many areas of biology: the base pairings in DNA are the result of H-bonds,
the behaviour of water and other H-bonded solvents are crucial in chemistry, H-bonds
and their directional nature are responsible for the structural versatility of ice giving
rise to at least eleven phases below 2GPa, hydrogen bonding plays an important role
in determining the dehydration properties of hydrous minerals, implicated as a possible
cause of deep-focus earthquakes [1], and since the outer planets and their satellites contain
large quantities of ice, ammonia and methane, the properties of these systems are crucial
to planetary modelling. This ubiquity provides a very powerful motivation to understand
the microscopic behaviour of hydrogen bonding, including, the relationships between
bonding strength, atomic species and bond geometry [2].

2. — Definitions

Figure 1 shows a schematic of a hydrogen bond. Atom A is covalently bonded to
a hydrogen which hydrogen bonds to atom B. Atom A is referred to as the donor
and B the acceptor. The criteria which determine if a particular contact is a hydrogen
bond are somewhat subjective but consist of a combination of geometric and vibrational
properties. The principal criterion is that the H • • • B distance is less than the sum of
the van der Waals radii of H and B —taking the value for H to be 1A [3]. In addition,
there is an expectation that the A-H stretch vibrational mode should soften and that
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Fig. 1. - A schematic diagram of long (upper) and short (lower) H-bonds.

the A-H • • • B libration mode should stiffen. For long hydrogen bonds the interaction is
considered to be largely ionic between a somewhat positive hydrogen atom —indicated
by a 8+ in fig. 1— and a somewhat negative atom B —indicated by a 6—. As hydrogen
bonds shorten, they develop a more covalent character with transfer of bonding electron
density from A-H to H • • • B as shown. The example shown is a simple linear H-bond, but
it is possible to have poly-furcated hydrogen bonds where H forms bonds to more than
one B atom, or B forms bonds to multiple H atoms. Finally, B need not be an atom; it
may be an accumulation of electron density as in ethyne where C-H forms H-bonds to
the carbon-carbon triple bonds [4].

3. — Techniques

The principal microscopic properties needed to characterise a hydrogen bond are its
geometry and the strength of the bonds; in addition, it is clearly important to understand
the nature of the bonding. As a result, for high pressure studies, the techniques generally
used are optical and infra-red measurements of vibrational frequencies, diffraction studies
to characterise the geometry, and ab initio modelling studies that explore the nature of
the bonding. Other techniques like nuclear magnetic resonance and neutron inelastic
scattering have proved very powerful for studies of H-bonds at ambient pressure but
have not yet been seriously applied at high pressure.

3'1. Vibrational spectroscopy. – Spectroscopy using photons was amongst the earliest
techniques to be applied to H-bonding at high pressure. Here the frequencies of modes
of vibration are measured by their coupling to the incident light via a change in dipole
moment (infra-red) or polarisability (Raman). The attraction of such measurements is
that the softening of the A-H stretch mode (referred to here as the vibron) is one of the
primary indications of strengthening hydrogen bonds, and this mode is easily identified
for long hydrogen bonds. Although spectroscopic data are relatively easy to measure,
interpretation and mode assignment are often difficult. In addition, one of the primary
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aims of spectroscopic studies has been to explore short H-bonds close to molecular dis-
sociation. Under these conditions the vibron moves into regions where diamonds have
absorption bands and interaction between the vibron and other vibrational modes be-
comes significant. However, innovations in cell design, improvements in the quality of IR
data made possible by the use of synchrotron light sources, and the use of modelling in
combination with experiments have led to considerable improvements in the quality of
information available [5, 6].

Other spectroscopic techniques have been used for measurements of vibrational fre-
quencies including neutron [7] and X-ray [8] triple-axis studies of phonon dispersion,
incoherent neutron spectroscopic measurements of density of states [9] and X-ray nu-
clear spectroscopy measurements of partial density of states [10]. For H-bonded systems
however, the vast bulk of spectroscopic data are obtained using photons. For this rea-
son the term spectroscopic used in this lecture refers to measurements of vibrational
frequencies using Raman or IR methods.

3'2. Structural studies. - Diffraction studies are the only means to measure the ge-
ometry of H-bonds and are thus a crucial component of any attempt to characterise an
H-bonded system. Although X-ray studies are able to locate hydrogen atoms and can
identify the H-bond contacts in a structure, neutron diffraction is the only technique
able to measure the geometry sufficiently precisely. Studies of H-bonded systems were a
primary motivation of the development of high pressure neutron diffraction [11,12] and
form a significant fraction of the studies performed. The Paris-Edinburgh cell is now
able to achieve a pressure of 30 GPa for such studies [11, 12]. Although this represents a
significant pressure range, it is not sufficient to explore dissociation of H-bonds in simple
molecular systems. Studies of dissociation of H-bonds in simple molecular solids remain
an important motivation for further extensions of the pressure range.

3'3. Ab initio modelling. - The capabilities and accuracy of ab initio modelling studies
have seen remarkable recent improvement. Two basic methods exist to carry out such
modelling. In the first (static total-energy calculations) the total energy is computed
for a fixed configuration of atoms and the best configuration is found by exploring the
variation in total energy with change in configuration. Static techniques have had success
in studies of H-bonding [13, 14] but are limited by the difficulty of handling disorder. The
development of ab initio molecular dynamics (the Car-Parrinello method) [15] overcomes
this limitation and has revolutionised modelling of H-bond systems. In this method, the
time evolution of the system is followed with the motion of the particles being determined
from a self-consistent solution of the electronic Hamilitonian calculated at each time step.
Considerable effort has been put into development of techniques to handle the hydrogen
atom as a quantum object [16]. As a result, remarkable agreement between observation
and modelling can be obtained. Theoretical studies are generally not able to identify the
structure ab initio, however, and require structural information as a start point.



360 J. S. LOVEDAY

5 10 15 20
P(GPa)

25

Fig. 2. - The measured pressure variation of the intramolecular O-D bond length in ice VIII [18]
shown as open circles and the crosses are the results of Hartree-Fock calculations. The dotted
line shows the variation estimated from previous spectroscopic studies [17].

4. — Molecular systems: water-ice

The solid phases adopted by the water molecule have become model systems for
studies of H-bonding at high pressure. At the molecular level water is one of the simplest
H-bonded systems since H-bonds are the principal attractive interaction. As a result
of this and because of the fundamental interest of the water molecule, ice has been
extensively studied. A further point of interest has been in the "centring" transition
where the protons reach the centre of the hydrogen bond and ice becomes a simple oxide,
"symmetric" ice X.

Early measurements of the hydrogen bond strength using spectroscopic methods
showed a strong reduction in the O-H vibron indicating a weakening of the (covalent)
molecular bond and a strengthening of the hydrogen bond [17]. In the absence of direct
measurements, estimates were made of the extension of the covalent O-H bond length
resulting from this weakening. This approach requires an assumption to be made about
the changes in the potentials with pressure. The assumption made was that the double-
well mean-field potential for the H-atom (shown in the right-hand plot of fig. 3) could be
described by the addition of two pressure-independent two-atom potentials (fig. 3, left-
hand plot) describing the interaction of the H-atom with the donor and acceptor oxygen
atoms, respectively. This assumption of pressure-independent two-atom potentials im-
plies that as the H-bond compresses and the acceptor atom moves closer to the hydrogen
the attraction of H by the acceptor causes the covalent O-H bond to lengthen, and this
lengthening weakens the O-H bond to the donor oxygen. This model had previously been
found to describe well the relationships between O-H and vibron frequency and O • • • O
determined from studies of a wide range of different H-bonded materials at ambient pres-
sure [3]. The first structural study carried out with the Paris-Edinburgh cell, studies of
ice VIII, tested this assumption and showed that the intramolecular bond length was
essentially unchanged by pressure up to at least 25GPa (fig. 2) [18, 19]. This lack of
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Fig. 3. - A schematic diagram showing how the full H-bond potential (right-hand plot) is built
up from two-atom O-H potentials (left-hand plot) describing the interaction between the El-
atom and the donor and acceptor oxygen atoms. This approach and the assumption of a lack
of change in the two-atom potentials with pressure underlies Klug and Whalley's [17] estimates
of the variation of the O-H bond length with pressure shown in fig. 2.

change in the bond length implies that the softening of the vibron can be interpreted
as a changes of the curvature of the underlying two-atom O-H potentials —behaviour
which is essentially the opposite of that which had been assumed. Two total-energy
studies reproduced the observed behaviour of the O-H bond length and confirmed this
view of the changes in the potentials [13, 14]. More recent ab initio molecular dynamics
studies of ice also produce the observed behaviour. This lack of change in O-H bond
length with pressure appears to be a general feature in the 0-15 GPa range: it is also ob-
served in ammonia [20], sodium deuteroxide [21], magnesium deuteroxide [22] and cobalt
deuteroxide [23].

4'1. Ice X. ~ The experimental observation of symmetric ice X has been an important
goal since it was first postulated by Ubbelohode in 1949 [24]. The search for ice X
has led to extensive revisions of the ice phase diagram in the very high pressure region
throughout the 1990's. Pruzan et al. [25] discovered that the transition temperature of the
H-bond ordering transition from ice VII to ice VIII (273 K from 2-12 GPa) decreases with
increasing pressure and that at ~ 60GPa (70 GPa in D2O) it reaches OK. This removed
an apparent anomaly since the behaviour of this transition was very different from that
observed for other H-bond ordering transitions. In 1996 IR studies by Goncharov et
al. [5] and Aoki et al. [26] reported the first evidence of a symmetrisation transition at
~ 75 GPa. The manifestation of the transition appeared more complex than previously
thought and there has been some dispute as to where the transition occurs (and as to
what structurally constitutes ice X); it was clear that a major change in ice begins at this
pressure and that the transition to ice X occurs somewhere in the range 75–110 GPa. Ab
initio modelling by Benoit et al. [27] also showed a symmetrisation transition starting
at similar pressures where the volume explored by the proton increases as the result of
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quantum effects. This study found an intermediate state where the volume explored
by the proton is increased by quantum effects which exist up to ~ 120 GPa with a fully
formed ice X above this pressure. Subsequent classical modelling by Bernasconi et al. was
able to reproduce the experimental IR data. As a result, it appears that symmetrisation
occurred progressively in the range 65–110GPa [28].

4'2. Disorder in ice VII. – These revisions of the phase diagram have established the
importance of proton-disordered ice VII. In addition to dominating the phase diagram
at high pressures, it is the phase which transforms into ice X. The nature of the disorder
is, however, not clear. The simple model of ice VII gives an O-D distance that is 0.05 A
shorter than that found in ordered ice VIII [29]. Such a change cannot be real (it would
liberate enough energy to melt the sample) and so it has been assumed that the oxygen
atoms were multi-site disordered. However, the model proposed by Kuhs et al. [29] —O
displacement along the cubic (100) directions— overcorrected the O-D distance by as
much as 50%. More recent studies [30] based on comparison of the atomic displacement
(thermal) parameters in ices VII and VIII showed that displacements along (111) gave
more plausible internal molecular geometries. Such displacements imply that ice VII has
two different H-bond lengths ~ 0.1 A longer and shorter than those of ice VIII and that
this significant difference is pressure independent up to at least 20 GPa. This raises the
question as to how such a mixed network will symmeterise (a question that remains to
be addressed). The work also raises the question as to what the vibrational spectrum
is probing. A simple view is that two H-bond lengths would imply a split O-H stretch
peak which is not observed even in dilute H in D2O experiments which probe uncoupled
O-H vibrations [17]. This suggests that the simple view of a direct correlation between
H-bond length and O-H stretch frequency may be incorrect. This unexpected disorder
model also raises the question as to whether the disorder of the oxygen atoms is driven
by repulsive interactions between the two H-bond networks [30].

4'3. Beyond ice X. – Two recent studies suggest that ice will continue to present
challenges beyond ice X. Single-crystal X-ray studies of ice VII by Loubyere et al. [31]
revealed that the structure has an incommensurate superlattice that persists across its
entire range of existence and into that of ice X. This superlattice is not observed in
either X-ray or neutron powder diffraction studies and has been postulated as some kind
of partial ordering —a proposal which awaits detailed study. Loubeyre et al. also found
evidence of a possible further structural transition at 150 GPa where Goncharov et al. [5]
also postulated a transition on the basis of a mode crossing (Fermi resonance). Ab initio
molecular-dynamics studies by Cavazonni et al. [32] explored the behaviour of H2O at
the high pressures and temperatures found within Uranus and Neptune. They found
evidence for a dissociation of the molecules and protonic conduction that may be the
source of the magnetic fields of these planets.
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Fig. 4. - The ordered structure of ammonia phase IV [20].

5. — Other ices

The hydrides of non-metallic elements are classed as ices; water ice is the most studied
of this class. Studies of other systems provide a means to explore the effect of changing
hydrogen bond strength and H-bond geometry.

5'1. Ammonia. - Ammonia forms weaker hydrogen bonds than water and has an
unbalanced geometry in that it has three donor H atoms and only one lone pair to
accept H-bonds. The high pressure phase diagram was explored by Gauthier et al. [33].
They found the face-centred cubic phase transformed into phase IV at 3 GPa with a
further transition at 12 GPa and then postulated symmetrisation at 60 GPa. Otto et
al. [34] in X-ray studies found a hexagonal close-packed nitrogen arrangement between
3 and at least 30 GPa. As a result, it was assumed that like the low-pressure solid
phases II and III, phase IV and possibly phase V had rotationally disordered molecules.
However, neutron diffraction studies showed ammonia IV to be orthorhombic with the
ordered arrangement shown in fig. 4 [20]. Surprisingly, the arrangement has a bifurcated
hydrogen bond in which one hydrogen atom forms bonds to two nitrogen atoms. Ab initio
molecular-dynamics studies by Cavazzoni et al. [32] found this structure to be stable to
above 100 GPa and, like ice VII, to become a protonic conductor at high temperatures
and pressures.

5"2. Hydrogen sulphide. - Hydrogen sulphide has the same internal molecular geometry
as ice but much weaker hydrogen bonding; its ambient pressure structures do not show
evidence of hydrogen bonds [35]. High pressure spectroscopy reveals the vibron softening
characteristic of hydrogen bonding [36] and at the highest pressures a blackening that
suggests that metallisation occurs at 96 GPa [37]. X-ray diffraction studies at ambient
temperature reveal transitions at 7 GPa, 11 GPa and 27 GPa, and that metallisation may
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be the result of short S-S contacts which are not H-bond contacts [38,39]. The relationship
between the primitive cubic phases II and I' is also of relevance to H-bonding. Both have
related space groups but, while the ambient pressure phase II has a face-centred cubic
sulphur arrangement [35], the sulphur atoms in phase I' are displaced by 0.1 A from fcc
sites [38]. Neutron diffraction studies [40] revealed that phase I' has a toroidal deuterium
arrangement like phase II but that it is more ordered, so that the maxima in the D density
point towards six of the twelve nearest-neighbour atoms. The displacement of the sulphur
atoms from fee sites reduces the S • • • S distance for six neighbours and lengthens it for the
other six. This arrangement suggests the onset of H-bonding in phase I' and the sharp
transition from phase II to I' found at 245 K and 4.5 GPa can be attributed to the onset
of H-bonding. Modelling studies by Rousseau et al. also found a similar behaviour [41].
They were not able to reproduce phase I' but found the phase I to IV transition to be a
progressive ordering driven by H-bonding [41]. Fujhisa and co-workers [42] have recently
found new phases in what had been assumed to be the stability field of phase IV below
10 GPa at low temperatures. These phases may also reflect the onset of H-bonding.

6. — Hydroxyl H-bonds

Hydroxyl H-bonds are significantly different from their molecular analogues. They
are generally weaker and more prone to bifurcation. Such bonds are important to the
problem of water in the Earth's mantle in addition to their fundamental interest.

6"1. Alkali hydroxides. - Potassium and sodium hydroxides sit on the boundary of
hydrogen bonding. KOH exhibits hydrogen bonding that strengthens with increasing
pressure. NaOH is only H-bonded at low temperatures [43] and spectroscopic studies
show that the transition to phase IV at high pressure reverses the softening of vibron [44].
Neutron diffraction shows that phase IV has a bifurcated H-bond and it appears that
the bifurcation accounts for the lack of softening of the vibron [21].

6"2. Brucite-structured hydroxides. - The brucite-structured hydroxides are a model
system for H-bonding in hydroxyl-containing systems. They have layered structures
where the dominant interactions between the metal-oxygen layers are the H-bond inter-
action and repulsive interactions between the hydrogen atoms [23]. Mg(OH)2, brucite,
shows a softening of the vibron with pressure indicating a strengthening of the hydrogen
bonding [45, 46]. Parise et al. in neutron diffraction studies found an intriguing change in
the disorder of the H(D) atoms [22]. The H(D) atoms disordered over three sites around
a threefold axis. As the pressure is increased in brucite the displacement of H(D) from
the threefold axis increases. Similar behaviour is observed in Mn(OD)2, Ni(OD)2 and
Co(OD)2 [47].

Raman and IR studies of Co(OH)2 revealed that the vibron undergoes dramatic broad-
ening at ~ 11 GPa [48]. This broadening is very similar to that observed in Ca(OH)2

which undergoes pressure amorphisation [45]. However, Co(OH)2 remains crystalline in
X-ray studies [48]. As a result, Nyugen [48] et al. proposed that in Co(OH)2 only the
H-sublattice amorphises. However, Parise et al. [23] showed from neutron data collected
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from Co(OD)2 that the occupancy of the D-site remained fully occupied and that sub-
lattice amorphisation did not occur up to at least 16 GPa. A detailed examination of
the D-site disorder and the packing of the D layer suggested that the optical anomaly
could be explained instead by changes in the symmetry of the D-site. The need to main-
tain a D • • • D distance of more the 1.8 A forces the D-atoms to occupy general positions.
This means that the D-atoms have a wide range of different bonding environments that
could account for the broadening of the vibron. Recent ab initio modelling of Ca(OH)2
produces a similar sort of disorder distribution [49].

7. — Clathrate hydrates and other water-gas mixtures

The behaviour of mixtures provides a very valuable extension to studies of single-
component systems. Mixtures provide a means to probe phenomena like repulsive in-
teractions and mixed H-bonds that are not so readily accessible and mixtures may yield
analogous structures that provide insight into the parent single-component systems. A
classical water-gas mixture is the clathrate-hydrate where the guest gas molecules sit in
the centre of cages formed of H-bonded water molecules; the whole structure is stabilised
by water-guest repulsions. High pressure studies have revealed a number of other types
of mixture.

7'1. Filled-ice clathrates. – Small species like hydrogen and helium are too small to
form cage clathrates and the discovery that helium forms a hydrate structure based on
that of ice II caused considerable surprise [50]. Vos et al. [51] explored the hydrogen water
system and found an ice II related hydrate which appeared to be similar to helium hy-
drate and above 2.7GPa a second hydrate. This second hydrate has a 1:1 water:hydrogen
ratio and a water network like that of ice Ic with hydrogen sitting in voids in the net-
work. This structure is related to that of ice VII, which consists of two interpenetrating
ice Ic networks. H2 • H2O is approximately twice as compressible as ice VII and spec-
troscopic studies suggest that the network of H-bonds may undergo symmetrisation at
~ 30 GPa [52]. Although these mixtures are called clathrates, their structures do not
have cages and resemble ice structures very closely. It is thus more informative to refer
to them as filled ice clathrates or hydrates.

7'2. Cage clathrates. – The high pressure behaviour of cage clathrates provides im-
portant information on hydrophobic interactions. In the cases of simple gas hydrates
like those of methane, nitrogen, oxygen and carbon dioxide it is also directly relevant
to modelling of the Earth and other planets. They have been extensively studied in the
0–1 GPa range; phase transitions have been reported in argon, methane and nitrogen hy-
drates [53–56]. However, very little work had been carried out at pressures above this and
the expectation was that they would decompose into guest and ice at 1 to 2 GPa [54]. In
the past two years this view has been overturned. Initial indications of high pressure gas
hydrates came from Raman studies of argon hydrate which showed hydrate phases stable
to 3 GPa [56]. X-ray and neutron diffraction studies of methane hydrate revealed two new
phases [57]. The first is a hexagonal hydrate stable between 0.8 GPa and 1.9 GPa with
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a methane: water ratio of 3.5(5):1. This phase was confirmed in X-ray single-crystal
studies by Chou et al. [58]. The second phase is stable between 1.9 GPa and at least
10 GPa and is an orthorhombic dihydrate. The structure of methane dihydrate (fig. 5) is
more like those of the filled ices discussed above [59]. It has an H-bond network related
to that of ice Ih (the ambient pressure form of ice) with the methane molecules contained
in channels. The network is somewhat distorted compared with that of ice Ih in order to
expand the channels to accommodate the methane molecules, but the network is very like
those of the filled ices. Hydrogen and helium do not form cage clathrates and methane
hydrate is the first system which can be transformed from a cage clathrate into a filled
ice clathrate.

The existence of these hydrates has important consequences for the modelling of
Saturn's moon Titan and the origins of the methane in its atmosphere. Titan accreted
from a mixture of rock, methane hydrate and ammonia monohydrate [60]. Current
models assume that all the methane was expelled from Titan early in its history as a
result of the assumed pressure decomposition of methane hydrate [61]. This resulted
in the need to postulate some kind of methane reservoir near the surface ]—a methane
ocean or methane in pores near the surface— since photochemical decomposition would
have removed all the methane from the atmosphere in less than the life of the Solar
System. The stability of high pressure methane hydrates means that the methane may
have remained within the ice mantle of Titan as methane hydrates and that this is the
reservoir supplying the atmosphere with methane.

7'3. Ammonia hydrates. - The three ammonia hydrates are amongst the simplest
systems to contain mixed N • • • O hydrogen bonds —such bonds along with O • • • O hy-
drogen bonds are responsible for the base pairings in DNA. They are likely components
of the outer planets. Ammonia monohydrate is believed to have been the dominant
ammonia-bearing phase in Titan and the assumed waterrammonia ratio in Neptune and
Uranus (~ 15%) corresponds to a 1:1 mixture of water and ammonia dihydrate. Fur-
thermore, ammonia monohydrate is predicted to ionise to form ammonium hydroxide at
~ 13 GPa [62].

Raman studies suggested that there are no phase transitions in ammonia monohydrate
(AMH) up to 10 GPa and that ammonia dihydrate (ADH) forms ice and ammonia mono-
hydrate at ~ 5 GPa [63, 64]. This was contradicted by dilatometric studies that found
phase transitions in both AMH and ADH at 0.5 GPa [65]. Neutron diffraction studies of
AMH revealed that there are seven phases up to 6 GPa [66]. In general these phases have
rather complex diffraction patterns and presumably complex structures. The exception
to this is phase VI, which is formed by compression of AMH to 6 GPa at 170 K and
warming to room temperature [67]. This phase has a body-centred-cubic arrangement of
molecular centres somewhat like that of ice VII (fig. 6). However, the molecular centres
form H-bonds to all eight nearest neighbours rather than four in ice VII. The ammonia
and water molecules are substitutionally disordered so that each molecular centre is 50%
occupied by water and ammonia. AMH-VI is thus a type of material: a hydrogen-bonded
molecular alloy (see fig. 6). There is also evidence of repulsive effects like those found in
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(a) MH-III

367

(a) MH-I

Fig. 5. - Left: the structure of (a) methane dihydrate (MH-III) and (b) ice Ih viewed perpen-
dicular to their c-axes. The smaller spheres are O atoms of the water network and the lines
denote H-bonds. The larger spheres in (a) are the methane molecules. MH-III is viewed approx-
imately along its a-axis and ice Ih approximately along a [110] direction. Right: the structure
of (c) MH-III and (d) ice Ih viewed parallel to their c-axes. The + and — symbols show the
sense of c-axis H-bonds from the puckered sheet labelled S in (a).

Fig. 6. - The structure of AMH-VI.
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Co(OD)2 with about 20% of the deuterium density being directed along (110) directions.
This can be explained by the need to avoid short D • • • D contacts. The substitutional
disorder of AMH-VI and its similarity to ice VII raises the possibility that it forms a solid
solution with ice VII so that the relevant phase for the interiors of Uranus and Neptune
may be a water-rich variant of AMH-VI.

8. — Summary

As a result of recent developments, the depth of our understanding of hydrogen bond-
ing at high pressure has been greatly enhanced. The use of combined modelling and ex-
perimental techniques is clearly an exciting development, which is likely to prove valuable
for tackling complex H-bonded systems. Such complex systems are one of the current
grand challenges for high-pressure studies of hydrogen bonding.

* * *
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1. — Introduction

Synthesis is a major concern in organic chemistry. The creation of new molecules
by new chemical routes and new activation processes highlights the power of organic
chemistry. Two major objectives must constantly be kept in mind: yield and selectivity.
It is evident that chemical synthesis is optimal when highest yield and best selectivity
are obtained. This means that the reaction must:

- proceed at a reasonable rate

- fulfill precise criteria with respect to chemo-, regio-, stereo-, enantio-selectivity.

Yields are conditioned by a number of parameters depending on activation modes.
These are various and may be divided essentially into physical (temperature, pressure,
light) and chemical (catalysis) activation methods. Pressure activation is, basically, not
a new technique although the first use of this parameter in chemistry dates back from
1892 only [1]. Sporadic reports on high pressure synthesis were published [2]; however,
the technique became popular mostly in the last twenty years. The fundamental effect
of pressure in a chemical reaction considers its action upon the rate constant k according
to transition state theory:

dP T'
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200 400 600 800 1000 1200
pressure / MPa

Fig. 1. - Pressure acceleration of rate constants.

Ay* is the activation volume. It is stricto sensu the difference in partial molar volumes
of transition state and reactants. This kinetic parameter is, in fact, the basic parameter
to be considered for synthetic purposes. It is clear that organic synthesis under high
pressure is useful to consider if:

- the sign of AV* is negative (the reaction is accelerated by pressure),

- the magnitude of |AV*| is highest.

Figure 1 gives a quantitative idea of the pressure acceleration of rate constants for two
values of AV*.

A number of name reactions have been investigated under pressure and their activa-
tion volumes determined. Table I lists representative values.

Such values take into account the volume variations resulting from molecular reorgani-
zation (bond cleavage and bond formation) and electrostriction (compression of molecules
by vicinal charged species inducing volume shrinkage). In table I the most negative values
of AV* experience major volume contractions. Michael, Menshutkin and Morita-Baylis-
Hillman reactions involve the formation of only one bond with a subsequent volume
contribution of about –20cm3mol–1 at the maximum. The additional volume value is
ascribed to solute-solvent interactions which are overwhelming in all ionogenic reactions.

Other possible volume effects can result from steric interactions since the pressure
sensitivity of reaction rate was observed to increase with higher steric congestion [3]. In
the last few years numerous investigations have confirmed these results; this, obviously,
should stimulate use of pressure to force reluctant sterically congested substrates to
react [4].

In conclusion, high pressure organic synthesis is particularly useful for reactions in-
volving:
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- formation of one or more bonds,

- generation of charged species,

- steric hindrance.

Considering high pressure as activation mode, the best yields are obtained when the
rate constant is not too low at ambient pressure (though notable exceptions are known;
see tables VII, VIII reporting no reaction at ambient pressure and excellent yields at
high pressure in ionogenic reactions) and the activation volume is as negative as possible
(fig. 1)-

An important cautionary remark should be made as pressure modifies the physical
properties of the liquid molecular system.

- Pressure increases the solubility of solids and miscibility of liquids in any medium.
This is important as it may influence the homogeneity of the medium.

- Pressure increases the viscosity of all liquids in an exponential way. At very high
pressures viscosity can be so high that diffusion processes become rate-limiting
meaning that bimolecular rate constants may decrease.

- Pressure increases melting points. Most solvents are solid at room temperature
under a pressure as high as 1000 MPa. A cursory estimation of the solidification
point can be made from application of the equation of Simon and Glatzel [5]:

a, c : constants TO : critical temperature.

TABLE I. - Experimental activation volume values for given reactions.

Reaction AV*

(cm3mol–1)

Concerted sigmatropic rearrangements —8 to —18

Polymerization (propagation step) —15 to —20

Wittig addition -20 to -30

Michael addition —20 to —50

Diels-Alder cycloaddition — 25 to —40

Concerted ene reaction —30 to —45

Menshutkin reaction —30 to —50

Morita-Baylis-Hillman reaction —40 to —70
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TABLE II. - Calculated melting points (in °C).

Compound

Acetonitrile

Ethanol

Diethyl ether

Dichloromethane

Chloroform

Carbon tetrachloride

Dioxan

Ethyl acetate

Chlorobenzene

Nitromethane

Nitrobenzene

Cyclohexane

at 0.1 MPa

-43.9

-117.3

-116.0

-96.7

-63.5

-22.6

-0.2

-83.6

-45.5

-28.6

5.6

6.5

at 300 MPa

12.4

-91.2

-71.0

-64.7

-16.5

76.6

29.8

-52.6

3.5

6.4

69.8

131.0

at 500 MPa

44.1

-75.0

-40.0

-44.6

12.5

128.1

46.5

-34.6

30.3

45.4

107.0

at 1000 MPa

111.6

-37.7

20.6

2.2

79.1

81.4

4.5

85.7

111.4

Some useful calculated Tp values for common solvents are listed in table II. The
importance of the liquid state has recently been highlighted in the Henry addition of
nitromethane to 2-butanone [6]. The nitroalcohol yield at 750 MPa is 60% when the
ketone serves as solvent, but only 9% under identical conditions with nitromethane
as reaction medium due to the solidification of the nitro compound. It is, therefore,
necessary to ensure the liquid state of the reactional system at the working pressure
and temperature.

2. — Recent applications

2'1. Cycloadditions. - Cycloadditions are typical examples of pressure-accelerated
reactions, particularly those showing reluctance to occur at ambient pressure due to steric

B CN

R, DR

H N
R,

-CN

-OR

Fig. 2. - Synthesis of l-alkoxy-2,2-dicyanocyclobutanes.
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H
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CHR'
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Fig. 3. - Synthesis of ßlactams via high pressure [2 + 2] cycloaddition of enol ethers and
isocyanates.

hindrance or for electronic reasons. In this section we will give a nonexhaustive overview
of recent applications in this field encompassing different types of cycloadditions.

21.1. [2 + 2] Cycloaddit ions. The absence of concertedness for [2 + 2] cycload-
ditions implies moderately negative activation volumes related to the formation of one
bond in the transition state (about —15 to — 20cm3mol-1). However, depending on sub-
strates the transition state can be more polar than the initial state in such a way that
electrostrictive effects generate an additional volume term making such reactions fairly
to strongly pressure sensitive. As an example, enol ethers add to 1,1-dicyanoalkenes to
afford l-alkoxy-2,2-dicyanocyclobutanesat 1200 MPa (fig. 2) [7].

The reaction is particularly adapted for sterically hindered enol ethers. If
R1 = R2 = R = Me, the yield is 80%, if RI = R2 = Me and R = Et, the yield is 90%
(no reaction at 0.1 MPa in both cases). Even, silyl enol ethers can be used in uncat-
alyzed reactions at high pressures where only low yields of cyclobutanes are obtained at
normal pressure in the presence of Lewis acid catalysts.

An interesting application of [2+2] cycloadditions concerns the synthesis of ß-lactams.
The simplest route involves [2 + 2] cycloadditions of imines derived from aminoacids
and ketenes. High pressure promotes addition reactions of enol ethers and isocyanates
(fig. 3) [8]. The cycloadditions are completely regio-selective adding to the utility of the
high pressure process.

In the same way, 2,3-dihydrofuran reacts with phenyl isocyanate at 100 °C under high
pressure. Eighty percent yield of the corresponding ß-lactam is obtained at 800 MPa [9].
A related reaction concerns the [2 + 2] cycloaddition of 2,3-dihydrofuran to Schiff bases
(fig. 4) [10]. The reaction is extremely sluggish at 0.1 MPa. It is promoted by pressure

800 MPa
N'

O
VT/ 160°C

Fig. 4. - High pressure synthesis of azetidines.
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Fig. 5. - Diels-Alder reaction of pyridones with cyclooctyne.

in virtue of the formation of one bond and a zwitterionic intermediate in the transition
state. Yields of azetidines are modest to good.

2'1.2. [4 + 2] Cycloadditions. These reactions are generally concerted (simultane-
ous formation of two bonds in the transition state). Consequently, the pressure effect is
considerable. Many recent examples take advantage of this mechanistic property, partic-
ularly in heterocyclic chemistry.

2(lH)-pyridones show poor reactivity as dienes due to their partial aromaticity. Ac-
tivation by pressure permits to remove their reactional lethargy. Thus, alkyl substituted
2(lH)-pyridones react with cyclooctyne to give stable bridged cycloadducts (20–80% at
800MPa, 90°C, 10 days) (fig. 5) [11].

Furans show strong reluctance to enter cycloaddition. The low reactivity is ascribed
to the easy retro-Diels-Alder process where the aromaticity of the diene is recovered.
High pressure is an efficient way to shift the equilibrium toward formation of oxabi-
cyclo[2.2.1]heptane derivatives. In the last years numerous successful syntheses were
reported yielding intermediates for the synthesis of important drugs. The high pres-
sure (1500 MPa) addition of some substituted furans to cyclopenten-2-enones affords
cycloadducts which can be used for further synthesis of highly functionalized hydrinde-
nones. These compounds are key intermediates for the preparation of ottelione A, a
potent inhibitor of tubulin polymerization (fig. 6) [12]. At normal pressure Lewis acid
catalysis leads to Michael adducts only.

Palasonin is an inhibitor of phosphorylation of proteins. Its total synthesis can be

OMe

hydrindenones

OMe

Fig. 6. - Cycloaddition of furans to cyclopenten-2-ones.
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O

Me

Fig. 7. - Two-step synthesis of palasonin.

effected very efficiently by high pressure cycloaddition of citraconic anhydride to furan
followed by hydrogenation (fig. 7) [13].

The reaction was also used for the partial synthesis of a complex molecule, paclitaxel.
The CD-ring is known for its antineoplastic activity. Addition of citraconic anhydride to

i) pressure O"
D

MeOH

O

Fig. 8. - Synthesis of precursors of paclitaxel.



380 G. JENNER

1000 MPa

Fig. 9. - Intramolecular [4 + 2] cycloaddition of tethered furans.

2-methylfuran at 1500 MPa affords two stereoisomers (1:1) (90%) which are immediately
hydrogenated in order to avoid reverse reaction. In the same way, other furans and maleic
anhydrides can be brought to reactivity. Figure 8 shows the high pressure synthesis of
1 and 2 as potential CD-ring precursors which can be used in the total synthesis of
paclitaxel analogues [14]. It is interesting to note that not only cycloaddition is favored
by pressure, a further step—acid-catalyzed ether cleavage of esters and lactones—is also
promoted by application of pressure.

Intramolecular Diels-Alder reactions of furans are also strongly accelerated by pres-
sure. Complex structures have been obtained by reacting furans tethered by bicyclo-
propylidenes (fig. 9) [15].

A key step in the synthesis of brassinosteroids (hormons for vegetal growth) is the
intramolecular [4 + 2] cycloaddition of enone 3. Whereas cyclisation of 3 (R = H) occurs
almost spontaneously, only high pressure (1000 MPa) is able to bring enone 3 (R = Me)
to reactivity (fig. 10) [16].

The aromaticity of pyrroles precludes Diels-Alder reactivity. The 7-
azabicyclo[2.2.1]heptan skeleton can be constructed in one step via [4 + 2] cycloaddition
of activated pyrroles with dienophiles. High pressure activation permits to extend
largely the scope of these reactions [17]. A particularly interesting application is the
synthesis of an analogue of epibatidine which is a potent analgesic. This is achieved
by high pressure reaction of l-methoxycarbonyl-3-phenylthiopyrrole with phenyl vinyl
sulfone (fig. 11) [18].

Indoles react as dienophiles only under extreme conditions. Activation by high pres-
sure and Lewis acid catalysis is a straightforward way to enhance the dienophilicity of

O O

Fig. 10. - Intramolecular Diels-Alder reaction of 3.

R = H yield: 100% (0.1 MPa)

R = Me yield: 53% (1000 MPa)
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-COOMe

N COOMe +

SO2Ph

Fig. 11. - Diels-Alder reaction of activated pyrroles.

indoles and to increase the diastereoselectivity of reactions (fig. 12) [19].
In the last few years, high pressure sequential cycloadditions either as one pot pro-

cesses or as repetitive Diels-Alder reactions have been deviced in order to synthesize fused
molecules. Two examples are shown below.

i) Pressure-induced repetitive Diels-Alder reactions involving bisdienophiles having
methano bridges syn to each other yield sterically rigid macrocycles which may be
used in host-guest chemistry (fig. 13) [20].

ii) Fused norbornenes are synthesized via [4 + 2] cycloaddition of siloles with oxanor-
bornene dienophiles (fig. 14) [21]. High pressure is a very appropriate method for
the construction of highly stereoselective adducts. At normal pressure these reac-
tions either do not proceed or occur only at higher temperatures with limited yields
due to the decomposition of starting materials. The new molecules may present
interest for molecular recognition in host-guest chemistry.

Tandem [4 + 2]/[3 + 2] cycloadditions involving nitrostyrene acting as a diene are

CHO

R
endo

endo : exo = 80-98 : 20-2

exo

Fig. 12. - Diels-Alder reaction of indoles.
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+ 2

OMe

OMe

Fig. 13. - Synthesis of sterically rigid macrocycles with defined cavities.

strongly accelerated under high pressure [22]. Even three-component tandem cycload-
ditions with electron-poor alkenes can be achieved at 1500 MPa with full conversion
(fig. 15) [23].

The tandem reaction can be extended to the promising solid-phase version by grafting
acrylates to appropriate resins [24]. Novel tricyclic N-oxy-ß-lactams are synthesized in
this way by high pressure [4 + 2]/[3 + 2] cycloadditions of enol ethers, nitrones and
ß-nitrostyrene followed by base-catalyzed rearrangement (fig. 16) [25].

2'1.3. 1,3-Dipolar cycloaddition. The reaction is formally a [3+2] cycloaddition,
but resembles the [4+2] cycloaddition. Nitrones are the preferred dipolarophiles. Dipolar
cycloadditions with trimethylsilylacetylene result in the formation of isoxazolines which
can be transformed by known methods into ß-lactams. The yields of the first step vary
between 55 and 96% at 900 MPa (fig. 17) [26].

Ph
Si\

Me Me

Fig. 14. - Synthesis of polycyclic silicon molecules.
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U\V° /OEt- I - f -
Ph

Z= COOMe

Fig. 15. - An example of tandem [4 + 2]/[3 + 2] cycloadditions.

R
rOR [4+2] N'

nitrostyrene
1500 MPa R

NO;

Ph

1500 MPa

Ph Ph

Fig. 16. - Synthesis of precursors of N-oxy-ß-lactams by tandem [4 + 2]/[3 + 2] cycloadditions.

VRl
I +

O
SiMe3

900 MPa

MeCN
Ro-

Fig. 17. - Two-step synthesis of ß-lactams by 1.3-dipolar cycloaddition of nitrones.

O

Me

Fig. 18. - 1,3-Dipolar cycloaddition of nitriles.
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TABLE III. - 1,3-Dipolar cycloaddition of nitriles to nitrones.

Nitrone

4

4

5

5

6 (R' = H)

6 (R' = H)

6 (R' = H)

6 (R' = H)

6 (R' = Me)

6 (R' = Me)

TABLE IV. -

R (nitrile)

Ph

Ph

Ph

Ph

Me

Me

Ph

Ph

Me

Me

T Time Pressure

(°C) (h) (MPa)

100 4 1000

120 12 0.1

100 1 1000

120 12 0.1

100 1 1000

150 360 0.1

100 1 1000

150 15 0.1

100 1 1000

150 360 0.1

Yield

(%)

62

33

90

54

42

53

32

51

42

0

High pressure ene reactions (E = COOMe, E' = COOEt).

Ene compound Enophile

6X
s
£
(\

1

-^ E1

Conditions product and yield

1 LoH
1000 MPa, 100° C E. 54%lxqx.1 E 54%

1000 MPa, 100° C

E

950 MPa, 80°C
E 72%

E1

1000 MPa, 100°C
E1

OH

E' 18%
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R

Fig. 19. - Prototypical ene reaction.

Simple nitriles may be activated by high pressure and react with nitrones to yield
2,3-dihydro-l,2,4-oxadiazole derivatives (fig. 18) [27]. The results are listed in table III.
It is worth mentioning the good to excellent yields for compounds which are difficult to
prepare by other routes.

2'1.4. Ene reactions. They consist of the addition of an enophile to an alkene. C-
H-O and C-H-C hydrogen transfer are generally concerted processes and are, therefore,
highly pressure sensitive (fig. 19). Some representative results are shown in table IV (no
reaction at ambient pressure under identical conditions) [28].

2'2. Michael and related reactions.

2'2.1. Ni t roaldol reaction (also called Henry react ion) . The reaction be-
tween a ketone and a nitroalkane requires basic conditions. Pressure has a positive effect
on such reactions (AV* = — 20cm3mol-1), particularly with increasing bulkiness of R,
R1 and R2 (table V, fig. 20) [6]. Under usual pressure conditions yields are low and
polymerization may occur due to facile dehydration of the nitroalcohol produced.

2'2.2. Knoevenagel reactions. The Knoevenagel reaction, the condensation be-
tween carbonyl compounds and an active methylene group, is a multistep process consist-
ing of a base catalyzed enolate formation followed by dehydration (fig. 21). The pressure
effect should be seemingly moderate with unhindered keto compounds. However, it was
observed that it is considerable with increasing steric congestion (table VI) [29].

2'2.3. Mannich reactions. It is a three-component reaction involving an amine,
a keto compound and formaldehyde. A variant using indoles and dichloromethane in
place of formaldehyde was proposed (fig. 22) [30]. The condensation works only under
pressure (800 MPa, 50 °C) and affords the corresponding Mannich bases in moderate to
good yield.

V=
Bu4NF.3H2O R1 OH

RCH2N02 N02
R2 T

R

Fig. 20. - Nitroaldol reaction.
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TABLE V. - Effect of pressure on nitroaldol reactions.

R RI

H Me

H Me

H Et

Me Me

R2

Me

Et

Et

Et

Pressure

(MPa)

0.1

500

0.1

750

0.1

750

0.1

750

Yield of nitroalcohol

(%)

18

100

9

100

2

37

0

48

CN
>=0 + <

R S \

OH

COOEt

.CN

R COOEt
COOEt

Fig. 21. - Knoevenagel reaction between ketones and ethyl cyanoacetate.

TABLE VI. - Knoevenagel condensation between ketones and ethyl cyanoacetate.

R

Me

Me

Me

Et

Et

Pr

R'

Me

Et

iPr

Pr

iPr

Pr

Co

T

23

23

23

23

60

65

— R +

t

(h)

2

2

2

2

24

24

CH2C12 +
ry
"2

0.1 MPa

38

28

7

0

0

0

^Xj

Yields (%)

300 MPa

59

99

36

2

0

0

CH

850 MPa

-

-

-

52

86

33

R2

H

Fig. 22. - High pressure Mannich-like synthesis.

H
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Ri X phosphine RI X

\
H

387

R pressure

Fig. 23. - MBH dimerization of activated alkenes.

R

CHX

2"3. lonogenic reactions. - The pressure effect can be enormous in processes involving
simultaneous formation of bonds and development of electrostrictive effects (cf. table I).
Three examples highlighting such effects are given hereafter.

2'3.1. Morita-Baylis-Hillman (MBH) reactions. The reaction consists of the
addition of a tertiary amine to an activated olefin followed by reaction with a carbonyl
compound. Acrylic derivatives could be dimerized under pressure according to such
process (fig. 23, table VII) [31].

2'3.2. Conjugate addition of amines to a,ß-ethylenic compounds. This
is a highly pressure-dependent reaction. Excellent yields of ß-amino-esters or nitriles
are obtained at 900 MPa, particularly for sterically encumbered amines or ethylenics,
whereas no reaction occurs at ambient pressure (table VIII) [32]. Figure 24 pictures the
zwitterionic intermediate whose formation under pressure is responsible for the enormous
acceleration at 900 MPa.

In the same way, condensation of amines with 1,3-diketones or 3-ketoesters yields
ß-enamino ketones or esters which are important intermediates for the synthesis of nat-
ural products. The step precluding to formation of the enamine involves zwitterionic
intermediates as in scheme 23 (fig. 25, table IX) [33].

2'4. Miscellaneous reactions.

2'4.1. Aromat ic nucleophilic subst i tut ions. Aromatic nucleophilic substitu-
tions are mainly of SNAr type. They are more or less sensitive to pressure depend-

TABLE VII. - Phosphine-catalyzed dimerization of acrylic compounds (50°C, 1 day) (R2 = H).

Ri X Catalyst Yields (%)

Me

Et

Me

Me

CN

CN

COOMe

COOEt

PBu3

PBu3

P[NMe2]3

P[NMe2]3

0.1 MPa

7

0

0

0

300 MPa

100

86

38

45
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R n3 R4

Fig. 24. - Addition of amines to acrylic compounds.

TABLE VIII. - Synthesis of hindered ßamino compounds.

Ri

Me

iBu

iPr

H

iPr

H

H

Me

Fig. 25.

1

R2

iPr

iBu

iPr

iPr

iPr

tertBu

tertBu

iPr

R
NH +

R'^

Ethylenic compound

methyl crotonate

methyl crotonate

methyl crotonate

methyl 3,3-dimethylacrylate

acrylonitrile

methacrylonitrile

crotononitrile

crotononitrile

0 R
II N
II COOEt » N-

Yields (%)

300 MPa 900 MPa

55

20 90

0 10

1 45

8 100

0 80

0 98

0 100

H

COOEt

Me

- Synthesis of ß-enamino compounds.

F

cl + ™ .

Fig. 26. - Amination of N-pora-fluoro-2-chlorobenzimidazole.

•N R
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TABLE IX. - Synthesis of hindered ß-enamino compounds.

389

R

Ph2CH

Ph

Me

Ph

Bu

Fig. 27.

R' Keto compound

H ethyl acetoacetate

H ethyl acetoacetate

iPr ethyl acetoacetate

-(CH2)5- ethyl acetoacetate

H 2,4-pentanedione

Bu 2,4-pentanedione

-(CH2)5- 2,4-pentanedione

R 800 MPa, 70° C
rjpi • M

v . ™* P

— Amination of 4-chloropyridine.

1000 MPa

65°C, 3 days

7 or 8 /=\ OH
PhCHO + EtZn

Yields (%)

0.1 MPa 300 MPa

40 99

4 23

1 62

8 67

9 85

0 23

6 63

HO

HO
V^N\X

R 8

Fig. 28. - Addition of pyrazoles and imidazoles to epoxides.

ing on amine bulkiness. However, high pressure activation is required for sterically
congested amines, for example in the animation of N-para-fluoro-2-chlorobenzimidazole
(fig. 26) [34]. When the amine is morpholine the adducts are formed in equivalent yield
(90%) at any pressure. With n-butylamine the yields are 52% at ambient pressure after
4 days and 91% after 2 days at 1300 MPa. In the case of isopropylamine there is no
reaction at 0.1 MPa after 5 days at 120 °C, whereas 66% yield is obtained after 3 days
under high pressure at room temperature.



390 G. JENNER

S—Boc —Cys—OMe

Boc N
1200 MPa

O 90%

CO2DCHA O

S—Boc —Cys—OMe

H 9 _^_^

Boc-NH (I ^^ 0tBu Boc—NH
O O \ O

SBz
DCHA: dicyclohexylamine Bz: benzoyl Boc: tBuOOC

Fig. 29. - Synthesis of glutathione: 7-Glu-Cys-Gly.

Br

'Br

Fig. 30. - Synthesis of phenazinomycin 9 and lavanducyanin 10.

9 (20%)

10 (30%)

The high-pressure-promoted SNAr reaction of 4-chloropyridine with primary or sec-
ondary amines was used to synthesize dialkyl aminopyridine derivatives in high yields
(fig. 27) [35]. These compounds are intensively used in organic synthesis as effective
acylating catalysts.

2"4.2. Aminolysis of epoxides. Ring opening of chiral epoxides by pyrazoles or
imidazoles provides access to diazole derivatives which can serve as chiral ligands for
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Na2S2O8/LiCl
SQ3H

FeS04/H2O

Fig. 31. - Synthesis of sulfonated polyanilines.

the important enantioselective addition of diethylzinc to benzaldehyde (up to 93% ee)
(fig. 28) [36]. Use of high pressure allows synthesis of ligands 7 or 8 in fair yields (30-
80%).

2'4.3. Peptide coupling reactions. Another research area concerns peptide syn-
thesis. The utility of high pressure on peptide coupling has been demonstrated in the
synthesis of a derivative of glutathione [37] (fig. 29). The activation volume for the
coupling is about — 20cm3mol-1 and corresponds to an SN2-type substitution.

2'4.4. Addit ion-substi tut ion reactions. The design of new drugs possessing
antitumor and enzyme-inhibiting activity is a growing scientific research field. Phenazi-
nomycin 9 [38] and lavanducyanin 10 [39] are highly interesting molecules with respect
to their cytotoxic activity against leukemia cells. Such rare structures can be synthesized
only under high pressure (1200-1500 MPa) (fig. 30) [38,39].

2'4.5. Polymerizat ion reactions. The pressure effect in polymerization reactions
is known for decades. The initiation and propagation steps are promoted in such a way
that polymers may be obtained from monomers which otherwise would not undergo poly-
merization (methylstyrenes are illustrative examples). Few studies have been published
in the last few years. A notable exception is the oxidative polymerization of sulfonated
anilines which occurs under 1900 MPa at 20 °C (fig. 31) [40]. These compounds are
impossible to prepare by conventional chemical or electrochemical methods due to the
strongly deactivating influence of the electron-withdrawing sulfonic acid moiety. The
new polymers are self-doping, water soluble and electrically conducting.

3. — Conclusions

Application of high pressure technics in organic synthesis has now reached the ma-
turity stage. The pressure effect has virtually been examined in every kind of organic
reaction. Nowadays, pressure activation is a powerful method for the synthesis of tar-
get molecules mostly in drug chemistry. Its effectiveness is highest in reactions meeting
simultaneously physicochemical events such as bond formation, electrostriction, steric
hindrance.
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Mechanistic studies of organic reactions
by high pressure kinetics

G. JENNER

Laboratoire de Piezochimie Organique (UMR 7123), Institut de Chimie
Universite Louis Pasteur - 1 rue Blaise Pascal, 67008 Strasbourg, France

1. — Introduction

An organic reaction is defined as the transformation of molecules into other molecules
in carbon-based systems. The route followed by the reaction is obviously of overwhelming
importance and is related to a specific mechanism. According to transition state theory,
any reaction must acquire sufficient energy to overcome a barrier which is by definition
the activation energy AG before transformation into products. A reaction cannot occur
if the reactant molecules are unable to cross the crest of the energy barrier. In general,
the reactions show one of the three energy profiles depicted in fig. 1.

Reactions are characterized not only by their energetic properties; they are also sub-
ject to volume changes arising from the difference of molecular volumes in the initial and
final states. This change is the reaction volume AVR. Among the kinetic parameters
derived from transition state theory, a specific volume term emerges, the activation vol-
ume AV*. The activation volume is related to the activation energy by the following
relationships:

(1)

(2)
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AG AG AG

A B C

Fig. 1. - Energy profiles for organic reactions considered here. A: one-step reaction (one tran-
sition state, no intermediate). B, C: two-step reactions (two successive transition states, one
intermediate; in B: the first step is rate determining; in C: the second step is rate determining.

AV* represents the difference between the volumes of transition state and initial state.
Rigorously speaking, only partial molar volumes should be considered; this is also valid
for AVR. If AV* is a geometric volume resulting only from structural modifications
during the course of the reaction (e.g., bond breaking and bond making), the activation
volume is a good measure of the progress of the reaction from initial to transition state.
This permits one to draw the volume profile of a given reaction (vide infra). Considering
fig. 1, it is clear that the activation volume refers to the slowest step in a multistep
process.

However, it is necessary to address an important issue: What is the exact mechanistic
basis of AV*? The van der Waals volume Vw represents the effective volume occupied
by the molecule. It is a fraction of the molecular volume [1]. The ratio between both
volumes is defined as the packing coefficient x. As van der Waals volumes are only weakly
sensitive to open or cyclic molecular structures, only the knowledge of x and, in a more
accessible way, AVR and AV* is of mechanistic value. Figure 2 gives an example [2]. In
this Cope rearrangement, AVfc = 0, van der Waals volumes of substrate and transition
state are close, however, x-values are different and AV* takes a significant negative value
(-11.cm3

w 63.9
(cm3mol-1)
V 119.4
(cm3mol-1)

x 0.5351 0.5831

Fig. 2. - Calculated volumes in a [3,3] sigmatropic shift.
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Bi/

-O

H

H

Fig. 3. - Thermolysis of ß-lactones.

The determination of AV* is very simple in theory. According to eq. (2), kinetic mea-
surements at different pressures yield the corresponding rate constant values k. Plotting
k against pressure defines a curve. AV* is calculated as (AV*)p_>.o-

Kinetic measurements can be done in various ways with existing technology (con-
ductimetry, spectroscopy, pressure jump methods ...). Reproducibility is essential for
accurate AV* values. It depends on several conditions (control of compression heat, con-
trol of solubility and miscibility of reactants in solvents—these properties are changed
by pressure). Generally, it is recommended that experiments be carried out with dilute
solutions for diverse reasons (minimization of reaction exothermicity, better solubility,
low alteration of activity coefficients with pressure).

Returning to the activation volume, AF* is actually a composite quantity represented
by

(3) AV* = V*.

A comprehensive description of eq. (3) has been given in a previous review [3]. Although
the general expression reported in the paper should be used to cover all volume occur-
rences, for our purpose we will use a simplified version of eq. (3) taking into account only
structural (AVS*) and electrostatic (AV/*) volume terms:

(4) AF* =

The two examples below illustrate eq. (4) and refer to decomposition reactions.

i) Diacyl peroxides decompose into [4]

R C O O C R *• 2CO2 + R R,
II II
O O

AV* ~ AV* = +2-3 cm3mo!-1.

As expected, the reaction is decelerated by pressure resulting in a positive activation
volume.
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O O O O

Me

AVR= + 30 cm3 mol-1

Me
)=0

Me

acetone

transition state

AV*= + 9 cm3mo!-1

dioxetane

reaction coordinate

Fig. 4. - Volume profile of the thermolysis of tetramethyl-l,2-dioxetane.

ii) The thermolysis of ß-lactone 1 is at variance, accelerated by pressure yielding a
considerable negative value [5]. In this case, it is clear that both terms of eq. (4)
apply as

AV* = AVS*(> 0) + 0) = -28 cm3mol-1.

The electrostatic term is negative and indicative of a highly dipolar transition state
as shown in fig. 3.

These examples demonstrate that the position of the transition state in a reaction
occurring via polar transition states or involving zwitterionic intermediates can be
determined only if proper separation of AV8* and AV* can be determined. AV/ is
generally detected through significant solvent effects on rate constant.

Combination of activation volume AV* and reaction volume AVR defines the volume
profile of the reaction. Figure 4 portrays such profile for the thermolysis of tetramethyl-
1,2-dioxetane in heptane [6]. AV* is positive as well as the reaction volume AVR. The
transition state occurs relatively early on the reaction coordinate (AV*/AVR = 0.30).

2. — Determination of mechanisms

1) Diels-Alder and [2 + 2] cydoadditions
The mechanism of [4 -f 2] cydoadditions may be concerted or stepwise (cases A and

B in fig. 1). Pressure kinetic studies have been revealed as an outstanding way to assess
the actual mechanism on the basis of activation volumes. As the solvent kinetic effect is
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R1

R2

R- R

399

B

R4 R4

normal electronic type: Rt, R2 R3 R4 donors A,B acceptors

inverse electronic type: R1, R2, R3; R4 acceptors A,B donors

Fig. 5. - Diels-Alder reactions.

generally small — there are notable exceptions, however, if polar substrates such as maleic
anhydride or maleimide are involved — , AV* fa AV* is a straightforward measure to
locate the transition state on the reaction coordinate. In most cases, AF* and A VR

values are relatively close meaning that the structure of the transition state resembles
that of the cycloadduct. Table I presents selected examples of Diels-Alder reactions
classified according to their electronic type (normal, neutral, inverse electron demand)
(fig. 5, table I) [7].

The reactions listed in table I can show different trends:

i) reactions where AV* < AVR (general case),

ii) reactions where AV* > AVR (acroleine and MVK reactions),

iii) reactions where AV* << VR (dimerization of DMB).

All reactions listed in table I follow a concerted pathway with a pericyclic transition
state, except the dimerization of DMB for which a mixed mechanism (concerted and
stepwise) is conceivable (fig. 6) due to the extra radical stabilization by a tertiary carbon
atom. For reactions featured by AV* > VR, undoubtedly, AF* must take into account
AVe* due to the polarity of MVK and acroleine.

The ubiquity of the concerted scheme must, however, be questioned for the Diels-
Alder reactions described in table II. In fact, these cycloadditions yield two kinds of

Fig. 6. - Concerted and stepwise mechanisms in Diels-Alder reactions.
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TABLE I. - Effect of pressure in Diels-Alder reactions(a). MVK (methyl vinyl ketone), DEAD
(diethyl azodicarboxylate), DMB (2,3-dimethyl-l, 3-butadiene), HCCP (hexachlorocyclopentadi-
ene).

Reaction

Isoprene + methyl acrylate

Isoprene + acrylonitrile

Isoprene + MVK

Cyclopentadiene + dimethyl fumarate

1,3-cyclohexadiene + DEAD

DMB + butyl acrylate

Isoprene + isoprene

Cyclopentadiene + cyclopentadiene

DMB + DMB

Acroleine + acroleine

MVK + MVK

MVK + acroleine

HCCP + 1-hexene

HCCP + styrene

HCCP + methyl acrylate

HCCP + cyclohexene

Type

normal

normal

normal

normal

normal

normal

neutral

neutral

neutral

neutral

neutral

neutral

inverse

inverse

inverse

inverse

T

22

22

22

30

33

10

70

40

70

70

70

70

100

80

70

91

AV*

(cm3mol- l )

-31.5

-35.4

-38.0

-32.7

-36.8

-28.6

-42.0

-26.0

-33.0

-37.0

-37.0

-35.0

-27.8(*)

-31.0(*)

-25.0(*)

-33.4(*)

(cm3mol-1)

-36.9

-37.0

-37.1

-36.7

-34.4

-32.2

-47.8

-33.0

-44.9

-28.6

-32.3

-29.7

-33.0(*)

-30.0(*)

-30.6(*)

-34.3(*)

(a) Volumes are measured either at temperature T or at 25 °C (*).

cycloadducts, visibly originating from [4+2] and [2 + 2] processes (table II). The addition
of l,l-difluoro-2,2-dichloroethylene to 1,3-butadiene is an illustrative example (fig. 7) [8].

Whereas in entries 1, 2 the formation of [4 + 2] cycloadducts amounts to —28 to
—30cm3mol-1, the [2 + 2] cycloaddition is less sensitive to pressure with AAV* w 10-
11cm3mol-1. These values support a concerted one-step mechanism for the [4 + 2]

Cl

C - XS^ <^^ c

ci Cl
80 °C

F F

Fig. 7. - An example of [4 + 2] and [2 + 2] cycloaddition.

Cl

•Cl

-F
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Fig. 8. - Formation of [4 + 2] and [2 + 2] cycloadducts.

cycloaddition and a stepwise process for the [2 + 2] cycloaddition. Mixed mechanistic
pathways are therefore operating in these reactions. Although in entries 3-5, [4 + 2] cy-
cloadducts are also produced according to the Dield-Alder scheme, these reactions follow
doubtless a stepwise mechanism with a biradical as intermediate yielding both types of
adducts since A A V* is around zero for the competitive formation of both cycloadducts
(fig. 8). The mechanistic dichotomy can be ascribed to i) enhanced stabilization of a
carbon radical by chlorine (entries 1,3), ii) disymmetry of the dienophile and electronic
push-pull effect of substituents (entry 2), iii) steric requirements (entries 4, 5).

Whereas in fig. 8 the formation of [2+2] cycloadducts is clearly occurring via biradicals
(no solvent effect), there exist [2 + 2] cycloadditions involving zwitterionic intermediates.
This is evidenced in [2 + 2] additions of tetracyanoethylene and vinyl ethers [9]. Such
reactions are subject to strong medium effects. Pressure kinetics is therefore solvent
depending (additional volume term AVe*) (table III, fig. 9).

Although the reaction is strongly accelerated by pressure, particularly in solvents
of low polarity, the structural activation volume term AVg* is about — 20cm3mol-1.
This value is indicative of the formation of only one bond in the transition state. The
additional contribution of AVe* to AF* refers to electrostriction. The transition state is
highly polar and involves zwitterionic intermediates (fig. 9).

Inversely, the breakage of a carbon-carbon bond may also be promoted by pressure
if the transition state is highly dipolar. The activation volume of the cycloreversion
depicted in fig. 9 (R = ethyl E-propenyl) was found to amount to — 11.7cm3mol-1, a
result in accordance with |AVe*| > |AVS*| [10].

NC CN

OR
CN

NC
NC CN

Fig. 9. – [2 + 2] cycloaddition with zwitterionic intermediate.

OR

CN
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TABLE II. - Effect of pressure in competitive [4 + 2] and [2 + 2] cycloaddition [8].

Entry Diene Dienophile MV*/cm3mol

10

11.5

2) Ene reactions
These reactions involve an unsaturated compound bearing an allylic hydrogen (ene

component) and an electron-deficient double or triple bond (enophile). The ene reaction
consists of a multicenter addition with migration of the double bond in the ene compound

TABLE III. - Effect of pressure on the [2 + 2] cycloaddition of butyl vinyl ether and tetracya-
noethylene (R = Bu).

Solvent

Carbon tetrachloride

Benzene

Acetone

Dichloromethane

Acetonitrile

2

74

83

94

104

141

AV*

(cm3mor1)

-50

-43

-35

-37

-29

(cm3mol -1 )

-30

-23

-15

-17

-9
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A

BJR. H

Fig. 10. - Prototypical ene reaction.

and formation of a new bond at the unsaturated terminus. It is a 1,5-hydrogen shift
(fig. 10).

With respect to terminology, a (C—H—B) hydrogen transfer is based on the carbon
atom from which the hydrogen is abstracted and on the B atom to which it is transferred.
Enophiles are very diverse and, therefore, the corresponding ene reactions may follow dif-
ferent pathways ranging from pure concerted to step wise mechanisms. Table IV presents
selected examples of ene reactions for which activation volume data are available.

The various activation volumes listed in table III are very instructive.

i) All ene reactions involving (C—H—O) hydrogen transfer (entries 1-5) are fully
concerted since AV* values are very negative and no solvent effect is observed.
The interesting property of such ene reactions is that |AV*| > \&VR\ referring to
a very compact transition state ascribed to a nonlinear hydrogen transfer process.
Transition states of such kind were even qualified as "bent" transition states [16].
This remarkable result confirms pressure kinetics as a very exceptional mechanistic
method.

ii) This is also the case for the (C—H—C) hydrogen transfer process (entry 7), where
|AV*| > |AVa|. In fact, for this reaction, AV* is the most negative value reported
in table IV. It results from two phenomena: angular H-abstraction as described in
i) and rigidity of the acetylenic linear structure of DMAD.

iii) Although concertedness is preserved in the (O—H—O) hydrogen transfer (entry
6), |AV*| is smaller than |AVR.|. This may be ascribed to a less rigid transition
state with probably linear hydrogen abstraction.

iv) Ene reactions involving DEAD as dienophile are mostly stepwise with involvement
of biradical species as intermediates (entries 8, 9, 12,13). AV* values are about half
of AVR values referring unquestionably to a transition state structure resembling
a biradical structure.

v) However, there is an exception (entry 10). The ene addition of DEAD to 1,4–
cyclohexadiene seemingly follows a concerted mechanism (AV* = —30cm3mol -1)
in striking contrast with the corresponding cyclohexene reaction (AV* =
–19.7cm3mol-1) (entry 9) [15]. The result is at first sight surprising. A closer
examination suggests that the dichotomy may be relevant of the enhanced rigidity
of 1,4-cyclohexadiene due to the additional double bond with cissoid configuration.
This is a highly favorable orientation for orthogonal hydrogen abstraction (cyclic
transition state). On the contrary, cyclohexene has no planar structure so that
hydrogen abstraction occurs according to a loose transition state (fig. 12).
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TABLE IV. - Effect of pressure in ene reactions(a),
ketomalonate), DEAD (diethyl azodicarboxylate).

DMKM, DEKM (dimethyl and diethyl

Entry

1

2

3

4

5

6

7

8

9

10

11

12

13

(a) Ref.
(b) See

Fig. 11

Reaction

1-hexene + DMKM

2-methyl-l-pentene + DMKM

2-ethyl-l-butene + DMKM

2,3-dimethyl-l-butene + DMKM

2,3-dimethyl-l-butene + DMKM

acetone + DEKM

B-pinene + DMAD

cyclopentene + DEAD

cyclohexene + DEAD

1,4-cyclohexadiene + DEAD

cyclodecene + DEAD

B-pinene + DEAD

allylbenzene + DEAD

Hydrogen

transfer

C— H— O

C— H— O

C— H— O

C— H— O(b

C— H— O(b

O— H— O

C— H— C

C— H— N

C— H— N

C— H— N

C— H— N

C— H— N

C— H— N

[11] (entries 1-5), [12] (entry 6), [13] (entries 7,12,13)

fig- 11.

I ACH3

Me

Me — pH
Me

E = COOMe

. - Ene abstraction for the reaction

Me

AV

(cm3mor-1)

-28.4

-26.2

-32.8

) -33.5

) -32.8

-26.4

-39.6

-23.1

-19.7

-30.0

-26.4

-16

-20.0

AVR

(cm3mor-1)

-27.0

-25.5

-31.3

-31.9

-31.9

-30.0

-35.4

-34

-34

-34

-34

-35.5

-35.7

Mechanism

concerted

concerted

concerted

concerted

concerted

concerted

concerted

stepwise

stepwise

concerted

mixed

stepwise

stepwise

, [14] (entries 8,9), [15] (entry 10).

E primary H-abstraction
T E entry 4

OH

tertiary H-abstraction
T E entry 5

Me

of 2,3-dimethyl-l-butene and DMKM.

"S orthogonal *.
/V\ transfer / \

/ ' <H

/ ENJ V-E

preferred configuration
of cyclohexene

Fig. 12. - Hydrogen abstraction in the ene reaction of DEAD and 1,4-cyclohexadiene.
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or

(concerted)

2 2[7C2 + 7C2 + Tt2] [ft + 0 + O]

(biradical)

Fig. 13. - Homo-Diels-Alder and bishomodiene reaction of norbornadiene.

3) Norbornadiene cydoadditions
Norbornadiene (bicyclo[2.2.1]hepta-2,5-diene) is a nonconjugated 1,4-diene which

adds dienophiles according to [2 + 2 + 2] processes either as [r2 + 7r2 + 7r2] (homo-Diels-
Alder) reaction or JTr2 + cr2 + cr2] (bishomodiene) reaction (fig. 13).

According to table V, when the dienophile harbours an unsaturated carbon-carbon
or nitrogen-nitrogen bond, there is good evidence for concertedness in norbomadiene
cydoadditions as solvent kinetic effects are small or inexistent and AV* is close to AVR

with a fairly negative value. In this case the reaction is a homo-Diels-Alder process with
a pericyclic transition state (fig. 13) [17]. At variance, when norbornadiene is reacted
with DMKM, the rate is dramatically decreased and the only product observed results
from a [?r2 + a1 + cr2] process. The reaction is also less pressure sensitive with a higher
activation volume. The process is stepwise and involves a biradical as intermediate [18].

4) Cope rearrangements
On the basis of stereochemical and kinetic investigations Cope rearrangements of

1,5-hexadiene compounds are considered as pericyclic processes. They involve [3,3] sig-

TABLE V. - Kinetic effect of pressure in norbornadiene cycloadditions [17,18].

Dienophile

Acrylonitrile

Methyl propiolate

DEAD

DMKM

Process

7T2 + 7T2 + 7T2

7T2 + 7T2 + 7T2

7T2 + 7T2 + 7T2

7T2 +CT2 +CT2

V*

(cm3mol-1)

-24.9

-33.8

-25.4

-23.5

VR

(cm3mol-1)

-29.1

-38.8

-29.6

-31.8

Mechanism

concerted

concerted

concerted

stepwise
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Ph

Ph

Ph

Ph

Fig. 14. - Cope rearrangement of 3,4-diphenyl-l,5-hexadiene.

matropic shifts and are mostly characterized by negative activation volumes ranging from
—8 to — 18cm3mol-1. Such AF* values refer to concerted processes [19]. Figure 14 por-
trays the Cope rearrangement of 3,4-diphenyl–l,5-hexadiene to 2 and 3 via chair and
boat-like pericyclic transition states [2].

The AF* values are —13.3 and —8.8cm3mol-1 for the respective formation of 2
and 3 and, accordingly, support full concertedness. The AAF* difference between both
rearrangements is explained by an extra volume contraction in the formation of the
chair-like transition state leading to 2.

An example of a stepwise process in Cope sigmatropic shifts has been reported for
the thermal rearrangement of cis- and trans-l,2-divinylcyclobutanes (fig. 15) [20]. The
activation volumes amount respectively to — 11.8cm3mol-1 for the rearrangement of
the cis isomer which is, therefore, a concerted process, and to +2.6cm3mol-1 for the
corresponding reaction of the trans isomer. In the latter case the process is stepwise since
it requires initial cleavage of a carbon-carbon bond before undergoing rearrangement.

5) Electrocyclic reactions
Electrocyclic reactions are processes involving the intramolecular cyclization of a

electron system to a (n — 2) + la electron system or the reverse. Cyclization or ring
opening can take place by two distinct alternative modes (conrotatory or disrotatory).
Some pressure kinetic investigations have been reported.

(cis)

Fig. 15. - Rearrangement of trans- and cis-l,2-divinylcyclobutane.
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Fig. 16. - Aromatization of Dewarbenzenes.

- Aromatization of Dewarbenzenes (fig. 16) (table VI) [21,22]

Depending on the nature of R1 and R2, the pressure effect is diverse. The steric
hindrance imposed by the methyl groups in the planar hexamethylbenzene is larger
than in the nonplanar hexamethylDewarbenzene. The transition state is very
crowded with an additional volume contribution due to the eclipse of the six methyl
groups. The absence of steric effects when R1 = R2 = H leads to a positive AV*
value indicating disrotatory bond opening. In the intermediate case (R1 = CN,
R2 = H) there is a compensatory effect.

- Opening of cyclobutenes

The reaction constitutes a perfect model illustrating the application of Woodward-
Hoffmann rules for the conservation of molecular orbital symmetry. The orbital
change during the course of the opening process is portrayed in fig. 17.

If R and R' are disymmetric the rearrangement proceeds clockwise and counterclockwise
yielding two isomers as shown in fig. 17. A recent kinetic study has revealed that every
cyclobutene opening process is speeded up by pressure yielding slightly negative AV*
values (table VII) [23].

As AVR +2cm3mol-1, the AV* values reflect the existence of a minimum for the
transition state in the volume profile. These negative values are representative of a strict
orbital topology of the transition state which retains some ordering before breaking of
a carbon-carbon bond. It is clear that the conrotatory opening of cyclobutenes is a
perfectly concerted process in harmony with all other lines of mechanistic evidence.

TABLE VI. - Pressure effect on dramatization of Dewarbenzenes.

R1

H

CN

Me

R2

H

H

Me

T

(°C)

20

51

140

V*

(cm3mol-1)

+5

#0

-12



408 G. JENNER

R

R COOMe IT

R"

Fig. 17. - Conrotatory opening of cyclobutenes.

COOMe

6) Addition of aldehydes to allylstannanes
The mechanistic details of the allylic tin-aldehyde condensation have been inves-

tigated via high pressure kinetics for two reactions (fig. 18) [24,25]. Depending on
the aldehyde the V* values amount to —29 to —33cm3mol-1 and indicate that
the addition proceeds through a six-membered cyclic transition state and experience,
therefore, concertedness.

7) lonogenic reactions
This review examines two types of ionogenic reactions.

- Morita-Baylis-Hillman reactions

The reaction involves an activated alkene, a keto compound and a tertiary amine
acting as catalyst (fig. 19). The mechanism is known. It consists of a nucleophilic
addition of the catalytic amine to the acrylic compound yielding a transient dipolar
species followed by the reaction of the zwitterion with the keto compound and
ending with amine elimination.

The reaction was shown to be third-order [26]. Accordingly, the three molecular

TABLE VII. - Pressure effect on cyclobutene opening processes.

R R'

Et Et

iPr Me

-(CH2)6-

-(CH2)2-CH=CH-(CH2)2-

T

(°C)

70.0

101.9

100.7

94.9

V*

(cm3mol-1)

-2.2

-2.4

-3.2

-3.5
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OSnBu3

409

, SnBu3 + RCHO
R

SnBu

O

Fig. 18. - Addition of aldehydes to allylbutylstannane.

Y R, amine

R
0

HO

R1 o

H H

' H R

H H R2 HO R2

Fig. 19. – General scheme of the Morita-Baylis-Hillman reaction.

R1 :NH +

Fig. 20. - Addition of amines to acrylic compounds.

species must be present in the activated complex of the rate determining step. The
pressure effect was examined and found to be considerable leading to calculated
activation volumes amounting to —60 to —80cm3mol-1 [26]. In fact, such values
must accommodate several volume changes resulting from bond formation in step 1
as well as formation of a new C-C bond in step 2 and from electrostriction ( V ) .
Consequently, the highly negative AV* values confirm nicely the mechanism de-
tailed in fig. 19.
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- Conjugate addition of amines to acrylic compounds

This Michael-like reaction was investigated under pressure [27]. The mechanism
of the addition of amines to activated double bonds involves zwitterionic species
which undergo rapid proton transfer (fig. 20).

The lateness of the transition state in such reactions is testified by strong negative AV*
values ranging from —40 to —60cm3mol-1 [27]. A kinetic solvent effect demonstrated
its extreme sensitivity to the medium [28]: AVy varies from —5 (water or glycols) to
—35 (diethyl ether) cm3mol-1. This is clearly due to the formation of zwitterionic
intermediates (fig. 20). Accordingly, Vs" is about — 20cm3mol-1, e.g. close to VR

(-20 to -25cm3mol-1).

3. — Conclusions

High pressure kinetic measurements give access to an important kinetic parameter,
the volume of activation V*. Comparison of AF* with the reaction volume VR.
permits to identify the transition state along the reaction coordinate. The combination
of solvent and pressure kinetic effects allows the estimation of V which is indicative
of polar changes during reaction progress and may reveal involvement of zwitterionic
species. The correct interpretation of V* can be extremely useful for the assessment
of reaction mechanisms as amply demonstrated in this lecture The method is either a
decisive parameter to distinguish among possible mechanisms or constitutes an additional
ancillary argument to support mechanisms advocated by other lines of evidence.
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High pressure effects in molecular biophysics

R. WINTER

Department of Chemistry, Physical Chemistry I, University of Dortmund
Otto-Hahn Strafe 6, D-44227 Dortmund, Germany

1. — Introduction

Interest in pressure as a variable has been growing in physico-chemical studies of
biological and other soft condensed-matter systems. The fundamental reasons why it is
important to carry out high pressure experiments on these systems are: 1) Changing
temperature of a biochemical system at atmospheric pressure produces a simultaneous
change in thermal energy and volume; therefore, to separate thermal and volume effects,
one must perform high pressure experiments. 2) Because noncovalent interactions play
a primary role in the stabilization of biochemical systems, the use of pressure allows
one to change, in a controlled way, the intermolecular interactions without the major
perturbations produced by changes in temperature or chemical composition. 3) Pressure
affects chemical equilibria and reaction rates; the following standard equations define the
reaction volume, AV°, and the activation volume,

where K is the equilibrium constant, and k is the reaction rate. The behaviour of
all systems under high pressure is governed by Le Chatelier's principle, which predicts
that the application of pressure shifts an equilibrium towards the state that occupies a
smaller volume, and accelerates processes for which the transition state has a smaller
volume than the ground state. With the knowledge of AV° and AV^ values, one can
draw conclusions about the nature of the reaction and its mechanism. 4) The viscosity
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of the solvent can be changed continuously by pressure. 5) Pressure-dependent studies
often led to the discovery of new phases and processes. 6) One can extend the range of
conditions and carry out experiments at subzero temperatures and in the supercritical
state. According to the high pressure phase diagram of water, even at —15 °C water is
still a liquid. Therefore, protein solutions can be measured at subzero temperatures to
investigate their cold-denaturation behaviour.

Pressures used to investigate biochemical systems range from 1 bar (0.1 MPa) to about
10 kbar (1.0 GPa). Such pressures only change intermolecular distances and affect confor-
mations but do not change covalent bond distances or bond angles. In fact, pressures in
excess of 30 GPa are often required to change the electronic structure of a molecule. The
covalent structure of low molecular weight biomolecules (peptides, lipids, saccharides), as
well as the primary structure of macromolecules (proteins, nucleic acids and polysaccha-
rides), is not perturbed by pressures up to about 20 kbar. Pressure acts predominantly
on the spatial (secondary, tertiary, quaternary and supramolecular) structures of macro-
molecules. The double-helix structure of DNA is rather pressure-stable and generally
does not unwind until the applied pressure exceeds 10 kbar.

Besides the general physico-chemical interest in using high pressure as a tool for under-
standing the phase behaviour, structure and energetics of biomolecules and amphiphiles
in general, high pressure is also of biotechnological (e.g., high pressure food processing)
and physiological interest [1–10]. Hydrostatic pressure significantly influences the struc-
tural properties and thus functional characteristics of cell membranes; yet this has not
prevented the invasion of cold and high pressure habitats by deep-sea organisms (up to
about 10000 m depths, corresponding to 1 kbar of pressure, at 2-3 °C). 70% of the surface
of the earth is covered by oceans, and the average pressure on the ocean floor is about
380 bar. Without any compensatory adjustments the membranes of deep-sea organisms
should be highly ordered. It is now well established that deep-sea organisms display a
variety of adaptations to high hydrostatic pressure and low temperature at the molecular
level of organization to keep their membranes in a fluid-like state which is a prerequisite
for optimal physiological function.

In this review, we first discuss experimental techniques and results for studying the
high pressure structure and phase behaviour of lyotropic lipid mesophases and model
biomembrane systems. In addition, the effect of the incorporation of additives, such as
divalent ions, cholesterol and polypeptides, is briefly mentioned. Then we discuss the
pressure-jump relaxation technique for studying the kinetics of phase transformations
between different lyotropic lipid mesophases. The effect of pressure on protein denatu-
ration and un/refolding reactions of proteins is also discussed. Finally, a brief discussion
of applications of high pressure to biotechnology and food science ends this review.

2. — Lipid mesophases and model biomembrane systems

Lyotropic lipid mesophases are organized molecular systems formed by amphiphilic
molecules, such as phospholipids, in the presence of water. They exhibit a rich structural
polymorphism, depending on their molecular structure and environmental conditions,
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Fig. 1. — Schematic drawing of lipid-water phases (Lc, lamellar crystalline; LB / , PB, lamellar
gel; La, lamellar liquid-crystalline; QII

G, QII
D, QnP, inverse bicontinuous cubic; HII, inverse

hexagonal). The cubic phases are represented by the G, D, and P minimal surfaces, which locate
the midplanes of liquid-crystalline lipid bilayers.

such as water content, pH, ionic strength, temperature and pressure [11–13]. The basic
structural element of biological membranes consists of a lamellar phospholipid bilayer
matrix (see fig. 1). In the lamellar structure the interfaces are flat and are periodically
stacked in multilamellar vesicles. Due to the large hydrophobic effect, most phospholipids
associate in water even at very low concentrations (< 10-12mol • L - 1 ) . Not only is the
entire biomembrane very complex, containing a variety of different lipid molecules and
a host of proteins performing versatile biochemical functions, but also the simplest lipid
bilayer consisting of only one or two kinds of lipid molecules is already very complex by
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the standards of what is understood about the statistical mechanics of phases and phase
transitions.

Saturated phospholipids often exhibit two thermotropic lamellar phase transitions, a
gel-to-gel (Lp'/Pp') pretransition and a gel-to-liquid-crystalline (Pp>/La) main transi-
tion at a higher temperature Tm (for the structures see fig. 1). In the fluid-like La-phase,
the acyl chains of the lipid bilayers are conformationally disordered, whereas in the gel
phases, the chains are more extended and ordered. Because the average end-to-end dis-
tance of disordered hydrocarbon chains in the La-phase is smaller than that of ordered
(all-trans) chains, the bilayer becomes thinner during melting at the PB /La-transition,
even though the lipid volume increases. In addition to these thermotropic phase tran-
sitions, pressure-induced phase transformations have also been observed [14–31]. Upon
compression, the lipids adapt to volume restriction by changing their conformation and
packing. Lipid systems are the biological systems that are most pressure sensitive, and
in general, they easily undergo phase transformations under changes in environmental
conditions. For this reason, we mainly focus on these biomolecular aggregates.

It is now well known that many biological lipid molecules also form nonlamellar liquid-
crystalline phases (see fig. 1) [13,32–35]. Lipids, which can adopt a hexagonal phase, are
present at substantial levels in biological membranes, usually with at least 30mol% of
the total lipids. Some lipid extracts, such as those from archaebacteria (5. solfataricus),
also exhibit cubic liquid-crystalline phases [36].

Generally, micellar, hexagonal and cubic lipid dispersions are known to exist either
as organizations of aggregates of amphiphiles in a continuous aqueous environment or
as organizations of water aggregates in a continuous medium of the amphiphiles. In the
first case they are said to be direct, or type I, structures; in the second case they are
said to be inverted, or type II, structures. For the phases formed by the double-chain
lipids found in membranes, the polar/apolar interface curves towards the water, hence
these phases are of type II. It is generally assumed that the nonlamellar lipid structures,
such as the inverted hexagonal (Hn) and cubic (QII) lipid phases, are also of significant
biological relevance. Fundamental cell processes, such as endo- and exocytosis, fat diges-
tion, membrane budding and fusion, involve a rearrangement of biological membranes
where nonlamellar lipid structures are probably involved. Also static cubic structures
(cubic membranes) might occur in biological cells [36–38].

At a macroscopic level, lipid cubic phases are very viscous and optically isotropic.
They can be sorted in two main classes: bicontinuous and micellar [13]. In the first class
the amphiphiles build bicontinuous cubic phases of type II (Qn), which can be visualized
in terms of highly convoluted lipid bilayers, which subdivide three-dimensional space into
two disjointed polar labyrinths separated by an apolar septum. The cubic symmetries
most commonly observed are Ia3d, Pn3m and 7m3m. The structures of these phases,
QnG, QnD and Qnp, are closely related to the Schoen Gyroid (G), the Schwarz D and
the Schwarz P infinite periodic miminal surfaces (IPMS). An IPMS is an intersection-free
surface periodic in three dimensions with a mean curvature that is everywhere zero. The
surface, that sits at the lipid bilayer midplane, thus separates the two interpenetrating but
not connected water networks. In the second class of cubic structures the amphiphiles



HIGH PRESSURE EFFECTS IN MOLECULAR BIOPHYSICS 417

Hlpid/water

Fig. 2. - Illustration of the balance of lateral forces across a lipid monolayer.

build an infinite number of finite aggregates, lipid globules or micelles, organized in
regular packings of various symmetries [39].

Generally, the molecular organization within a lipid aggregate can be understood in
terms of a balance of attractive and repulsive forces acting at the level of the lipid po-
lar headgroups and non-polar acyl chains (fig. 2). Within the headgroup (lipid/water)
region there is an effectively attractive force F1/W, which arises from the unfavourable
contact of the hydrocarbon chains with water (the hydrophobic effect); attractive contri-
butions from hydrogen bonding, as in the case of phosphatidylethanolamines, may also
be present. The repulsive headgroup pressure Fhead is the result of hydrational, steric,
and—for charged headgroups—-electrostatic contributions. For the acyl chain region the
attractive van der Waals interactions among the CH2-units are compensated by the repul-
sive lateral pressure, FChain, owing to thermally activated dihedral angle isomerizations.
In a membrane bilayer at equilibrium, the various lateral pressures are balanced.

An imbalance of attractive and repulsive forces at the level of the headgroup and acyl
chains within a given lipid monolayer yields a spontaneous curvature. Clearly the two
monolayers cannot be simultaneously at a free energy minimum with regards to their
intrinsic or spontaneous curvature. It follows that a symmetrical bilayer composed of
nonlamellar forming lipids is under a condition of curvature elastic stress. This curvature
free energy associated with the membrane lipid-water interface then leads to the forma-
tion of nonlamellar (cubic and/or HII) phases. The spontaneous curvature increases, for
instance, if the lateral chain pressure increases due to an increase of trans/gauche iso-
merisations of the acyl chains at high temperatures, or if the level of headgroup hydration
decreases (e.g., due to Ca2+ adsorption at the polar/apolar interface).

No full theoretical description of the lyotropic lipid phase behavior currently exists,
though some progress has been made in recent years [40–47]. Often a concept is used that
can be explained in terms of a small set of parameters, irrespective of the precise chemical
nature of the lipid molecule. Following Helfrich (1978), the surface curvature energy
contribution associated with amphiphile films is described in terms of three curvature
elastic parameters: the spontaneous mean curvature Hs, the mean curvature modulus
km, and KG, the Gaussian curvature modulus. Applying differential geometry, the surface
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energy per unit area for small curvatures is given by

(2.1) gbend - 2km((H— Hs)
2) +

H = (C1 + C2)/2 is the mean interfacial curvature, which is equal to half the sum of the
principal curvatures C1 = l /R 1 and €2 = l/R2 at the interface, and K = C1C2 is the
Gaussian curvature at the interface, given by the product of the principal curvatures C\
and C2 of the interface (e.g., C1 = C2 — 0 for a planar bilayer; C\ < 0, C2 = —C1 > 0,
i.e., H = 0, K < 0, for a hyperbolic saddle surface). The spontaneous mean curvature Hs

is the mean curvature the lipid aggregate would wish to adopt in the absence of external
constraints, and km tells us what energetic cost there would be for deviations away from
this. Besides the curvature contribution to the energy, there will be other energetic
terms. Due to the desire to fill all the hydrophobic volume by the amphiphile chains
(due to the hydrophobic effect), there will be a contribution quantifying an eventual
packing frustration. A further contribution is due to interlamellar interactions. The
curvature elastic energy is believed to be the crucial term governing the stability of
nonlamellar phases and the ability of lipid membranes to bend, in particular at high
levels of hydration. To probe the concept of any energetic description and the resultant
set of parameters necessary to provide a general explanation of a universal lyotropic
phase behaviour, one needs to scan the appropriate parameter space experimentally. To
this end, pressure-dependent studies have proven to be a very valuable tool.

2'1. Experimental techniques. — The experimental results presented in this review are
mainly based on studies using small- and wide-angle X-ray scattering (SAXS, WAXS)
and small-angle neutron scattering (SANS) in combination with high pressure techniques.
In this section the experimental set-ups and the basic theory for analysing lipid-water
diffraction data are briefly discussed. In particular for the time-dependent studies, the
small- and wide-angle X-ray diffraction experiments were performed at synchrotron X-
ray beam lines, such as those at DESY (Hamburg), ESRF (Grenoble) or APS (Argonne).
Small-angle neutron scattering experiments were performed at research reactors or spalla-
tion sources, at the ILL (Grenoble), ISIS (Didcot) or the Hahn-Meitner-Institut (Berlin).

For the investigation of the structure and phase behaviour of lipid-water systems
at elevated pressures as well as for kinetic studies of lipid phase transformations using
the pressure-jump technique, we used different high pressure sample cells suitable for
pressures up to 20kbar and temperatures up to 140 °C as shown in fig. 3 [34,48]. The
X-ray pressure vessels (figs. 3a and 3b) are home-built and made from stainless steel or
a Ni-Cr-Co alloy (NIMONIC 90) of high tensile strength. They have a high-pressure
connection to the pressurizing system and a bore for a thermocouple. Temperature
control is achieved by circulating water from a thermostat through the outside jacket
of the vessels. The sample temperature can be measured within ±0.2 °C. Beryllium
discs of 1-2 mm thickness are used as X-ray windows up to pressures of 2 kbar, for higher
pressures up to 8 kbar flat diamond windows of 0.5-1 mm thickness are used. The window
holders are sealed with Viton-O-rings and are tightened by closure nuts. The sample of
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Fig. 3. - High pressure sample cells: a) cell made from stainless steel with Be-windows for X-ray
scattering studies up to 2 kbar, b) cell made from NIMONIC 90 alloy with diamond windows for
X-ray scattering studies up to 8 kbar, c) diamond anvil cell (DAC) for X-ray scattering studies
up to 20 kbar, and d) cell made from an Al alloy for neutron scattering studies up to 2.5 kbar (1:
sample, 2: X-ray or neutron beam, 3: high pressure connection, 4: thermostating water circuit).

40 uL volume is hold in a PTFE-ring that is closed with two mylar foils glued on both
sides of the ring to separate the sample from the pressurizing medium (distilled water).

The pressurizing system essentially consists of a Heise-Bourdon gauge with an accu-
racy of ±5 bar and a hand-operated pressure generator. Pressure jumps are performed
by a computer-controlled opening of an air-operated valve between the high pressure
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cell and a liquid reservoir. With this pressure jump apparatus fast jumps (< 5ms) are
possible with variable amplitudes. To minimize adiabatic temperature changes in the
course of a kinetic experiment (ca. 2mK/bar under pure adiabatic conditions), the high
pressure sample cells were constructed to hold only a very small volume of the pressur-
izing medium. The pressure jump technique has been shown to offer several advantages
over the temperature jump approach: 1) Pressure propagates rapidly so that sample
inhomogeneity is a minor problem. 2) Pressure jumps can be performed bidirectionally,
i.e., with increasing or decreasing pressure. 3) In the case of fully reversible structural
changes of the sample, pressure jumps can be repeated with identical amplitudes to allow
for an averaging of the diffraction data over several jumps and an improvement of the
counting statistics.

For high pressure X-ray studies up to 20kbar, a diamond anvil cell (DAC) from High
Pressure Diamond Optics was used (fig. 3c). Here, the sample is sealed in a metal gasket
of 0.25mm thickness with a hole of 0.37mm diameter [48]. The pressure is calibrated
by adding a small ruby crystal to the sample and by measuring the shift of the R1

ruby fluorescence line at about 694 nm. It must be noted that X-ray transmission and
thus background diffraction patterns depend drastically on the density of the solvent
(water) and the path length of the pressure cell, both being pressure-dependent. In
order to perform an accurate background correction, one has to measure the sample and
background scattering under identical conditions, which requires a high reproducibility of
the path length at each pressure. Unfortunately, this cannot be achieved with a DAC and
hence no accurate diffuse small-angle scattering data of low-concentrated samples (e.g.,
of dilute protein solutions) can be obtained. Flat diamond cells are more appropriate for
these systems.

For neutron scattering experiments on lipid samples at low angles, a high pressure
sample cell made from an Al alloy (AlMgSil) was used (fig. 3d). This alloy is charac-
terized by a high tensile strength and allows maximum cell pressures of about 2500 bar.
The transmission of the empty cell for neutrons of 10 A wavelength has been measured
to be more than 90%. The temperature of the cell is controlled by a water circuit passing
through a cell jacket above and below the neutron beam window. The cylindrical sample
volume has a diameter of 3 mm and is separated from the pressurizing medium (water)
by a PTFE bellow. Sample cells made from stainless steel with sapphire windows of
10mm thickness are also used for SANS studies of biomolecular systems, in particular
for measurements of diffuse small-angle scattering samples, such as protein solutions.

2'2. Lipid-water diffraction patterns. - Regarding the scattering of X-rays and neu-
trons, the lipid-water dispersions investigated here are equivalent to powder samples
which are composed of many randomly oriented microcrystals. Thus, Bragg's condition
is automatically fulfilled, and all possible diffraction peaks within the available recip-
rocal space are simultaneously recorded. While the positions of the diffraction peaks
are related to periodic distances within a lyotropic lipid mesophase, their sharpness or
width reflects the extent of this periodicity over large distances. The measured reciprocal
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TABLE I. - Inverse cubic lipid-water mesophases. The cubic phases are based on lipid bilayers
curved in three-dimensions. The mid-planes of the bilayers are D, P, or G infinite periodic
minimal surfaces, as denoted with the superscripts in the phase symbols.

Lipid-water phase Space group Peak position ratio

QII
D Pn3m \/2 : A/3 : v^ : -..

QII
p Jm3m \/2 : \/4 : v/6 : ...

QnG Ia3d \/6 : \/8 : \/T4 : . ..

spacings are given by

(2.2) s= - s in6>
A

(20 scattering angle, A wavelength of radiation). If a lipid-water phase is lacking any
periodic structure, diffuse small-angle scattering is observed only. Lamellar lipid-water
mesophases (denoted as L or P) consist of alternating layers of lipid and water molecules.
This quasi-one-dimensional periodic structure exhibits diffraction patterns in the small-
angle regime that are described by the equation

(2.3) sn = n-,

where n = 1,2,3,.. . and d is the sum of the water and lipid layer thicknesses.
The structure of the inverse hexagonal lipid-water mesophase (denoted as HII) is

based on cylindrical water rods, which are surrounded by lipid monolayers. The rods are
packed in a two-dimensional hexagonal lattice with Bragg peaks positioned at

(2.4) s=

a is the distance between the centers of two neighbouring rods (lattice constant) and h,
k are the Miller indices. In small-angle diffraction patterns hexagonal lipid phases are
easily distinguished from lamellar phases by their ratio of Bragg peak positions, which
is 1 : V3 : 2 : . . . .

In a diffraction experiment Bragg peaks of cubic structures may be observed at

(2.5)

where a is the cubic lattice constant. The Miller indices h, k, l depend on the lattice
type (primitive, body-centered, face-centered) and the symmetry elements of the cubic
structure. In table I the relative Bragg peak positions of the three cubic lipid-water
phases relevant for this review are summarized.
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Bragg peaks in the wide-angle region are related to the packing of the lipid hydro-
carbon chains in a monolayer. Generally, this packing can be described as a centered
rectangular lattice with lattice constants arec and 6rec, which are calculated from the
d-spacings as

(2.6) arec = 2d20,

(2.7) 6rec = -
- [cW(2d20)]

2

When the lipid chains are rigidly packed in a hexagonal lattice, only a single wide-angle
Bragg peak is usually observed. Then, the lattice constant (chain-chain distance) may
be obtained from eq. (2.4). In the case of fluid-like disordered lipid layers, only a very
broad wide-angle peak is observed.

2 "3. Single-component lipid systems

Lamellar phase transitions. The increase in entropy with lipid chain rotational disor-
der, the increase in intermolecular entropy, and the increase in lipid headgroup hydration
are the driving forces for the gel-fluid transition of lipid membranes (denoted as LB- LB'
or PB'-La transition, see fig. 1). In a simple way, this transition is often interpreted as
the melting of the lipid hydrocarbon chains. Opposing this chain melting is the increase
of the internal energy due to increasing rotational isomerism, the decrease of the van der
Waals-attraction between the hydrocarbon lipid chains, and the increase of the polar-
apolar interface resulting from the lateral bilayer expansion due to increasing chain iso-
merism. The balance of all these contributions to the system free energy, which depends
on the lipid molecular structure, determines the main (melting) transition temperature,
Tm, of a lipid bilayer. Generally, the lamellar gel phases LB, L#/, and P^/ prevail at high
pressures and low temperatures, whereas the lamellar fluid (liquid-crystalline) phase La

is found as the pressure is lowered and/or the temperature is raised.
A common slope of ~ 22 °C/kbar has been observed for the gel-fluid phase boundary

of the saturated phosphatidylcholines DMPC, DPPC, DSPC as shown in fig. 4. Using
the Clapeyron relation, dTm/dP = Tm&Vm/AHm, the positive slope can be explained
by an endothermic enthalpy change, Hm, and a volume increase, Vm, for the gel-
fluid transition. Similar transition slopes have been found for the mono-cis-unsaturated
lipid POPC, the phosphatidylserine DMPS, and the phosphatidylethanolamine DPPE.
Only the slopes of the di-cis-unsaturated lipids DOPC and DOPE have been found
to be markedly smaller. While the lengths of the lipid hydrocarbon chains and the
type (chemical structure) of the lipid headgroup do not affect the slope of the main
transition significantly, these parameters determine the transition temperature. The two
cis-double bonds of DOPC and DOPE lead to very low transition temperatures and
slopes, presumably as they impose kinks in the linear conformations of the lipid acyl
chains. Thus, significant free volume is created in the bilayer and the ordering effect of
high pressure is reduced.
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Fig. 4. - P-T phase diagram for the main (chain-melting) transition of different phospholipid
bilayer systems. The fluid (liquid-crystalline) La-phase is observed in the low-pressure, high-
temperature region of the phase diagram.

These studies clearly demonstrate that biological organisms can modulate the phys-
ical state of their membranes in response to changes in the external environment by
regulating the fractions of the various lipids in a cell membrane differing in chain length,
chain unsaturation or headgroup structure ("homeoviscous adaption", e.g., of deap sea
organisms under high hydrostatic pressure and at low temperature). However, nature
has further means to regulate membrane fluidity, such as by changing the membrane
concentrations of cholesterol or various proteins.

As an example, fig. 5a shows small-angle diffraction data of a DPPC bilayer in excess
water as a function of temperature. Clearly the pretransition as well as the main lipid
phase transition as a relatively sharp shift of the Bragg peak positions are observed about
35 and 42 °C, respectively. The lamellar lattice constant increases from ~ 63 A in the
LB -phase to ~ 72 A in the ripple gel phase PB1. Because of the highly disordered chains
in the fluid La-phase, the bilayer thickness decreases to a lattice constant of about 66 A.
Figure 5b shows some pressure-dependent data. In DPPC dispersions at 55 °C, a shift
to lower scattering vectors together with a change in the lineshape is observed at 800 bar
which is due to the pressure-induced La-to-PB1 phase transition; the corresponding lattice
constant increases from 68 to 71 A. Further increase in pressure leads to a pressure-
induced interdigitated gel phase, LBi around 1400 bar, where the lipid acyl chains from
opposing monolayers partially interpenetrate, which leads to a decrease of the lamellar
repeat period to about 50 A. At around 2.8kbar the transition to the Gel III phase
occurs at this temperature with a lattice constant which is about 10 A larger [28].
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Fig. 5. - Typical temperature- and pressure-dependent (at T = 55 °C) small-angle X-ray scat-
tering pattern of DPPC bilayers in excess water. Only one or two orders of lamellar Bragg
reflections are visible.

It is noted that applying high pressure can lead to the formation of additional gel
phases, which are not observed under ambient pressure conditions, such as the interdigi-
tated high pressure gel phase LBi found for phospholipid bilayers with acyl chain lengths
> C16 [15,28,29]. To illustrate this phase variety, the results of a detailed X-ray diffrac-
tion and FTIR spectroscopy study of the P-T phase diagram of DPPC-water dispersions
is shown in fig. 6 [28]. The structures of the La, PB (Gel 1), LB (Gel 2), Gel 3, Gel 4
and Gel 5 phase are illustrated schematically in figs. 1 and 6. In the Gel 5 phase the lipid
molecules have lost essentially all the interlamellar hydrating water, which now coexists
as bulk frozen water (ice VI).

Nonlamellar phase transitions. For a series of lipid molecules, also nonlamellar
lyotropic phases are observed as thermodynamically stable phases or as long-lived
metastable phases after special sample treatment. We will discuss lipid-water systems
with the lipids taken from different groups of amphiphilic molecules. Contrary to DOPC
which shows a lamellar LB-La transition only (see fig. 4), the corresponding lipid DOPE
with ethanolamine as headgroup exhibits an additional phase transition from the lamel-
lar La to the nonlamellar, inverse hexagonal HII phase, when it is dispersed in water. As
pressure forces a closer packing of the lipid chains, which results in a decreased number of
gauche bonds and kinks in the chains, both transition temperatures, of the LB,0-La and the
La-Hn transitions, increase with increasing pressure. In fig. 7a, the P-T phase diagram
of DOPE in excess water is displayed, which has been obtained by SAXS and WAXS ex-
periments using a diamond anvil cell. The slope of the La-Hn transition; is almost three
times larger than that of the Lp-La transition; values of about 40 and 14 °C/ kbar have
been found, respectively. The La-HII transition observed in DOPE/water and also in
egg-PE/water (egg-PE is a mixture of different phosphatidylethanolamines) is the most
pressure-sensitive lyotropic lipid phase transition found to date. The reason why this
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Fig. 6. - P-T phase diagram of DPPC in excess water and schematic drawing of the lamellar
lattice constant and lipid packing in the bilayer plane of DPPC gel phases at 23 °C. It is
noteworthy that an additional crystalline gel phase can be induced in the low temperature
regime after prolonged cooling [49].

transition in DOPE has such a strong pressure dependence could be conjectured to be
the strong pressure dependence of the chain length and volume of its unsaturated chains.

Interestingly, in the DOPE/water system inverse cubic phases, QII
D and QII

p, can
be induced in the region of the La-HII transition by subjecting the sample to extensive
temperature or pressure cycles at temperature and pressure conditions close to the phase
transition [50,51]. Figure 8a displays a diffraction pattern of a pressure-cycled DOPE
dispersion. The Bragg peaks can be assigned as (10), (11), (20) of the HII-phase, as (001),
(002) of the La-phase, as (110), (111) of the QII

D-phase, and as (110), (200), (211) of the
QII

P-phase. The indexing of the cubic phases is confirmed by the observed ratio of the
two cubic lattice constants, a(QII

p)/a(QII
D) = 1.273, which is close to the theoretically

predicted value of 1.279 for these phases being in equilibrium. Figure 8b shows the
diffraction pattern of a DOPE dispersion after 1400 temperature cycles between —5 and
15°C. The Bragg peaks of this X-ray diffraction pattern are also consistent with the
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Fig. 7. - P-T phase diagram of a) DOPE and b) DTPE in excess water (the phase boundaries
of cubic phases Qn are somewhat tentative).

existence of the QII
D- and the QII

P-phases in equilibrium.
It has been shown that, for conditions which favour an intermediate spontaneous

curvature of a lipid monolayer, the topology of an inverse bicontinuous cubic phase can
have a similar or even lower free energy than the lamellar or inverse hexagonal phase,
as the cubic phases are characterized by a low curvature free energy and do not suffer
the extreme chain packing stress predominant in the HII-phase. Metastable cubic phases
might be formed via defect structures, which occur in passing the La-HII transition, such
as interlamellar micellar intermediates (IMI) or stalks [52, 53]. Membrane fusion as a
part of specific biological reactions probably also involves the formation of intermediates,
such as stalks or IMIs. The energy of these intermediates and consequently the rate
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Fig. 8. - SAXS patterns of DOPE in excess water, which has been a) pressure-cycled (40 times,
20 °C, 340 bar) and b) temperature-cycled (1400 times, 5°C, 1 bar, using a robot) across the
La-HII transition.

and extent of the fusion depend on the propensity of the membrane monolayers to bend.
To be best suited for fusion, lipid bilayer membranes should be asymmetrical with the
contracting monolayer composed of HII-phase-promoting lipids (e.g., cholesterol, PEs
with a negative spontaneous curvature towards the water) and the expanding monolayer
composed of micelle-forming lipids (e.g., lysolipids). The lipid composition of biological
membranes is highly regulated and may be altered by enzymatic attacks. One of the
possible functional roles of the transbilayer asymmetry will thus be the regulation of
membrane fusion induced by a spontaneous monolayer curvature. However, it is probable
that fusion proteins affect the energy of these proposed structures or perhaps give rise
to other intermediate structures in the biological process of membrane fusion.

In the case of DOPE it is still an open question, if the observed cubic phases in the
region of the La-HII phase transition, which can be induced by P, T-cycling, represent
thermodynamically stable phases with a high kinetic barrier or metastable phases. In
this respect it might be helpful to inspect the P-T phase diagram of DTPE in excess
water (fig. 7b). As found for DOPE/water, the thermotropic phase order of this system is
Lg, La, HII at atmospheric pressure. However, at pressures higher than about 500 bar an
additional, intermediate region of inverse cubic phases, QII

D and QII
P, is observed [31].

Although the transition region from the cubic phases to the inverse hexagonal phase
cannot clearly be resolved, this finding indicates a triple point in the T-P phase diagram
and again illustrates the nonequivalence of the effects of temperature and pressure on
lyotropic liquid-crystalline phases.

Two further examples of single-component lyotropic lipid systems exhibiting non-
lamellar phases will be discussed now: ME and MO dispersed in excess water. ME and
MO are intermediates in the fat digestion and differ only in the configuration of the dou-
ble bond in their single acyl chain, which is trans in ME and cis in MO. In contrast to
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Fig. 9. - P-T phase diagram of a) ME and b) MO in excess water (the L^-phase of ME is
metastable).

the preceding examples, ME and MO form spontaneously cubic phases over wide ranges
of temperature and hydration [23, 54–56]. The P-T phase diagrams of ME and MO in
excess water are presented in fig. 9. As can clearly be seen, the small change in the
acyl chain double-bond configuration from trans (ME) to cis (MO) causes a dramatic
change in the observed phase behaviour. In the system MO-water, the cubic QII

D-phase
is stable over wide ranges of temperature and pressure. The cis configuration of MO
leads to a more wedge-like molecular shape and a strong tendency for a MO monolayer
to curve toward the water. Hence, the formation of lamellar phases, which requires a
cylindrical molecular shape, is disfavoured. Analysis of the infrared CH2 stretching and
wagging modes for evaluation of conformational states in the various disordered (La,
QII

P, QII
D) phases of ME reveals different populations of gauche conformers and kinks

in these fluid-like phases [56]. From the analysis of the carbonyl stretching mode vi-
bration also small differences in the level of hydration of different bicontinuous cubic
phases have been detected. Compared to the QII

D phase of ME, the lipid chains of the
body centered cubic phase QII

P seem to contain a slightly higher population of gauche
sequences, and a slightly lower level of hydration of the carbonyl group.

2'4. Binary lipid mixtures

- Fatty acids / phosphatidylcholines. The addition of fatty acids to aqueous phos-
phatidylcholine dispersions changes drastically the observed P-T phase behaviour. Dis-
persions of pure phosphatidylcholines merely exhibit lamellar phases. Nonlamellar, in-
verse hexagonal and inverse cubic phases can be induced by adding fatty acids, such
as lauric acid (LA), myristic acid (MA), palmitic acid (PA), or stearic acid (SA). Fatty
acids influence also the fusogenicity of biological membranes, because they relieve the
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Fig. 10. - P-T phase diagrams of several phosphatidylcholine/fatty acid (1:2) mixtures dispersed
in excess water.

formation of nonlamellar intermediate structures, which have to occur in the process of
membrane fusion.

The gel-to-fluid phase transition temperature of a DMPC/MA(1:2) mixture is 25 °C
above the main transition temperature, Tm, of pure DMPC dispersions, which is 23.9 °C.
The reason for this observation is that the fatty acid molecules act as spacers between the
lecithin molecules and reduce the steric repulsion between the relatively bulky lecithin
headgroups. Furthermore, there exist hydrogen bonds between the headgroups of lecithin
and fatty acid molecules allowing the formation of relatively stable l:2-lecithin-fatty acid
complexes in the gel phase. The resulting change in the lateral pressure profile across
a monolayer results in fluid nonlamellar phases being energetically favoured over the
fluid lamellar La-phase at temperatures above the chain melting temperature. However,
the lamellar La-phase has been found in the system DLPC/LA and under nonequilib-
rium conditions after pressure jumps from the gel (Lip) to the fluid (Qn, Hn) phase
region. In the liquid-crystalline phase region of DMPC/MA(1:2), DPPC/PA(1:2), and
DSPC/SA(1:2) mixtures, no liquid-crystalline lamellar phase is observed under equilib-
rium conditions, and the lamellar gel phase directly transforms to nonlamellar liquid-
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Fig. 11. - Temperature-composition phase diagrams of the binary mixtures a) DMPC/DPPC (di-
Ci4/di-Ci6), b) DMPC/DSPC (di-Cw/di-Cis), and c) DLPC/DSPC (di-Ci2/di-Ci8) dispersed
in excess water, as determined from heat-capacity, X-ray diffraction, and NMR experiments (g,
gel phase; f, fluid phase; x, mole fraction).

crystalline phases. In fig. 10, the P-T phase diagrams of the l:2-mixtures DLPC/LA,
DMPC/MA, DPPC/PA, and DSPC/SA in excess water are presented [57]. In the latter
three systems, a phase separation occurs at low temperatures leading to a lamellar crys-
talline phase Lc composed of the pure fatty acid and a lamellar crystalline phase Lc

com

being a mixture of the fatty acid and the phosphatidylcholine lipid. At temperatures
above the chain melting, the inverse hexagonal phase HH is found to be the stable liquid-
crystalline phase in DSPC/SA(1:2) and DPPC/PA(1:2) dispersions, whereas this phase
coexists with cubic phases in the case of DMPC/MA(1:2) and is even replaced by the
pure cubic QII

p-phase over a limited temperature interval in the DLPC/LA(1:2) system.
This observed trend in the phase behaviour is largely a result of the decreasing lipid
chain length from DSPC/SA to DLPC/LA. The large splay of the fluid acyl chains in
the DSPC/SA and DPPC/PA systems leads to a large spontaneous negative curvature
of the monolayers that can only be adopted by the structure of the HII-phase. On the
contrary, the shorter lipid chains in the DMPC/MA and DLPC/LA systems increase the
chain packing stress of the inverse hexagonal phase so that the formation of cubic phases
is favored.

It has been shown that the tendency for interfacial curvature can be reduced dramat-
ically by a decreased fatty acid fraction in the lecithin/fatty acid mixtures rather than
by an increase in pressure [57]. The marked differences between the effects of pressure
and monolayer composition on the phase behaviour of lecithin/fatty acid mixtures re-
flect the fact that compositional variations cause large changes in the lateral pressure
between amphiphiles, whereas hydrostatic pressure does not. Hence, pressure provides
an extremely fine resolution parameter for probing the stability and geometry of lyotropic
mesophases.
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Phase-separated phospholipid mixtures. Phase diagrams of binary mixtures of sat-
urated phosphatidylcholine lipids are typically characterized by a lamellar gel phase at
low temperatures, a lamellar fluid phase at high temperatures, and an intermediate fluid-
gel coexistence region, i.e. a phase separation. There is still a considerable controversy
regarding the lateral membrane organization in the two phase coexistence region. Re-
cently, small-angle neutron scattering (SANS) experiments using multilamellar vesicles
have shown the presence of large-scale fractal structures of coexisting gel and fluid regions
in binary lipid membranes [58]. The mixtures investigated in these SANS studies were
DMPC/DPPC(1:1), DMPC/DSPC(1:1), and DLPC/DSPC(1:1) in excess water. The
mismatch, m, of the acyl chain lengths of the two components, defined as the ratio (dif-
ference in C-atom number)/(C-atom number of shorter chain), is increasing from 2/14,
to 4/14, to 7/14, respectively, and is the origin for the appearance of the correspond-
ing temperature-composition phase diagrams, as shown in fig. 11 [59-61]. The narrow
fluid-gel coexistence region in the DMPC/DPPC system indicates a nearly ideal mixing
behaviour of the two components (isomorphous system). In comparison, the coexistence
region in the DMPC/DSPC system is broader and manifests pronounced deviations from
ideality. In both systems, the lipids are completely miscible in the all-gel and all-fluid
phase. The strongest deviation from ideality occurs in mixing DLPC and DSPC, where
the acyl chain mismatch is so large that the components are essentially immiscible in the
gel phase at low temperatures (peritectic system). As the temperature is raised and the
three-phase line is crossed, e.g., at x ~ 0.5, the geli phase (consisting mainly of DLPC)
melts and lipid bilayers with fluid and gel2 regions form.

In order to observe the concentration fluctuations caused by the gel-fluid phase coexis-
tence in the above-mentioned binary phospholipid mixtures, SANS studies in combination
with the H/D substition technique were performed. One of the lipid components was
deuterated in part, thus having a relatively high scattering length density (for D-atoms
the scattering length is &D — 0.667 • 10~12 cm), whereas the scattering length density of
the other lipid was significantly lower due to the smaller scattering length of H-atoms
(bH = —0.374 • 10-12 cm). The scattering length density is given as the sum of all atom
scattering lengths per volume:

(2.8)

An equimolar phospholipid mixture, characterized by a mean scattering length density,
was then dispersed in a H2O-D2O solvent mixture of the same scattering length density.
Under these so-called matching conditions, no SANS signal is obtained for homogeneously
mixed lipids in the all-gel or all-fluid phases, since then the scattering length density is
constant over the whole sample (pupid = Pwater)- However, in the case of gel-fluid phase
heterogeneities, SANS occurs due to the different compositions and scattering length
densities of the two phases (pgel = Pfluia)- The differential coherent scattering cross-
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Fig. 12. - SANS curves of a contrast-matched DMPC-d54/DSPC(l:l) mixture dispersed in excess
water at 1 bar and selected temperatures.

section as a function of momentum transfer Q is given as

(2.9)

where n and V denote the number density and volume of the scattering molecular clusters,
respectively. P(Q), which is the square modulus of the form factor, describes the scat-
tering contribution of individual clusters, whereas S(Q), the structure factor, represents
the scattering contribution due to the spatial distribution of the individual scatterers.
Ap is the contrast factor, i.e., the difference between the scattering length densities.

As an illustrative example, several SANS curves of an equimolar DMPC-</54 /DSPC
mixture in excess water are plotted as a function of temperature in fig. 12. By comparison
with the corresponding phase diagram, one clearly sees that significant SANS occurs
within the gel-fluid coexistence region only. It is noted that the transition temperatures,
Tm, of the pure lipid components at ambient pressure are 55 °C for DSPC-/igs and 24 °C
for DMPC-h72. Deuteration lowers Tm leading to a transition temperature of about
20 °C for DMPC-d54 and a shift of the solidus line of the two-phase region of the mixture
to slightly lower temperatures. The SANS intensity within the coexistence region may
be analyzed by plotting ln(dS/dfi) vs. InQ. The obtained straight lines over the whole
Q-range studied are indicative of a fractal structure of the sample. In the case of surface
fractals, which are scatterers having a fractal surface only, the scattering law is given
by [62]

(2.10)
dS )D8-6

with Ds being the surface-fractal dimension (2 < Ds < 3). If the scatterers in the sample
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Fig. 13. - T-x phase diagram of the equimolar binary lipid mixtures DMPC/DPPC and
DMPC/DSPC in excess water as a function of pressure.

are mass fractals, the SANS intensity is described by

(2.11)
dS
dft

ocQ"

with Dm being the mass-fractal dimension (0 < Dm < 3). Prom the double-logarithmic
plots of fig. 12 at Ibar a slope of —3.3 ± 0.1 is obtained which yields a surface-fractal
dimension of Ds — 2.7 ± 0.1.

The results obtained imply that the real membrane structure in the gel-fluid coex-
istence region of binary phosphatidylcholine mixtures deviates strongly from the simple
structure of large gel and fluid domains separated by smooth boundaries, which is ex-
pected from the equilibrium phase diagrams of the lipid mixtures and which is generally
observed for macroscopically large binary fluid mixtures. The heterogeneous membrane
structures observed in the two-phase coexistence regions might be due to interfacial wet-
ting effects, such as those suggested recently in computer simulation studies [63]. In
these calculations, the interface between coexisting gel and fluid phase domains is found
to be enriched by one of the lipid species leading to a decrease of the interfacial ten-
sion and hence to a stabilization of nonequilibrium lipid domains. These and further
results for similar binary lipid systems suggest that such heterogeneous and fractal-like
domain morphologies might be a rather common phenomenon. Depending on the acyl
chain mismatch of the lipid components, the clusters scatter like surface or mass fractals
implying that gel and fluid domains are correlated across many bilayers in a vesicle and
that segregation into a minority and a majority phase occurs.

With increasing pressure, the gel-fluid coexistence region of a DMPC/DSPC mixture
is shifted toward higher temperatures (fig. 13) [64]. A shift of about 22°C/kbar is
observed, similar to the slope of the gel-fluid transition line of the pure lipid components
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Fig. 14. - Pressure dependence of the lamellar lattice constant of the system DPPC/cholesterol
(0, 10, 30, 50mol%) in excess water at 55 °C.

(fig. 4). We noted that the mixing behaviour of DMPC and DSPC deviates even more
from ideality at 1000 bar than at 1 bar, as can be inferred from the significant small-angle
scattering intensity observed at 1000bar and 21 °C, i.e. below the gel-fluid coexistence
region. In a phenomenological way, it is interesting to point out that with increasing
nonideality in the mixing behaviour of the two lipid components the fractal dimension is
decreasing and switching from the surface to the mass type.

2'5. Effect of additives. - Not only the nature of phospholipid phase transitions, but
also the way they are affected by the incorporation of other species interacting with these
membranes, have attracted considerable experimental and theoretical attention. Firstly,
they intimately reflect the molecular interactions of the membrane and may thus help in
understanding membrane systems and function on a molecular level. Secondly, the addi-
tion of steroids, peptides, anesthetics and drugs to membrane systems is of biological and
pharmacological relevance. Generally, changes in membrane structure, phase segregation
or transitions to other lamellar or to nonlamellar phases can be observed upon incorpo-
ration of additives into lipid bilayer membranes. Several additives have been studied,
such as mono- and divalent ions, anesthetics, steroids and polypeptides [33, 65–67]. Two
examples are given here only.

Cholesterol effect. The incorporation of cholesterol into lipid membranes has a drastic
effect on their structure and phase behaviour [22, 33]. It is generally assumed that choles-
terol causes conformational disorder in phospholipids below their gel-to-liquid-crystalline
phase transition temperature and increases rigidity of phospholipid bilayers at tempera-
tures above Tm. Increasing cholesterol concentration leads to a drastic reduction of the
main transition enthalpy, A/fm, until at cholesterol contents higher than 30–50 mol% the
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main transition vanishes. We have examined the structure of DPPC-cholesterol mixtures
in excess water. As an example, fig. 14 shows the lamellar d-spacing of DPPC/cholesterol
mixtures in excess water for selected cholesterol concentrations at T = 55 °C. In pure
DPPC, the d-spacing in the La phase increases slightly up to a pressure of ~ 500 bar
where the transition to the rippled gel phase occurs. At pressures above 1100 bar, the
transition to the (partially) interdigitated L^, phase gradually takes place which is accom-
panied by a drastic decrease in d-spacing [18]. Even up to cholesterol concentrations of
50 mol%, the lipid bilayer structure is preserved and no nonlamellar phases are formed.
Addition of 10 and 20 mol% cholesterol does not lead to significant differences in the
lamellar repeat unit in the disordered fluid phase. Above about 500 bar, the transition to
a two-phase coexistence region is observed, however. The two coexisting lamellar phases
are made up of alternating layers of water and bimolecular lipid leaflets. In the system
DPPC/10 mol% cholesterol, the lamellar stacking in one of these phases, which is prob-
ably the cholesterol-rich phase, is swelling drastically. The presence of cholesterol causes
the bilayers to move apart. This swelling may result from a decrease in van der Waals
attraction between bilayers or from an increase in bilayer repulsion. Since the diffraction
lines of each phase are relatively sharp, the phase separation is one where each phase
forms separate three-dimensional domains, probably many tens of layers thick. Above
1200 bar, a phase transformation to a single high pressure gel phase region takes place. In
the system DPPC/30 mol% cholesterol, the pressure-induced two-phase coexisting region
is observed over the whole pressure range covered. At these higher cholesterol concentra-
tions, the interbilayer swelling is reduced. At cholesterol concentrations of 50mol%, the
lipid main transition has disappeared and the d-spacing observed is almost independent
of temperature and pressure. As can already be deduced from this example, the incorpo-
ration of cholesterol, a major constituent of natural membranes, has a drastic effect on
the lipid bilayer conformation and phase behaviour. Even low cholesterol concentrations
lead to phase coexistence regions. Contrary to those of the phospholipid mixtures shown
above, no large-scale concentration fluctuations are observed in the two-phase coexis-
tence regions, as shown by neutron scattering experiments applying the H/D contrast
variation technique.

Additional measurements of the acyl chain orientational order of the lipid
bilayer system by measuring the steady-state anisotropy rss of the fluorophore
l-(4-trimethylammonium-phenyl)-6-phenyl-l,3,5-hexatriene (TMA-DPH) clearly demon-
strated the ability of sterols to efficiently regulate the structure, motional freedom and
hydrophobicity of biomembranes [66]. The pressure dependencies of rss of TMA-DPH la-
beled DPPC and DPPC/cholesterol are shown in fig. 15. rss of pure DPPC at T - 50 °C
increases slightly up to about 400 bar, where the pressure-induced liquid-crystalline-to-
gel phase transition starts to take place. Since rss reflects the order parameter of the
upper acyl chain region, these results indicate that increased pressures cause this region
to be ordered in a manner similar to that which occurs on decreasing the temperature.
Addition of increasing amounts of cholesterol leads to a drastic increase of rss values
in the lower pressure region, whereas the corresponding data at higher pressures in the
gel-like state of DPPC are slightly reduced. For concentrations above about 30mol%
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Fig. 15. - Pressure dependence of the steady-state fluorescence anisotropy rss of TMA-DPH in
DPPC/cholesterol unilamellar vesicles at different sterol concentrations (T = 50 °C).

cholesterol, the phase transition can hardly be detected any more. At a concentration
of 50 mol% cholesterol, rss values are found to be almost independent of pressure up to
1 kbar. These results and further FT-IR pressure studies [22] clearly demonstrate the
ability of sterols to efficiently regulate the structure, motional freedom and hydrophobic-
ity of biomembranes, so that they can withstand even drastic changes in environmental
conditions, such as in temperature and external pressure.

Incorporation of polypeptides. We also investigated the effect of the incorporation
of gramicidin D (GD) on the structure and phase behaviour of phospholipid bilayers
of different chain-lengths [67]. Gramicidin is a linear hydrophobic polypeptide antibi-
otic that forms specific channels in lipid membranes for the transport of monovalent
cations [68]. Bilayers containing this channel-forming polypeptide are often used as a
model for protein-lipid interaction studies. Pressure has been applied so as to be able to
finely tune the lipid chain-lengths and conformation. Infrared spectral parameters ob-
tained by FT-IR spectroscopy and data obtained from X-ray diffraction and 2H-NMR ex-
periments were used to detect structural changes upon incorporation of GD into DMPC,
DPPC and DSPC lipid bilayers. Analysis of the infrared amide I band frequencies allowed
us to determine the corresponding peptide structure adopted in the lipid environment.

Gramicidin is highly polymorphic, being able to adopt a wide range of structures
with different topologies. Common forms are the dimeric single-stranded right-handed
/36 3-helix with a length of 24 A, and the antiparallel double-stranded ft5 6-helix, being
approximately 32 A long. For comparison, the hydrophobic fluid bilayer thickness is
about 30 A for DPPC bilayers. The hydrophobic thicknesses of the gel phases are 4-
5 A larger. Depending on the GD concentration, significant changes of the lipid bilayer



HlGH PRESSURE EFFECTS IN MOLECULAR BIOPHYSICS 437

1000 2000 3000
p/bar

4000

Fig. 16. - Phase diagram of DPPC-GD (4.7mol%) in excess water as obtained from SAXS data
and FT-IR studies.

structure and phase behaviour were found, such as the disappearance of some of the
gel phases formed by the pure lipid bilayer systems and the formation of extensive two-
phase coexistence regions at higher GD concentrations. In the liquid-crystalline phases
of the phospholipid bilayers, generally more orientational order is induced in the lipid
molecules by the incorporation of GD. The peptide conformation is in turn influenced
by the lipid environment. Depending on the phase state and lipid acyl chain-length, GD
adopts at least two different types of quaternary structures in the bilayer environment,
a double helical "pore" and a helical dimer "channel". With regard to the changes of
the bilayer thickness at the main gel/fluid phase transition of DPPC and DSPC, we
showed that the conformational equilibrium of the peptide is changed. In gel-like DPPC
and DSPC bilayers the equilibrium of the GD species in the lipid bilayer is shifted in
favour of the double helical configuration [67]. These changes may be attributed to
the ability of the double helical conformation to tolerate more hydrophobic mismatch
than the helical dimer, perhaps due to increased numbers of stabilizing intermolecular
hydrogen bonds. Together with recently published results from FT-IR spectroscopic
studies we were able to construct a tentative T-P phase diagram for the DPPC-GD
(4.7mol%) mixture up to pressures of 4000 bar, which is shown in fig. 16. Gramicidin
insertion clearly has a significant influence on the lipid topology and phase behaviour. To
avoid large hydrophobic mismatch the lipid topology and dynamics is altered and broad
fluid-gel coexistence regions are formed. In these phase-separated regions, interfacial
adsorption, wetting layer formation and condensation phenomena may be operative.
This example clearly demonstrates not only that the lipid bilayer structure and phase
behaviour drastically depends on the polypeptide concentration, but also that the peptide
conformation can significantly be influenced by the lipid environment. No pressure-
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induced unfolding of the polypeptide is observed up to 10 kbar.
For large integral and peripheral proteins, pressure-induced changes in the physical

state of the membrane may lead to a weakening of protein-lipid interactions and they may
be released from the membranes. This phenomenon may form the basis of a new method
for extracting proteins from membranes. Disaggregation of lipid-protein assemblies by
high pressure would have the advantage of avoiding the addition of surfactants, and thus
favours the preservation of the native-like conformation of the isolated proteins. By using
high pressure extraction, it was possible, for example, to isolate protein kinase C and
other lipid-interacting proteins in complexes with essential lipid molecules [69].

2"6. Kinetics of phase transformations in lipid systems. - Phase transitions between
lipid mesophases must be associated with deformations of the interfaces which, very of-
ten, imply also their fragmentation and fusion so that not only the symmetry changes
but also the topology of the lipid organization. Depending on the topology of the struc-
tures involved, transition phenomena of different complexity are observed. In addition,
the transition rates and mechanisms depend on the level of hydration of the structures
involved and on the forces driving the transition. We used the synchrotron X-ray diffrac-
tion technique to record the temporal evolution of the structural changes after induction
of the phase transition by a pressure jump across the phase boundary [70, 71]. In the
following, we will discuss two representative examples.

Lamellar-lamellar transitions. First we present pressure jump experiments carried
out in DEPC-water dispersions to study the L/3-La main gel-to-fluid transition, which
occurs at Tin = 12 °C at ambient pressure and which has a pressure dependence of
dTm/dP = 20 °C kbar-1. Selected SAXS diffraction patterns at 18 °C after a pressure
jump from 200 bar (La phase) to 370 bar (Lp phase) are depicted in fig. 17. An inter-
mediate structure is clearly observable here. The first-order (001) Bragg reflection of
the initial La-phase (a = 66 A) vanishes in the course of the pressure jump (< 5ms).
The first diffraction pattern collected after the pressure jump exhibits a Bragg reflec-
tion of a new lamellar structure Lx with a slightly larger d-value, which increases with
time. The lattice constant of the Lp phase formed is 78 A. The transition is complete
after about 15 s. In equilibrium measurements, no such intermediate lamellar structure
is detectable.

Lamellar-nonlamellar transitions. Experiments for investigating the lamellar-Hn
transition kinetics have been performed, for example, on DOPE dispersions. The T-
P phase diagram of DOPE in excess water is depicted in fig. 7. Figure 17b shows the
diffraction patterns at 20 °C after a pressure jump from 300 to 110 bar. Clearly, the
(001) reflection of the LQ phase and the (10) reflection of the developing HII phase can
be identified. In this case, a two-state mechanism is observed. Interestingly, we find that
successive pressure jumps lead to an acceleration of the phase transition kinetics. The
half transit time decays from 8.5s for the first pressure jump to 5.3s after the fourth
jump. After the pressure jump, an induction period of several seconds is observed before
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Fig. 17. - Diffraction patterns of a) DEPC in excess water after a pressure jump from 200 to
370 bar at 18 °C, and b) of DOPE in excess water after a pressure jump from 300 to 110 bar at
20 °C.

the first Bragg reflections of the newly formed HH phase appear. Upon successive pres-
sure cycles, this induction period decreases. An explanation for this phenomenon might
be the formation of defect structures, such as inverted intermicellar intermediates [52,53],
which are formed during the pressure cycles and which have not healed between succes-
sive pressure cycles. This observation also shows that the history of sample preparation
plays an essential role in this kind of studies. It has been found that with increasing pres-
sure jump amplitude the induction period decreases and the rate of phase transformation
increases.
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Generally, as has also been found in studies of pressure- and temperature-jump-
induced phase transitions of other systems [70-73], these results show that the relaxation
behaviour and the kinetics of pressure-induced lipid phase transformations depend dras-
tically on the topology of the lipid mesophase, and also on the temperature and the
driving force, i.e., the applied pressure jump amplitude AP. Often multicomponent ki-
netic behaviour is observed, with short relaxation times (probably on the nanosecond to
microsecond time-scale) in a burst phase referring to the relaxation of the lipid acyl chain
conformation in response to the pressure change, which leads to the small changes in the
observed lattice constants right after the pressure jump. The longer relaxation times
measured here are due to the kinetic trapping of the system. In most cases the rate of
the transition is limited by the transport and redistribution of water into and in the new
lipid phase, rather than being controlled by the time required for a rearrangement of the
lipid molecules. This can be inferred from the lattice relaxation experiments performed
in the lipid one-phase regions and by modelling the data using simple hydrodynamics.
The obstruction factor of the different structures, especially in cases where nonlamellar
(hexagonal and cubic) phases are involved, controls the different kinetic components.
In addition, nucleation phenomena and domain size growth of the structures evolving
play a role. In many cases (e.g., DEPC, DMPC-MA) a disgression of the mechanism
of phase transformation observed under slow-scanning equilibrium conditions appears
under high free energy gradients (here large pressure jump amplitudes), and the high
driving force drives the system through a correlated ordered intermediate state. In cases
where the transition occurs without change in water content within the mesophase, such
as in the intercubic QnG —> QnD transition of the system DLPC-LA (1:2) at a fixed wa-
ter composition of 50 wt%, the kinetics is faster [74]. As mechanism for this cubic-cubic
transformation a stretching mechanism has been proposed whereby each 4-fold junction
in the QnD phase is formed by bringing together two 3-fold junctions in the QnG phase.

We conclude that pressure work on model membrane and lipid systems can yield a
wealth of enlightening new information on the structure, energetics and phase behaviour
of these systems and on the transition kinetics between lipid mesophases.

3. — Pressure effects on protein structure

It has long been known that the application of hydrostatic pressure results in the
disruption of the native protein structure [75] due to the decrease in the volume of the
protein-solvent system upon unfolding. Pressure denaturation studies thus provide a
fundamental thermodynamic parameter for protein unfolding, the AV°, in addition to
an alternative method for perturbing the folded state, and thus extracting its stability.
A number of reviews on effects of pressure on proteins discuss these volume changes in
greater detail [76–80]. At present, denaturation is usually studied at atmospheric pressure
using high temperature, guanidinium hydrochloride or urea as denaturants. However, in-
terpretation of the results obtained using such methods is complicated by the facts that:
1) varying the temperature changes both the volume and the thermal energy of the system
at the same time, and 2) the thermodynamic parameters of denaturation by guanidinium
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chloride or urea are influenced by the binding of these molecules to proteins. By contrast,
if denaturation is induced at constant temperature in the absence of chemical denatu-
rants, one can try to describe the change in protein Gibbs free energy as a function of the
interatomic distances in the protein molecule which, in turn, are changed by variations
in applied pressure. The use of pressure is also advantageous from a methodological
point of view: the transition to native conditions (renaturation) is achieved simply by
releasing the pressure. In general, the effects of pressure on proteins are reversible, and
only seldom are they accompanied by aggregation or changes in covalent structure. The
net volume change on denaturation comprises the effects of disruption of noncovalent
bonds, changes in protein hydration and conformational changes. The incompressible
volume of covalent bonds maintains a volume that does not change on unfolding, and the
reduction in the net volume seems to be predominantly the result of the disappearance
of solvent-inaccessible voids inside the protein (see C. Royer in [3]).

The fundamental understanding of the process of the folding of proteins to their native
state has fascinated researchers for decades and remains one of the most interesting and
challenging issues in modern biophysics. One experimental approach to understand the
folding process is to characterize the nature of the barrier to folding or unfolding and
the corresponding transition state. In this respect, pressure studies are also of particular
use. Moreover, pressure studies present an important advantage due to the positive
activation volume for folding, the result of which is to slow down folding substantially, in
turn allowing for relatively straightforward measurements of structural order parameters
that are difficult or even impossible to measure on much faster timescales.

As an example, we present data on the pressure-induced unfolding and refolding of
Snase. This protein has served as model for protein folding because it is small and has
a well-known native structure. These studies were performed using synchrotron small-
angle X-ray scattering (SAXS) and Fourier-transform infrared spectroscopy (FT-IR),
which monitor changes in the tertiary and secondary structural properties of the protein
upon pressurization or depressurization.

3'1. Experimental techniques. - Details of the experimental techniques are discussed
elsewhere [81–83]. Briefly, the SAXS experiments were performed at synchrotron X-ray
beamlines, such as the ESRF or APS. The scattering data are presented as a function
of momentum transfer Q = (47r/A)sin# (20 scattering angle, A wavelength of radiation).
The overall conformation of the protein can be obtained by measuring its radius of gy-
ration Rg and pair distance distribution function p(r}. The pair distance distribution
function p ( r ) , which depends on the molecular particle shape and on the intra-particle
scattering distribution, is given by the indirect Fourier transform of the measured scat-
tered intensity [84]. For a particle of uniform electron density, it is given by

1 f 00

(3.1) p(r) = ^2 y f(Q)Qr sin(Qr) dQ.

The function p(r) represents the frequency of vector length r connecting small volume
elements within the volume of the scattering particle, that is, the protein molecule, with
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maximum dimension Dmax. As the use of the Guinier approximation for the determi-
nation of the radius of gyration, Rg, might lead to errors caused by concentration or
aggregation effects, we used the normalized second moment of the pair distance distri-
bution function for calculation of Rg:

.
e 2j0

D-"p(r)dr

High pressure FT-IR spectra were recorded with a Nicolet Magna 550 spectrometer
equipped with a liquid nitrogen cooled HgCdTe-detector [82]. Powdered a-quartz was
placed in the hole of the steel gasket of a diamond anvil cell and changes in pressure
were quantified by the shift of the quartz phonon band at 695cm"1. The protein was
dissolved in D2O containing bis-Tris buffer. To ensure complete H/D exchange, the
protein solution was heated up to a temperature close to its denaturation temperature
for one hour and then stored overnight at room temperature. Fourier self-deconvolution
was performed with a resolution enhancement factor of 1.8 and a bandwidth of 15cm-1.
The fractional intensities of the secondary structure elements were calculated from a
bandfitting procedure assuming Gaussian-Lorentzian line shape functions.

Besides the techniques presented here, several further techniques are used to study
structural and dynamic properties of proteins under high pressure, in particular various
UV/visible, fluorescence spectroscopy and NMR techniques. They are described in detail
inrefs. [3,76–80,85].

3'2. Equilibrium studies of protein denaturation. - Staphylococcal nuclease (Snase)
is a small protein of about 17.5 kDa containing 149 amino acids and no disulfide bonds.
In the crystalline state the protein contains 26.2% helices, 24.8% /3-sheets (barrel), 7.4%
extended chains, 24.8% turns and loops, and 8.7% unordered chains (8.1% are uncer-
tain) . Analysis of the high pressure S AXS data reveal that over a pressure range from
atmospheric pressure to approximately 3 kbar, the radius of gyration Rg of the protein
increases from a value near 17 A for native Snase twofold to a value near 35 A (fig. 18).
A large broadening of the pair distribution function p(r) is observed over the same
range, indicating a transition from a globular to an ellipsoidal or dumbbell-like structure
(fig. 19, [82]).

Deconvolution of the FT-IR amide I' absorption band (fig. 20) reveals a pressure-
induced denaturation process over the same pressure range as the SAXS that is evidenced
by an increase in disordered and turn structures and a drastic decrease in the content
of /5-sheets and a-helices (fig. 21). The pressure-induced denatured state above 3 kbar
retains nonetheless some degree of /3-like secondary structure and the molecules cannot
be described as a fully extended random polypeptide coil, which is in accord with the
SAXS results.

There are many indications that the conformation of a protein denatured by pressure
is more compact than that of a protein denatured by temperature or chemical agents. A
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Fig. 18. - Apparent radius of gyration Rs of Snase (1% (w/w), pH 5.5) as a function of temper-
ature and pressure (at T — 25 °C).

growing body of experimental evidence shows that, according to the characteristic struc-
tural features (the presence of secondary structure and the absence of well-organized
tertiary structure), pressure-denatured proteins resemble "molten globules" type struc-
tures. This does not seem too surprising, as pressure is known to favour the formation of
hydrogen bonds, which maintain the secondary-structure network, but is unfavourable
for hydrophobic interactions, which are predominantly responsible for maintaining the
tertiary structure of a protein. The idea is supported by recent theoretical results which
suggest water penetration into the protein interior as a likely mechanism for pressure-
denaturation of proteins due to a weakening of hydrophobic interactions, as opposed to
the temperature-induced unfolding process [86]. Formation of molten globule-like struc-
tures under pressure have been suggested for other proteins, including lysozyme, arc
represser and ribonuclease [78–80, 87].
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Fig. 19. - Pair distance distribution function p(r) of Snase (1% (w/w), pH 5.5) at selected
pressures (T = 25° C).
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Fig. 20. - Deconvoluted FT-IR spectra of Snase (5% (w/w), pH 5.5) a) as a function of pressure at
25 °C and b) as a function of temperature (band assignment: 1611 cm - 1 side chains, 1627cm-1

/3-sheets, 1651cm-1 a-helices, 1641/1659/1666 cm - 1 disordered structures/turns).
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Fig. 21. - Temperature and pressure effect on the areas of the bands associated with ,5-sheets,
disordered/turn structures and a-helices of Snase at pH 5.5 and 25 °C.

Assuming the pressure-induced unfolding transition of Snase to occur essentially as
a two-state process, analysis of the FT-IR pressure profiles yields a Gibbs free energy
change for unfolding of AG° = 17 ± 4kJ/mol and a volume change for unfolding of
AVjf = —80 ± 20mL/mol at ambient temperature and pressure. According to fig. 22,
heat denaturation sets in at 48 °C and cold denaturation would occur around —13 °C
at ambient pressure [83]. For comparison, temperature-induced denaturation involves
a further unfolding of the protein molecule which is indicated by a larger Rg-value of

-20 -10 10 20
T/°C

30 40

Fig. 22. - Temperature dependence of the equilibrium Gibbs free energy change AG° of Snase
upon unfolding.
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Fig. 23. - P-T phase diagram of Snase at pH 5.5.

45 A (fig. 18), and significantly lower fractional intensities of IR-bands associated with
secondary structure (fig. 20b).

Recently we have also characterized the temperature- and pressure-induced unfolding
of Snase using high precision densitometric measurements [88]. At 45 °C we calculate a
decrease in apparent molar volume due to pressure-induced unfolding of —55 cm3 mol-1.
The threefold increase in compressibility upon unfolding reflects a transition to a partially
unfolded state, which is consistent with our results obtained for the radius of gyration of
the pressure-denatured state of Snase.

The pressure midpoints at several temperatures obtained from the FT-IR and SAXS
profiles are plotted as a phase diagram in fig. 23 [81, 82]. It exhibits the curvature
which is typical of heat and cold denaturation of many monomeric proteins [3, 6–10,76–
80, 85]. The phase diagram will certainly depend on the individual protein secondary
structural composition and will be more complicated for larger protein systems. Also
additional regions in the phase diagram may appear, such as an extended region at high
temperatures where aggregation occurs. One must also be aware of the fact that the
unfolded states in the P, T-plane can be of considerable different structure, and that
long-lived metastable phases may occur. Interestingly, pressure-temperature stability
diagrams of bacteriophages, and even bacterial cells, may be described by diagrams
similar to that shown for proteins in fig. 23 [2, 3, 6, 7, 9]. There is also some evidence that
sol-gel transitions of polysaccharides exhibit similar phase diagrams to those obtained
for proteins [6].

3'3. Kinetic studies of the un/refolding reaction of proteins. - By crossing the phase
boundary applying a pressure jump, the folding and refolding kinetics can be studied.
As can be seen in fig. 24, the rapid decrease of pressure for a solution of Snase at 25 °C
from for example 4000 bar (denaturing conditions) to 800 bar (native conditions) results
in a relatively rapid decrease in the value of the radius of gyration, Rg, from near 29
to 18 A [81]. The observed pressure jump relaxation profile for the decrease in Rg fits
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Fig. 24. - a) Time evolution of the radius of gyration Rg after a negative pressure jump from
4000 bar (denaturing conditions) to 800 bar (native conditions). The fit of data to a single
exponential decay function (line) yields a time constant of 4.5 s. b) Time dependence of the
increase in Rg after a positive pressure jump from 1500 bar (near native conditions) to 3000 bar
(denaturing conditions). The fit of the data to a single exponential function (line) yields a time
constant of 14 min.

well to a single exponential decay with a time constant r of 4.5 s. No burst phase is
apparent in the profiles of Rg, demonstrating the absence of any significantly populated
collapsed intermediates in the refolding reaction of Snase under pressure. In contrast, a
positive pressure jump at 25 °C from 1500 bar (near-native conditions) to 3000 bar (fully
denaturing conditions) results in a very slow relaxation of Rg from 20 to 31 A. Complete
relaxation is only observed after 1 h. As for the negative pressure jumps, the positive
pressure jump profile is well fit by a single exponential function, with a much longer time
constant of r = 14 min. No evidence for an intermediate form is apparent in the time
evolution of the pair distance distribution function, consistent with the single exponential
profiles for the evolution of Rs.

We find that the activation volume for folding is large and positive (57±4 mL/mol) and
that for unfolding seems to be small and negative (—23 ± 3 mL/mol) [83]. The volume
of the protein solvent system in the transition state is thus significantly larger than in
the unfolded state and somewhat smaller than in the folded state, so that the transition
state lies closer to the folded than to the unfolded state in terms of system volumes.
The present pressure jump SAXS and FT-IR data, along with previous fluorescence
pressure jump results [81,89,90], provide strong evidence for a two-state folding/unfolding
model for Snase under pressure, in that secondary structure, chain collapse and tertiary
structure all exhibit relaxation profiles on similar timescales. Thus, changes in these three
order parameters appear to depend upon the same rate-limiting steps for unfolding and
folding. The positive activation volume for the folding process, which is responsible for
the large increase in the relaxation time with pressure (allowing us to observe this process
without resorting to ultrafast methods), implicates dehydration in the rate-limiting step
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for folding. Our results for this small, fast folding protein conform relatively well to the
type-I scenario of the funnel model [91], i.e., a relatively smooth funnel topology. In such
cases, the folding rate is simply determined by the barrier height. It will be of interest to
incorporate into the funnel model the observed pressure-induced decrease in the folding
rate for this protein and for other protein systems studied.

This study of the time-dependence of chain collapse in pressure-induced fold-
ing/unfolding reactions demonstrates that novel information about the nature of pro-
tein folding transitions and transition states can be obtained from a combination of high
sensitivity small-angle X-ray scattering and spectroscopic techniques with the high pres-
sure perturbation. The stage is now well set for further work addressing more complex
questions, such as the study of the folding reaction of oligomers and protein complex for-
mation as well as for studies of aggregation phenomena, such as in /?-lactoglobulin [92]
where denatuation results in gel-like aggregates. Only a few studies have been performed
in this direction so far. At pressures of 4-8 kbar, most small monomeric proteins unfold
reversibly. Oligomeric proteins and multiprotein assemblies often dissociate into indi-
vidual subunits already at pressures of 1-2 kbar. The effect of pressure in promoting
dissociation may be explained by the imperfect packing of atoms at the subunit inter-
face, and negative volume changes resulting from the disruption of hydrophobic and ionic
bonds in the intersubunit region. After dissociation by pressure, subunits may undergo
further conformational changes. It has also been pointed our recently that pressure stud-
ies might lead to a better understanding of the interactions that lead to aggregation and
will thus enhance our ability to design inhibitors and therapeutics for aggregation-driven
diseases [93,94].

4. — Exploitation of pressure effects in biotechnology and molecular biology

High hydrostatic pressures have already been exploited in diverse areas of biotech-
nology, including biomolecular product extraction, modifying the catalytic behaviour of
enzymes, altering the metabolism and gene expression of microorganisms, and in food
processing [6]. Some of these areas are briefly touched in the following.

Reasons for pressure-induced changes in the rate of enzyme-catalysed reactions may
be classified into three main groups: 1) changes in the structure of the enzyme, 2) changes
in the reaction mechanism, and 3) the effect of a particular rate-determining step on the
overall rate. For example, the hydrolysis of an anilide in reversed micelles, catalysed by
a-chymotrypsin, shows a negative value of AV^. Consequently, an increase in pressure
from atmospheric pressure to 2 kbar results in a sevenfold increase in the reaction rate.
By contrast, hydrolysis of an ester by a-chymotrypsin has a positive value of AV^, and
an increase in pressure thus leads to a more than tenfold deceleration in the rate of
reaction ([6], N. Klyachko in ref. [3]).

Further opportunities for manipulating reaction rates by altering pressure arise from
the use of organic solvents as media for enzyme reactions. Catalysis in organic media is
very sensitive to the hydration of enzymes which, among other factors, can be influenced
by pressure. An additional exciting area of biotechnological research into the use of
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elevated pressure is biocatalysis in supercritical fluids. Carbon dioxide, the most widely
used supercritical fluid, dissolves many enzyme substrates that are poorly soluble in
water. High pressure is necessary to generate the supercritical state, and can also be
used in the control of properties such as specificity and enantioselectivity [6].

As 70% of the Earth is covered by the ocean, a substantial proportion of all living
organisms has to cope with considerable hydrostatic pressures of hundreds of bar. Many
surface-dwelling bacteria are able to grow, albeit slowly, at pressures of up to 600 bar [5,
6]. Above that pressure, however, growth seems to cease as a result of the inhibition
of protein synthesis and the occurrence of abnormal phenomena, such as formation of
filaments and disorganization of the cytoplasm. Although the occurrence of bacteria in
the deep sea has been known for more than a century, the first barophilic bacterium
(defined as an organism that grows well at pressures above 400 bar) was isolated only in
1979 by Yayanos et al. [95]. Bacteria adapted to such an extreme environment as present
in the vicinity of hydrothermal vents in the deep sea are able to grow at 105 °C and
200-400 bar [2]. Their properties could prove valuable in the future, in biotechnological
processes where a combination of high pressure and high temperature is required if the
desired product is to be obtained in sufficient yield. Very recent DAC studies have shown
that some bacteria (S. oneidensis and E. coli) can thrive at over an order of magnitude
higher pressure [96] (see Hemley and Mao, this volume, p. 31).

The rationale behind the use of high pressure instead of high temperature in food
processing is the improved preservation of food taste, flavour and colour [4, 6, 7]. This
is based on the stability of the covalent structures of proteins, saccharides, vitamins,
lipids and pigments to high pressures, in contrast with their relative instability towards
increased temperatures. One of the most important roles played by pressure here is
sterilization. Recent studies of the effects of high hydrostatic pressure on microorgan-
isms of food showed that short-term treatment with pressures of several kbar reduces
the bacterial content in foods by several orders of magnitude. Microorganisms differ
significantly in their ability to withstand pressure: bacterial spores and some viruses are
among the most resistant and can survive pressures higher than 10 kbar. By analogy to
pasteurization, these sterilization procedures are also termed "pascalization". Improved
high-pressure food processing methods may result from the possibility of operating at
temperatures below 0°C without freezing.

We conclude that pressure work on biomolecular systems can yield a wealth of en-
lightening new information on their structure, energetics, phase behaviour and on their
transition kinetics, and might promise fulfillment of the challenge set forth by W. Kauz-
mann when discussing thermodynamics of unfolding of proteins: "Until more searching
is done in the darkness of high-pressure studies, our understanding of the hydropho-
bic effect must be considered incomplete" [97]. Ambitious goals, based on the rational
modification of molecular structure-function relationships by pressure, still await a more
detailed understanding of the effects of pressure at a molecular level, which is at the
heart of high pressure biophysics.
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Abbreviations

PC phosphatidylcholine,
PE phosphatidylethanolamine,
PS phosphatidylserine,
FA fatty acid,
LA lauric acid,
MA myristic acid,
PA palmitic acid,
SA stearic acid,
MO monoolein,
ME monoelaidin,
GD gramicidin D,
DMPC l,2-dimyristoyl-sn-glycero-3-phosphatidylcholine (di-Ci4:o),
DMPS l,2-dimyristoyl-sn-glycero-3-phosphatidylserin (di-Ci4:o),
DTPE l,2-ditetradecyl-sn-glycero-3-phosphatidylethanolamine (di-Ci4:o),
DPPC l,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (di-Ci6:o),
DPPE l,2-dipalmitoyl-sn-glycero-3-phosphatidylethanolamine (di-Ci6:o),
DSPC l,2-distearoyl-sn-glycero-3-phosphatidylcholine (di-Cig:o)i
DOPC l,2-dioleoyl-sn-glycero-3-phosphatidylcholine (di-Ci8:i,cis),
DOPE 1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine (di-Cig:i,Cis),
DEPC l,2-dielaidoyl-sn-glycero-3-phosphatidylcholine (di-Ci8:i,trans),
POPC l-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (Ci6:OiCi8:i,Cis),
egg-PE egg-yolk phosphatidylethanolamine,
Snase staphylococcal nuclease.
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1. — Introduction

Molecular crystals are a class of soft solids characterized by two kinds of interactions
of considerable difference in strength. Indeed, at ambient pressure the intramolecular in-
teractions responsible for the covalent bonding and therefore the molecular stability are
much stronger than the weak van der Waals intermolecular forces, making these systems
highly compressible. The application of suitable external pressures induces a progressive
reduction of the intermolecular distances, forcing the corresponding interactions to in-
crease and to become highly repulsive. Under these conditions the internal bonds become
unstable and can rearrange to minimize the energy of the system, so that physical and
chemical changes can occur at the molecular level. In general, these processes are not
reversible and a product can be recovered at ambient conditions.

Reactions involving unsaturated compounds are accelerated by pressure, being gen-
erally characterized by negative activation volumes. Also, crystals consisting of such
molecules are expected to be particularly unstable at high pressure, ready to react and
producing saturated and denser materials. The transformations take place in the pure
systems as bulk solid reactions without the participation of catalysts or solvents, and the
products can be different or exhibit distinct properties as compared to substances ob-
tained in zero-pressure reactions of the same material. Since diamond anvil cells (DAC)
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generate pressures ranging from few kbar up to hundreds of GPa, chemical transforma-
tions can be induced using these devices, even in very stable systems such as simple
aromatic molecules. This paper deals with the transformations occurring in these ex-
treme conditions.

The high pressure reactivity of unsaturated molecules has been reported for several
crystals. Chemical transformations have been observed to develop either at constant
pressure as a function of time, or in stages (apparently time independent) with increas-
ing pressure. Reactions characterized by a constant pressure kinetics have been reported
for very simple molecules like cyanogen [1, 2], cyanoacetylene [3], acetylene [4–7] and bu-
tadiene [8]. These transformations start at relatively low pressure, from few kbars in
butadiene up to 4–6 GPa in the other cases, with ordered polymeric compounds gen-
erally claimed as products. For more stable molecules, like the aromatic species, the
reaction occurs in stages and at higher pressures. In the latter case, the products are
in general disordered systems, described as reticulated compounds composed of highly
branched polymeric units [9–11]. The factors that determine the reaction path and the
properties of the product are the molecular geometry and the relative orientations and
distances among the molecules in the crystal. Besides steric and topological factors,
also mechanical deformations have been demonstrated to trigger transformations in the
condensed state by considerably lowering the pressure and increasing the rate of the re-
action [12]. Nevertheless, these qualitative considerations are not able to provide insight
into the mechanisms that underlie the formation of active centers, the stage of primary
importance for the selectivity of the reactions. As a matter of fact, molecular motions and
distortions are expected to be relevant in the nucleation step; these effects are strictly cor-
related to the vibrational and electronic properties of the crystal. Information concerning
these aspects can be obtained only by considering the pure pressure effects together with
investigations of photochemical and temperature-induced processes. Experiments where
photochemical effects can be clearly ruled out are infrequent since Raman spectroscopy
is one of the techniques commonly employed in this kind of studies. Furthermore, even
when not interfering techniques are employed (e.g., FTIR spectroscopy), laser irradia-
tion is not completely avoided since it is often necessary for pressure calibration by ruby
fluorescence.

Another crucial point of the study of chemical reactions under very high pressure
conditions lies in the difficulty of performing constant pressure measurements, which
are mandatory for obtaining kinetic information on the transformation process. In fact,
as the polymerization reaction proceeds under constant load, the formation of denser
material produces a decrease in the sample pressure with a consequent alteration of the
reaction rate; this can prevent a reliable determination of the kinetic parameters. The
analysis of the kinetic curves, besides providing the activation enthalpy AH$ and the
activation volume AV*, can give, according to the available models, precise information
on the geometry and the mechanism of the growth process.

The aim of this paper is to review the spectroscopic investigations of chemical re-
actions involving very simple molecules in condensed phases in the diamond anvil cell.
The systems of interest will be described according to the following division: crystals
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of aromatic molecules that transform only at very high pressure and with no detectable
kinetic behavior, and crystals of simple unsaturated molecules presenting only one or two
reactive centers and giving low pressure reactions characterized by measurable kinetics.
In this latter case the production of ordered polymers is generally claimed.

2. — Experimental techniques

The spectroscopic techniques applied to the study of chemical reactions in the DAC
are mainly vibrational, i.e. Raman and FTIR spectroscopy. Raman spectroscopy has
been widely employed in the study of molecular systems at very high pressure due to
the relatively simple experimental requirements: the facility to handle the DAC with
cryogenic or warming devices to study reactions at different temperatures, and the lack
of spectral limitations (fluorescence excluded) provided by the diamonds. The problems
associated with the employment of this technique are due to the visible laser light ab-
sorption as a consequence of the typical red shift of the electronic states of the sample
with pressure. This is even more important in those systems where the reaction pro-
duces an extended conjugation (polyacetylene). Furthermore, multiphoton absorption
processes can also take place at relatively low laser power and can therefore occur also
at low pressure (e.g., when Ar ion laser emissions are utilized as excitation lines). Pro-
cesses associated with light absorption can play a twofold role: entering in the nucleation
process through the creation of active centers, or directly in the propagation mechanism
accelerating the transformation processes or creating new pathways by means of which
the reaction develops.

FTIR spectroscopy is by far the best approach to the study of chemical reactions in
the DAC. The measurement technique does not interfere with the reaction since pho-
tochemical effects are ruled out. During experiments at constant pressure the sample
thickness is assumed to be fixed, and the measurement of the absorption bands is there-
fore a direct determination of the amount of transformed material allowing very precise
kinetic studies. The main limitations lie in the coupling of the DAC to FTIR spectrome-
ters: low source intensity (poor signal-to-noise ratio, length of time of the measurements),
access to the far-IR region (10–500cm-1), the difficulty to measure the local pressure
and to perform low temperature experiments. All these limitations are reduced when
a synchrotron source is available, but they can be overcome in varying degrees with
conventional sources. A solution is represented by the insertion of an optical beam con-
denser in the sample region of the spectrometer [13]. Cassegrain objectives or ellipsoidal
mirrors [14] can produce demagnification factors better than one order of magnitude,
making the focused source image comparable to the gasket dimensions. The IR radi-
ation throughput is high enough to allow rapid measurements (few minutes) both in
the far- and mid-infrared regions. The sample chamber can be properly modified to
accommodate the cold tip of a close-cycle or flux cryostat allowing infrared experiments
between 10 and 300 K. Since all the spectrometers operate under vacuum or nitrogen
atmosphere, a remote control of the internal pressure is mandatory, favoring the employ-
ment of membrane (diaphragm) type DAC [15] rather than a mechanically controlled
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cell. The last problem to be solved with this experimental arrangement is the local pres-
sure determination. The ruby fluorescence method can be applied by bringing few mW
of laser light on the DAC through a periscope inserted on the optical path of the instru-
ment. The ruby fluorescence is collected backward and directed (taking advantage of the
same focusing optics and of an external microscope) to a dedicated monochromator. The
same microscope is employed for visual observation of the sample inside the DAC [13].

As already mentioned, electronic absorption bands typically undergo a red shift with
increasing pressure, complicating pressure determination by means of the ruby fluores-
cence method. This is particularly important in conjugated systems where laser power
of less than 1 mW can be high enough to interfere with pressure-induced reactions. Al-
ternative pressure sensors for infrared experiments, based on the employment of ionic
molecular salts having strong vibrational bands, were suggested by Klug et al. [16]. Solid
solutions containing 0.3–0.5% in weight of NaNO2 in NaBr were successfully tested. The
vibrational band of interest is the antisymmetric stretching of the NO^~ group (1/3 mode)
at 1279cm-1. This band is quite narrow also at high pressure (F < 20cm -1) and its
position strongly depends on pressure. The other infrared lines of the nitrite ion are
weaker and not visible in the spectrum at these concentrations. These sensors were cal-
ibrated by Klug et al. [16] up to 18.6 GPa by means of the ruby fluorescence technique.
This analysis was later extended to higher pressure (across a phase transition of NaBr
at 29 GPa) making this method reliable at least up to 50 GPa (see fig. 1) [6].

The pressure evolution was fitted according to the law

(1) P = 0.376Ai/ - 0.277A*/e-(Al//255),

where Ai/ = i/ — I/Q is the frequency shift of the NO^ vibron line with respect to the
zero-pressure value (^0 = 1278.67cm"1). Furthermore, the v3 frequency changes with
temperature at ambient pressure at a rate of 0.01 cm -1/K between 2 and 300 K, so that
eq. (1) can be confidently used also in low temperature experiments.

3. — Kinetics

Information on the reaction kinetics is obtained by reporting the integrated peak
areas of spectra measured in constant pressure experiments as a function of time. The
rate curves, drawn according to this procedure, can be separated into three characteristic
regions corresponding to the nucleation, growth and termination step of the reaction (see
fig. 2). The curves have a sigmoidal shape due to the different velocities of the three
processes.

The first step is missing when activated nuclei are already present at the beginning
of the transformation or when their lifetime is much shorter than the measurement time.
The second part of the curve, representing the growth step, corresponds to the rapid
propagation of the reaction involving the molecules closest to the reactive centers. The
final stage occurs when the rate of the transformation slows as the unreacted material is
consumed.
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Fig. 1. - Pressure evolution of the IR absorption spectrum in the region of the v3 stretching
mode of the NO^" ion. In the inset, the experimental frequency shift with respect to the ambient
pressure value is reported together with the best fit drawn according to eq. (1).

We are interested in reactions where the nuclei are formed by the direct reaction of
a couple of molecules. If a stable dimer is not formed in this process, the product is
a diradicalic unit that represents the reactive seed responsible for the propagation step
through the pristine material. The two processes are expected to be characterized by
two different rates, with the nucleation step in general being the limiting one. Many
models have been formulated to deal with the nucleation of the product at active sites
and with the following growth of the nucleated particles [17]. A general model that has
been adopted in different cases was developed by Avrami [18] to model crystal growth
from the liquid phase. In this model the nuclei of the new phase are already present and
the general equation developed to describe the propagation step is of the form

(2) In
l-x

= ktr

Here, x is the fraction of reaction product at time t, k can be assimilated with the rate
constant, and n is a parameter, that depends on the reaction mechanism, the nucleation
rate and the geometry of the nuclei. The Avrami equation can also be presented in a
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Fig. 2. - Kinetic evolution of the integrated area of the C—H bending mode of the polymer
measured in the acetylene crystal reaction at 4 GPa. The three typical reaction intervals can be
observed: nucleation step for times close to 0; the rapid propagation or growth step (5–30h);
and the termination step (t > 30h). The dotted line is the fit of this evolution according to
eq. (2).

linear form by taking the natural logarithm of eq. (2):

(3) In [ — ln(l — x)] = ln(k) + n ln(t).

According to this formulation, the evolution of the double logarithm of the product
amount as a function of ln(t) is fitted by a linear law and the k and n parameters can be
directly obtained by least squares analysis. Depending on the n values three-, two- and
one-dimensional growth processes can be distinguished once the rate and the nature of
the nucleation process are known. A tentative summary of the different cases is reported
in the review of Hulbert [17].

4. — Chemical reactions involving aromatic molecules

Aromatic molecules are expected to be the most stable unsaturated systems under
high compression. The stability of the aromatic ring requires more severe pressure con-
ditions for the reaction, while the high molecular symmetry and the high electronic
delocalization do not allow the identification of preferential reactive centers. This was
pointed out early on by Drickamer and Frank [19] who showed the stability of pentacene
up to 30 GPa [20]. Following this study several other aromatic systems were tested with
a particular attention given to benzene [9-11,21-26], and to the simplest heteroaromatic
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molecules like thiophene [27] and most recently furan [28]. All these solids react irre-
versibly between 8 GPa (thiophene) and 25 GPa (benzene) to give products that can be
recovered at ambient conditions. It is well known that the reaction pressures can be
considerably lowered by the application of dynamic shearing [12], and very recently it
was shown that laser absorption also plays a similar role [26]. The recovered products
are conventionally called polymers but their spectroscopic characterization shows that
disordered cross-linked materials are generally obtained. In the following, we will review
spectroscopic studies on the simplest aromatic systems. A particular attention will be
devoted to benzene, which is also the molecular crystal whose reactivity under pressure
has been most extensively investigated.

4'1. Benzene. — Irreversible chemical reactions have been observed in solid benzene
on increasing pressure and temperature. At 4 GPa and 870 K benzene transforms into
a black graphitic material [21, 23]. As the pressure is increased further, the reaction
temperature decreases and a friable and colorless compound is obtained at 670 K between
6 and 11 GPa. An yellow-orange product is recovered when the reaction is induced at
lower temperatures and higher pressures. The differences between the two compounds
were not investigated but both products were identified as disordered materials.

The reaction was studied at room temperature by following the evolution of the
IR spectrum in the C—H stretching region up to 30 GPa [9]. At 21 GPa the onset of
the transformation process was indicated by the appearance of a broad band in the
C—H stretching region due to sp3 carbon atoms. The infrared analysis was recently
extended up to 52 GPa covering the entire vibrational spectrum, including the lattice
modes region [24, 25]. The occurrence of a chemical reaction starting at 23 GPa was
confirmed by this study. The transformation was found to be completely tuned by
pressure, and no rate information was obtained (no changes were evident by monitoring
the transformation at constant pressure for several days). The reaction proceeds on
increasing pressure but no appreciable changes occur above 40 GPa, where the strongest
benzene bands, due to the v11, v19 and v13 (or v20) modes, are still visible up to the
higher pressure of the experiment. All the bands observed in the spectrum at 50 GPa
are extremely broad and structureless. On releasing pressure, the new peaks strongly
intensify while the benzene bands disappear; at zero pressure, the IR spectrum indicates
the complete transformation of benzene [25]. The presence in the recovered sample of sp3

carbon atoms, and the breadth of the relevant bands, were attributed to an opening of
the aromatic ring to form cross-linked saturated chains [9]. Thiery et al. [22] reproduced
the experimental frequency evolution with pressure of the Raman lattice phonons and
symmetric C—C and C—H stretching modes using an intermolecular Buckingham-type
interaction and an intramolecular force field which takes into account pressure effects
on the internal bonds [29]. In contrast, the frequencies of the doubly degenerate V6

and v10 modes, respectively a C—C—C in-plane and an out-of-plane C—H bending mode,
exhibit a pressure dependence softer than those calculated. This behavior was ascribed
to a distortion of the benzene molecule due to the mixing of the ground and of the
lowest triplet T 1 ( 3 B 1 u ) state with a consequent lowering of the symmetry to match the
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vibrational e2g pattern. The extension of this high pressure analysis to the IR-active
modes provided a further indication to which extent the symmetry and the nature of the
internal motions can trigger the high pressure reaction [24, 25]. Indeed, several IR modes
show a real softening at high pressure. In particular the frequencies of the components
of the v11 and v17, two out-of-plane C—H bending modes, decrease above 30–35 GPa. A
correlation between the frequency values of the vibrational modes in the first excited
state [30, 31] and in the high pressure crystal indicates that all the modes that show a
softening at high pressure exhibit a decrease of the frequency values larger than 10% in
the S1 ( l B 2 u ) state. On this basis, it was suggested that the distortion of the benzene ring,
which also occurs in the crystal at ambient conditions [32] and is expected to be larger on
increasing pressure, possibly matches the configuration of the lowest excited state [25].
A study of the electronic absorption spectrum confirms this conclusion, showing a very
rapid red-shift of the Si absorption edge when the pressure is increased [26].

An aspect of prime importance in the pressure-induced transformation of solid ben-
zene is the characterization of the recovered sample. In the room-temperature reaction,
the product has been reported to be white when the transformation is induced at low pres-
sure (P < 30 GPa) [9], and yellow-brownish when the pressure is as high as 50 GPa [25].
The two products are probably slightly different, as also indicated by their different IR
spectra. Spectra from ref. [9] possess bands due to the presence of oxygen; these bands
are not observed in the recovered samples of ref. [25]. In the former (low pressure) exper-
iment, the transformation of benzene is evidently incomplete and there is a consequent
reaction of the radicals with atmospheric water, oxygen and carbon dioxide. In contrast,
pressurization up to 50 GPa produces a complete transformation of the monomer, and
no free radicals are left after the decompression. No peaks are detected in the X-ray
diffraction pattern of the recovered sample, revealing an amorphous character and hence
suggesting its classification as amorphous hydrogenated carbon (a-CH) [25]. The IR spec-
trum of the recovered sample shows very broad bands supporting a disordered and highly
branched compound. The analogous spectrum of a-CH, obtained by chemical vapor de-
position (CVD) of benzene [33, 34] is identical above 1000cm-1, although a blue-shift of
50–100cm-1 is observed (see fig. 3) for the sample prepared at high pressure (HP). The
difference between the HP and CVD samples can be attributed to internal strains, as in-
dicated by the high residual pressure (~ 1.3 GPa) and by the distortion of the bandshape
of the characteristic fluorescence doublet measured on ruby embedded in the recovered
sample at ambient conditions [25]. The same effect can also be ascribed to the presence
of shorter olefinic chains in the HP sample, since the absorption frequencies of these
compounds move to the red as the chain length increases [35, 36]. Shorter olefinic chains
imply a high H/C ratio unless carbon clusters are present in the sample. These clusters,
of graphitic nature, can be revealed in the Raman spectrum by two bands at 1332 and
1580cm-1. The Raman spectrum of the HP sample does not show any band when both
the 514.5 nm (Ar+) and the 647.1 nm (Kr+) excitation lines were employed [9, 23, 25]; in
contrast, both bands are observed in CVD samples [37–39]. This result, together with
the high value of the optical gap (2.5eV), was interpreted as due to a greater and more
homogeneous hydrogen concentration with respect to the CVD sample [25]. The higher
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Fig. 3. - Comparison of the IR spectra of a-CH samples obtained by CVD and in high pressure
(HP) experiments.

hydrogen content indicates that the ratio between sp3 and sp2 carbon sites, to which the
mechanical properties are strictly connected, is higher than in CVD samples. This ratio
was estimated by the analysis of the integrated area of the C-H stretching bands, and
the results indicate that in the HP sample the concentration of sps sites is three times
that of sp2, indicating less graphitic character of this material as compared to the CVD
or radio frequency sputtering (RFS) samples, where this ratio is equal to two.

4'2. Furan. — Furan is an aromatic molecule consisting of a five-membered ring con-
taining one oxygen and four carbon atoms. The presence of the oxygen atom lowers the
stability of the ring; therefore, furan is expected to react at lower pressure than benzene
does. Furthermore, the oxygen atom breaks the equivalence of the ring positions and
can drive transformations and provide a probe of the reaction mechanism. At room tem-
perature, furan crystallizes into its phase IV around 1.5GPa [40]. The structure of this
phase is unknown but IR and Raman spectra indicate an orientationally disordered ar-
rangement as reported for the low temperature phase I [41]. Around 5 GPa, the splitting
of several internal modes, observed both in IR and Raman spectra, and the appearance
(in Raman) of lattice modes indicate a sluggish transition to an ordered phase [28]. This
high pressure phase, which is presumably coincident with the low temperature phase III,
is stable up to about 10 GPa, where a general intensity decrease of both Raman and
IR furan bands and the appearance of new broad bands (especially between 600 and
1450 cm - 1) is observed (see fig. 4).

The transformation monitored by means of the decrease of the furan bands and the
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Fig. 4. - IR spectra obtained during the compression step in the pressure-induced reaction of 
solid furan. 

growth of the new peaks assigned to the reaction products proceeds only with increasing 
pressure and no evolution of the reaction is observed at constant pressure, as observed for 
benzene. The transformation is complete at 25GPa as indicated by the loss of the char- 
acteristic peaks of furan [28]. Two peaks dominate the IR spectrum. The first, centered 
at llOOcm-', is very broad and only weakly structured, and characteristic of C-0-C 
groups involvingnot conjugated carbon atoms. The second, also very broad and unstruc- 
tured, is peaked between 3200 and 3300 cm-' (25-47 GPa) with a low frequency shoulder 
at 3050cm-'. This shoulder is easily assigned to the C-H stretching modes involving 
saturated carbon atoms. As reported for benzene, the transformation proceeds rapidly 
on release of pressure. The most remarkable changes take place in the C-H stretching 
region, with progressive weakening of the modes related to the sp2 carbon atoms and 
the intensification of those associated with the 5p3 carbon. Furthermore, the strong in- 
tensification during the decompression process of the bands related to 0-H (3400cm-') 
and C=O (1750cm-') stretching modes indicates the opening of the aromatic ring and 
the occurrence of hydrogen migration. The yellow-brownish recovered material appears 
to be extremely similar to that obtained by compressing benzene, and the IR spectra of 
the two materials are identical, apart from the strong bands involving the oxygen atoms. 
The similarity to the pressure-induced reaction in benzene points to the formation, also 
for furan, of amorphous hydrogenated carbon (a-CH) consisting of alkylpolyethers chains 
containing 0-H and C=O functional groups. The analysis of the C-H stretching bands, 
discussed above for benzene, gives an sp3/sp2 site ratio of 2:l (as compared to 3:l for 
benzene). 



CHEMICAL TRANSFORMATIONS OF MOLECULAR CRYSTALS AT HIGH PRESSURE 465

4'3. Thiophene. — Thiophene has been studied by Raman spectroscopy up to
10 GPa [27]. Above 8 GPa, the molecular crystal irreversibly transforms to a red material
when irradiated with the 514.5nm line (~ 50 mW) of an Ar-ion laser. When pressures
above 8 GPa were applied while avoiding the laser irradiation, the transformation was
not observed. This behavior recalls closely that observed in benzene, which reacts when
exposed to the same radiation below the pressure (25 GPa) where the reaction occurs
without laser assistance [26]. The product obtained by this combined pressure- and
photo-induced reaction is generically assigned to polythiophene due to the resemblance
with respect to color of the compound prepared by electrochemical polymerization [42].

4"4. Styrene. — This is a very interesting molecule for pressure-induced reaction studies
due to the simultaneous presence of two different reactive centers: the aromatic ring and
the vinyl group. Depending on which double bond is involved in the reaction, different
types of products can be obtained. The IR and Raman spectra of monostyrene and
polystyrene were studied as a function of pressure up to 32 GPa [43]. The analysis of
the pressure effect on both compounds was necessary due to the extreme complexity of
the monostyrene spectra. The monomer transforms into the polymer in very low yield
also at low pressure (< 10GPa), but photochemical effects can be really important in
this process. The reaction does not evolve with time at constant pressure, and only
a further compression favors the polystyrene formation. At 15 GPa, the reaction rate
steeply increases while the remaining monomer does not react above 25 GPa and the
polymer is found to be stable at least up to 32 GPa. The lack of Raman bands above
15 GPa indicates that the effect of pressure is to produce a disordered compound.

It is useful to recall that benzene starts to react at 23 GPa. The greater stability of
the aromatic ring in polystyrene is ascribed by the authors to the relative orientation of
the rings which do not meet the criteria (parallelism of TT bonds belonging to adjacent
molecules) to induce the ring opening [43].

4'5. Conclusions. — Crystals of simple aromatic molecules require different pressure
conditions to react, depending on the stability of the aromatic ring and on the molecular
arrangement (relative orientation of the C—C bonds). The mechanism of the reaction is
controlled by a progressive mixing of the electronic ground state with antibonding excited
states. Pressure tunes this mixing, which gives rise to electron density transfer outside of
the ring, thereby strengthening the intermolecular interactions and making the ring more
flexible. The ring identity is typically maintained up to very high pressure, in comparison
to the observed onset of the reaction, and the transformation occurs mainly on decreasing
pressure. Ring bonds breakage follows the density decrease, and the reaction proceeds
through radical species. Ring condensation, which has been proposed as a possible
intermediate step [44], can be ruled out by the observation of all the possible bond
combinations following the ring opening (see furan). Very interesting is the product
recovered after these reactions. It is an amorphous hydrogenated carbon with a very
high hydrogen content; the lack of graphitic and diamond-like clusters points to a uniform
hydrogen distribution in the sample.



466 R. BINI

5. — Chemical reactions in crystals of very simple molecules

In this section, the reactions involving very simple molecules having one or more
reactive centers will be reviewed. The pressure necessary to induce transformations in
these systems is lower than that required for aromatic molecules. In some cases, such
as butadiene, the reaction occurs below 1 GPa allowing the possibility of scale up larger
volume samples than those used in these preliminary DAC studies. In several cases,
ordered polymeric growth is observed. Emphasis will be given to the importance of
controlling different parameters, such as laser irradiation and temperature, that affect
the reaction mechanism.

5'1. Nitrites. — Carbonitriles are molecules characterized by a carbon-nitrogen triple
bond. The reactivity of these compounds has been extensively studied at zero pressure.
High pressure studies in the DAC, mainly by Raman spectroscopy, have been performed
on cyanogen (C2N2) [1, 2], cyanoacetylene (N=C—C=C—H) [3] and hydrogen cyanide
(HCN) [45].

Cyanogen is found to react above 3.5 GPa where it converts to a yellow material whose
coloration intensifies on increasing pressure [1]. This color change is reversible when the
compression does not exceed 6 GPa. Above this pressure the sample gradually turns
darker, and becomes black above 10 GPa. This black material, recovered at ambient
conditions, is thermally stable and not soluble in several solvents. The spectral changes
observed in Raman consist of a clean drop of the C=N stretching frequency at 3.5 GPa,
and of a general deterioration of the spectrum at higher pressure. In the IR spectrum,
strong new bands appear in coincidence with the color changes. The vibrational spectrum
of the transformed sample between 3.5 and 10 GPa can be interpreted assuming the
formation of linear chains of poly(2,3-diiminosuccinonitrile)(p-DISN) containing dimeric
units composed of two C2N2 groups related by inversion symmetry. The second step of
the transformation, which occurs above 10 GPa, appears on the basis of the IR spectra
to consist of the formation of paracyanogen (C2N2)n ladder of pyrazine rings through a
cycloaddition of the p-DISN units.

A kinetic analysis of this last transformation, the first example of such studies using
the DAC, was performed by measuring the amount of transformed material at constant
pressure as a function of time [2]. The fractional conversion was calculated by the in-
tegrated intensity of the IR absorption of the product bands in the region of the C=N
stretching mode. The time evolution of different sets of data, collected at 300 K and
different pressures or at a fixed pressure as a function of temperature, were analyzed
by using the Avrami law (see eq. (2)). The k and n parameters were derived by the
linear fit according to eq. (3). The determination of the rate constant at different pres-
sures and temperatures allows one to extract the activation volume (AV8) and energy
(AT/"), respectively. These two thermodynamic parameters, together with the value of
n (0.5), give an insight into the reaction mechanism. The process was interpreted as a
two-step polymeric condensation. The first is a diffusion step that brings the p-DISN
chains formed below 10 GPa into the correct configuration for a cycloaddition. The long
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time necessary to acquire the spectra (~ 2.7h) and the lack of a control on the local
pressure during the reaction (i.e. the typical pressure drop) represent the technical limits
of this study. More important is the missing information on the diffusion step of the
reaction, which is generically attributed to a reorientation of the p-DISN chains.

There is twofold interest in the study of cyanoacetylene (H—C=C—C=N) [3, 46]. First,
the reaction of the molecule could give rise to a polymer belonging to the polyacety-
lene family, the prototype of one-dimensional organic conductors, where the nitrile group
might determine changes in the electronic configuration and hence in the properties of
the polymer. Second, the linear shape of the molecule and the known arrangement in
the crystal, linear chains of hydrogen-bonded molecules, should facilitate the selectivity
of the reaction, leading to improved understanding of the mechanisms which drive such
transformations. The reaction, which occurs at 1.5GPa, was studied by Raman and
absorption spectroscopy as a function of time. The colorless sample turned progressively
black as the reaction proceeded, as also indicated by the transmission spectra which
show an absorption edge moving rapidly (7h) from about 24000 down to 11000 cm -1.
The red-shift of the band gap is explained according to an increase of the conjugated
chain length, as is also observed in the polymerization of acetylene. The small optical
gap measured in the reaction product, lower than that of £-polyacetylene, is ascribed to
electronic interaction with the nitrile group, which enhances the delocalization of the TT
electrons. The Raman spectrum was measured with the 647. Inm line of a Kr+ laser
with a power lower than 10 mW. Cyanoacetylene is extremely photoreactive, turning im-
mediately black when irradiated with shorter wavelengths [3]. The intensities of the two
Raman peaks relative to the C=C and C=N stretching modes, at 2068 and 2275cm-1,
respectively, were followed during the reaction. The intensities of both peaks strongly
decrease, but the C=N peak is still observable (but very weak) in the recovered product.
The above observations, and the qualitative comparison of the Raman frequencies of the
recovered sample with those of cyanoprene, suggest the conclusion that the main product
of the reaction is linear poly-cyanoacetylene formed by (—CH=C(CN)—) units. This ap-
pears to be the first study where the evolution of the reaction is explained according to the
crystal structure and to the relative orientation of the molecules. The crystal structure of
cyanoacetylene is characterized by infinite chains of hydrogen-bonded molecules directed
along the a-axis of the monoclinic cell [47]. In each ac-plane, these chains arrange them-
selves in a parallel orientation but antiparallel with respect to the next (closest) planes.
In this configuration, the closest reactive C=C sites are located in the ac-plane giving a
zig-zag polymer lying in the same ac-plane, directed along the c-axis and with the nitrile
groups all in cis position. The intermolecular distance of closest carbon atoms is 3.8 A
at zero pressure, which is too far to react giving the polymer. According to the authors
the reaction occurs because of the rapid drop in the intermolecular distance (~ 2.5 A for
key carbon-carbon separations) when pressure is increased to 1.5GPa.

A very similar system, hydrogen cyanide (HCN), shows analogous behavior polymer-
izing at 1.3GPa, being extremely photoreactive, and giving a black recoverable prod-
uct [45]. In this case the molecules are also linearly aligned in the crystal and connected
by N . . .H—C hydrogen bonds. The strong similarities with cyanoacetylene possibly in-
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dicate that the participation of the nitrile group to the reaction cannot be ruled out in
cyanoacetylene.

5"2. Carbon monoxide. - A very simple molecular crystal whose reactivity under pres-
sure has been extensively investigated, both experimentally [48-50] and theoretically [51],
is carbon monoxide. The phase diagram of CO, below 5 GPa, is very similar to that of N2

which is isoelectronic [48,49]. When compressed above 5 GPa, a chemical reaction occurs
giving a product that is recoverable at zero pressure and whose color depends on the final
pressure of the compression cycle (ranging from colorless to yellow or brownish in order
of increasing pressure). When irradiated at 514.5nm, the sample also reacts at lower
pressure. This effect is progressively reduced with decreasing temperature, and at 15 K
and 5 GPa solid CO is stable also when irradiated by the 488 nm line. The colorless and
yellow samples are extremely unstable at ambient conditions and also react photochemi-
cally using low power emissions from Ar+ or Kr+ lasers, giving the brownish compound.
A different material having an intense red coloration can be obtained above 5 GPa using
high power (several watts) Ar+ laser emission [50]. The heterogeneous aspect of the
product obtained according to this procedure is ascribed to a non-uniform heating of the
sample. The different characteristics of the recovered samples in the two experiments
clearly indicate the active role played by the laser absorption in the determination of the
reaction path.

Katz et al. [48] identified the yellow-brownish product obtained when pressurizing the
sample above 5 GPa using very low laser power as poly-(C3o2), poly-carbon suboxide.
The same authors also suggested that the first step in the polymerization of carbon sub-
oxide consists of chemical disproportion of CO. The formation of poly-carbon suboxide
in the high laser power experiment was ruled out by Lipp et al. [50] on the basis of
the FTIR spectrum of the recovered product. The authors favor a material having the
same stoichiometry of the poly-carbon suboxide (C3O2)n but with a vinyl-ester group as
repeated unit. The more complete spectroscopic analysis of the latter study allowed the
authors also to identify carbon clusters, probably of graphitic type, and CO2. According
to this study the following chemical reaction explains the photochemical transformation
of solid CO under pressure [50]:

6nCO —> 2nCO2 + nC + (C3O2)n.

The pressure-induced reaction of solid CO is one of the few cases which has also
been investigated theoretically. Ab initio molecular dynamics simulations have shown
the reaction to occur at 15GPa (i.e. well above the experimental reaction pressure)
after the crystal was prepared in the disordered cubic 6 phase [51]. At this pressure,
the intermolecular carbon-carbon distance is reduced to ~ 2.1 A and pairs of molecules
start to react to form new single C—C bonds. In a second step, some C=O bonds open
up and the polycarbonyl units are connected through bridges of oxygen atoms forming
C—O—C angles of ~ 115°. Characteristic five-membered rings interconnected through
linear polycarbonil pieces are formed. No C—O bonds breaking was observed, ruling out
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the formation of poly-carbon suboxide. In contrast, the calculated IR spectrum is in
satisfactory agreement with that reported by Lipp et al. [50], where all the absorption
bands associated with the different functional groups of the product obtained in the
simulation are observed.

5'3. Acetylene. — Because of its simple structure, acetylene has been considered both
from the experimental and the computational point of view as a model system for high
pressure chemistry. Due to the high reactivity of the triple bond, polymerization of acety-
lene occurs in the orthorhombic phase at moderate pressures (3–4 GPa). The process is
associated with a color change (from transparent to deep red) and the appearance of new
characteristic vibrational bands [4–6]. Pressure-induced polymerization of solid acetylene
was first investigated at room temperature by means of Raman spectroscopy [4]. The
evolution with time of the C=C stretching mode of the monomer and the C=C stretch-
ing mode of the conjugated polymer were also studied. From the resonance behavior
the authors concluded that the product consists mainly of a trans polymer. Later, IR
experiments [5] showed the appearance of vibrational bands due to either saturated and
unsaturated species, indicating the simultaneous formation of both sp2 and spz carbon
atoms. Therefore, the lack of observation of saturated polymers in the Raman experiment
was ascribed to the larger enhancement, due to resonance effects, of the C=C stretching
band of the conjugated segments [5]. In both experiments, constant pressure studies
were precluded by consistent pressure drops due to the volume contraction of the sample
during the reaction, which prevented quantitative thermodynamic or kinetic analyses
of the reaction. An ab initio simulation performed by Bernasconi et al. [52] found the
polymerization to occur around 25GPa (i.e., at much higher pressure than the exper-
imental value). Nevertheless, the calculated transformation pressure dropped to 9GPa
upon insertion of a molecule of acetylene in the first triplet state (~ 30500 cm - 1 [53]),
where the molecule has a cis bent conformation. This result suggests that the injec-
tion mechanism, as well as the propagation of the reaction, can be strongly affected by
laser irradiation. The first singlet excited states of acetylene occur in the spectral region
between 40000 and 50000cm–1 at zero pressure [54]; therefore, two-photon absorption
processes induced by Ar+ laser radiation are possible. Both experiments mentioned above
used laser light [4, 5], at least to measure the local pressure by ruby fluorescence, making
questionable the conclusions drawn about the real pressure effects on the evolution of
the reaction and about the product species obtained in the two experiments.

More recently another IR analysis was performed to investigate separately the role of
pressure and laser irradiation on the polymerization process [6]. Laser irradiation was
completely avoided by using the IR sensors described in the experimental section as a
pressure gauge, while controlled irradiation cycles allowed identification of the specific
effect of laser light on the evolution of the reaction. The IR spectra were measured at
constant pressure to monitor the polymerization process as a function of time. The C–H
bending region (850–1100 cm–1) and the stretching modes of the polymeric C=C bonds
(1590-1650 cm–1) were used to follow the evolution of the reaction and to characterize
the product, which results mainly formed by chains having a trans conformation. The
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Fig. 5. - Effect of laser irradiation on the kinetic behavior of the vibrational modes involving
saturated (sp3) carbon atoms. The switch-on and -off of the laser light are indicated in the
figure, respectively, by on and off. The dotted lines are the best fit of the data collected before
the laser irradiation cycles according to eq. (2).

presence of saturated species is revealed by broad, weak peaks below 3000cm–1 (in
the C—H stretching region) and at 1453cm–1 (a characteristic absorption of alkanes
assigned to saturated C–H bending motions). The low intensity of these peaks implies
that only a small amount of saturated species is formed during the pressure-induced
reaction. Two narrow peaks (at 1487 and 1503cm–1) observed after a few hours of
progress of the reaction were interpreted as due to the low frequency C=C stretching
modes of conjugated segments with at least 12 double bonds. After the reaction reached
its equilibrium (about 30 h) the sample was irradiated for two periods of 7.5 h with an
Ar+ laser at 8mW power. Upon laser irradiation, the reaction started again, as shown
by the remarkable intensity decrease of the monomer absorption bands and by the large
intensification of the 1453cm–1 and of the 2938cm–1 peaks associated with vibrational
motions involving saturated carbon atoms (fig. 5).

This effect clearly indicates that the laser light mostly induces the generation of
saturated species. This behavior, together with the information derived by the C=C
stretching and C–H bending modes, was interpreted according to the scheme proposed
by Sakashita et ol. [5], concerning the monomer addition to the radical-bearing chain.
It is consistent with a branching of the chain and the consequent breakage of long con-
jugated segments. In fact, the laser absorption induces TT —>• TT* transitions favoring the
breaking of the double bonds and the formation of saturated species. Experiments at
200 K were also performed to investigate the role of the temperature on the pressure-
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induced polymerization. The reaction was observed to occur only at ~ 9GPa. Under
these conditions, the process is very slow, and the reaction takes about 80 h to reach the
equilibrium.

The time evolution of the integrated absorption of the various peaks was reproduced
by the Avrami law (eq. (2)). The n values obtained by the fit range between 0.5 and 0.6,
an explicit indication that a diffusion step is involved in the polymerization process [2, 17,
55], and that a linear growth occurs. The n parameter obtained in the low temperature
kinetics is comparable to the room-temperature values, while the rate constant k is 3
times smaller, in spite of the almost doubled polymerization pressure. This suggests that
an important role in the reaction is played by the thermal motions of the molecules.
According to these indications, and considering the distance and the relative orientation
between nearest-neighbor molecules, the polymerization process is identified to occur in
the bc face. On this plane, the molecules having the center of mass along the diagonal are
already coplanar, the nearest-neighbor C atoms are at the minimum distance, and the
angle between the C=C bond and the nearest-neighbor C...C contact is 109.1°, so that
only a small reorientation is needed to match the theoretical arrangement required for the
formation of a conjugated trans-transoid polymer. This result is in agreement with the
kinetic data, which indicate a unidimensional growth geometry controlled by the diffusion
of the reactants [2, 17, 55]. The nucleation step of the reaction was explained on the basis
of the translational lattice motions [6]. The distance between nearest-neighbor non-
bonded carbon atoms in the bc-plane is calculated to be 3.05 A at 4GPa [56]. Acetylene
molecules are predicted to react in ab initio molecular dynamic simulations only when
the non-bonded C...C distance approaches 2.6A [57]. Such a distance can be reached
through zone boundary translational phonons whose mean square amplitude at 300 K
and 4GPa is calculated in the classical limit to be 0.5 A (i.e. large enough to satisfy the
reaction requirements). The translational amplitude is reduced considerably at 200K,
and is estimated to be about 0.2 A at 9.0GPa, thus explaining the drastic diminution of
the reaction rate at 200 K. Lattice modes must also be involved in the development of the
reaction, but they evidently play a minor role, since the presence of radical terminations
formed during the nucleation step would assist the chain propagation mechanism.

5'4. Butadiene. - Butadiene represents a very interesting system for the production of
ordered polymers in the DAC. In fact, polybutadiene is formed by unconjugated chains
which are less photoreactive than acetylene, which simplifies the analyses. Butadiene
is known to be extremely unstable also at ambient conditions, with dimerization being
the most important reaction [58]. Polymerization occurs only in the liquid or in solution
at high temperature using catalysts and radical initiators [59]. The dimerization is a
second-order Diels-Alder cycloaddition [4?r + 2?r] which gives mainly 4-vinylcyclohexene.

Pressure-induced reactions of butadiene have been studied both in the liquid and in
the crystalline state [8]. When liquid butadiene is compressed above 0.7GPa new bands
that grow with time appear in the IR spectrum. The reaction proceeds for several days
and the main product is vinylcyclohexene. Together with the dimer, a small amount of
polymer also forms during the reaction, whose relative amount ranges between 10 and
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Fig. 6. — IR absorption spectra showing the kinetic evolution of the pressure-induced reaction
in liquid butadiene.

20%. When the sample is irradiated (< 10 mW) for a few hours with the 488 nm line of an
Ar+ laser and compressed above 0.8 GPa, it rapidly (~ 20 h) and completely transforms
into a recoverable transparent solid product. The evolution with pressure of the IR
spectrum, showing the growth of the product bands and the simultaneous disappearance
of the bands of the monomer, is shown in fig. 6.

The IR and Raman spectra of the recovered product almost coincide with those of
commercial polybutadiene, but the bands of the cis polymer are missing in the high
pressure product, indicating a greater selectivity of the pressure-induced reaction. The
time evolution of the integrated intensities of the bands due to the C–H bending and C=C
stretching modes of the polymer can be interpreted in terms of the Avrami law (eq. (2)),
and a linear growth results. The agreement with the Avrami model is extremely good due
to the fact that in this case no preliminary steps (transport of the reactants) are required,
since the reaction takes place in the liquid phase. The activation of the reaction by laser
light is interpreted according to the excitation of the lowest singlet excited state, having
A1g symmetry (TT —> TT* transition), through a two-photon absorption process. The
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S1 state has been calculated, at zero-pressure, ranging between 44000 and 54000cm–1

depending on the geometry [60-62], therefore a considerable red-shift with increasing
pressure is expected. In the Si state, the length of the C1-C2 and C3-C4 bonds increases
of ~ 10% with respect to the ground state [61, 62]. This bond stretching, together with
a lowered torsional barrier, favors a development of the reaction along the molecular
backbone, and at the same time prevents the dimerization which requires an overlapping
of TT bonding states of nearest-neighbor molecules.

The reaction has also been observed in the crystal at room temperature and 5 GPa.
The occurrence of the reaction only at 300 K and not at lower temperature was in-
terpreted, as discussed for acetylene, in terms of a nucleation step induced by lattice
phonons. Also in this case, the main product is 4-vinylcyclohexene, and only a small
amount of polymer is formed in the reaction. To elucidate the mechanism of the reaction
in the solid knowledge of the crystal structure is mandatory. IR and Raman spectra
suggest a unit cell containing two molecules and the conservation of inversion symmetry.
Crystals of molecules comparable to butadiene, such as 1,2-dichloroethane or n-butane
(phase II), have monoclinic structures with two molecules per cell whose molecular axes
are perpendicularly oriented [63]. Assuming the same molecular orientation in the buta-
diene crystal, the formation of the dimer can be explained by taking into account the two
molecules belonging to the same cell. Phonon modes activate the reaction between the
two molecular terminations giving rise to the formation of a diradical intermediate. The
subsequent rate-limiting step is the closure of the ring which requires a partial torsional
rearrangement around a single C—C bond.

5'5. Conclusions. - The new body of results concerning high pressure reactions in
different crystals of very simple molecules allows us to draw some general conclusions.
These systems react to give recoverable polymers which are often claimed to be at least
partially ordered. The reaction path is closely correlated with the relative distance and
orientation of the molecules in the crystal, with a consequent high selectivity in the
evolution of the transformation. Therefore, completely different reactions can occur with
respect to the usual low pressure and low density conditions. Once triggered, the reaction
proceeds at constant pressure through radical species.

It was also shown that parameters other than pressure enter directly into the trans-
formation process, affecting the rate and the path followed by the reaction. In this com-
petition, photochemical and thermal effects appear the best characterized. Temperature
determines at a fixed pressure the amplitude of the molecular motions. Zone bound-
ary phonon modes reduce considerably the distances among nearest-neighbor molecules,
bringing them close enough to induce the reaction. This effect is fundamental in the
nucleation step (formation of reactive centers), but assumes also a primary role in the
propagation of the reaction and coincides with the diffusion step, which is often invoked
to be the rate-controlling process. Photochemical contributions are extremely important
in these high pressure transformations. Pressure induces a remarkable red-shift of the
TT —>• TT* transitions, and a very low power laser irradiation can be sufficient to interfere
in the evolution of the reaction. Two main effects have been identified. The first is
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the creation of active centers, due to conformation changes following the excitation to
antibonding states, which trigger the reaction. In butadiene, this mechanism ensures
also the selection between two competitive transformation processes. The second aspect
concerns the formation, in the pressure-induced reaction, of highly conjugated systems.
These compounds are in general colored and therefore absorb the laser light whose main
effect is to induce branching of the polymeric chain that destroys the conjugation length.
These last considerations point to the inadequacy of conventional Raman spectroscopy
to identify pure pressure effects in this class of reactions.
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1. - Introduction

Solid state chemistry encompasses the study of the structures and properties of crys-
talline and amorphous solids, as well as their synthesis and reaction chemistry. The
subject is inherently highly interdisciplinary: it merges with solid state physics as the
physical properties and their theoretical study are probed in increasing depth, and with
materials science as the compounds become of technological importance. The study of
reactions in solids and development of their structural descriptions form an integral part
of studies in inorganic and organic chemistry, and many solid state structures and their
reactions are of interest in mineralogy and geochemistry, extending to include the plan-
etary science of both rocky planets and the solid interiors of large gas giants. A recently
emerging theme of great scientific interest lies at the interface between solid state chem-
istry and biology, as new fields of biotechnology are becoming established, and questions
are being raised regarding problems of "exobiology" (and "endobiology"), and the role
that is played by mineral surfaces in the biochemical origins of life.

In most fields of chemistry, the usual thermodynamic variables considered are those of
chemical composition (X] and temperature (T), because most reactions in the laboratory
are carried out at or near ambient pressure. Pioneering studies of solids and liquids as
a function of high pressure (P) were carried out by P. W. Bridgman [1], whose work
permitted the pressure variable to be opened up for systematic investigation into a range
where changes in physical properties could be readily observed and recorded. However,
based on early experiences in the field, the experiments developed a reputation for being
difficult, dangerous and expensive. For these reasons, high pressure (HP) research became
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regarded as esoteric, involving large apparatus that required considerable engineering
experience, skill and temerity to construct and operate. A high pressure programme
could not reasonably be expected to become a natural part of a solid state chemistry
laboratory. Furthermore, in contrast to the case in chemistry and physics experiments
carried out at or near ambient pressure, samples could not be directly observed during
HP experiments. Changes in structure and composition had to be inferred "indirectly"
from physical properties measurements such as electrical conductivity, volume changes
or thermal analysis, or from chemical and structural analysis of materials recovered after
decompression. This was not a satisfying approach to appeal to many workers engaged
in research in the chemical sciences. Despite the fact that early research revealed that
remarkable changes occurred in the physical properties of solids and liquids exposed to
high pressure, the field of HP research has remained a relatively unexplored domain
within solid state chemistry, to the present day.

The past decade has seen a remarkable series of technological developments in ex-
perimental techniques for HP research. Combined with development of strategies for
synthesis, design and recovery of new materials, these advances suggest some obvious
opportunities for future research to develop the emerging field of HP solid state chem-
istry.

2. - The emergence of high pressure solid state science

Early high pressure research focused on physical properties measurements of solids,
as well as determination of the melting curves and studies of solid-solid phase transitions
as a function of P and T. One parameter that was readily measured m situ was the
electrical conductivity, and dramatic changes in this property were observed for several
substances [1–3]. Interest in this work and refinement of the techniques and observations
led to the emergence of high pressure solid state physics as a distinct discipline. This has
led to seminal work, such as the description of new types of electronic behaviour, including
new insulator-semiconductor-metal transitions, and the recognition of new families of
superconductors [2].

Another scientific community that demanded intrinsic consideration of combined HP
and HT (high temperature) variables was that of the geosciences. Techniques derived
from the first generation of HP experiments were immediately applied to Earth and plan-
etary science problems, and the new subfields of high pressure mineralogy, geochemistry,
experimental petrology and deep planetary science appeared [3]. These applications con-
tinue to drive the development of HP science and technology to the present day [4,5]. The
earliest experiments began at a time when the density profile within the Earth was first
being revealed from analysis of seismic wave propagation and attenuation, and models of
structure-property changes in rocks were first being developed to understand the seismic
velocity behaviour with depth. Studies of the physical properties and phase transitions
of minerals at HP-HT provided a basis for understanding the seismological data, and the
combined experimental and observational results have now led to detailed models being
constructed for the internal structure of the Earth [3].
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graphite

diamond

Fig. 1. - Graphite and diamond constitute low and high pressure polymorphs of carbon.
Graphite forms hexagonal sheets with C atoms linked by strong sp2 bonding, with weak bonds
between the layers. The material is a lubricant, because of easy slip systems as the layers slide
over each other. There is a well-developed "intercalation" chemistry, in which atoms or molecular
groups are inserted between the graphite layers, accompanied by an expansion of the interlayer
spacing. Graphite is semi-metallic. The high density diamond polymorph contains tetrahedrally
coordinated carbon atoms with sp3 bonding: the result is the hardest material known to date.
Diamond is a wide bandgap semiconductor (Es = 5.6eV).

At the same time as these geologically motivated studies, industrially driven experi-
ments were being carried out to synthesise diamond in the laboratory [6]. These studies
constituted the first systematic solid state chemistry/materials science research at HP-
HT. The elucidation of the relationship between the graphite and diamond polymorphs
of carbon (fig. 1), with their vastly different physical properties, constituted one of the
great scientific challenges of the 19th century. Diamond remains the hardest known ma-
terial, and its industrial synthesis as an abrasive and for cutting tool applications gives
rise to a multi-million £/year industry. With its extremely high bulk modulus, shear
strength and cohesive energy, it constitutes the first member of a family of "super-hard"
materials prepared in the laboratory. The second-hardest material, the cubic phase of
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quartz

stishovite

Fig. 2. - The tetrahedrally coordinated structure of &-quartz, the stable form of SiO2 at atmo-
spheric pressure and room temperature, and the dense octahedrally coordinated form (stishovite)
with the rutile structure to which SiO2 converts above approximately 10 GPa [7]. The observa-
tion that new dense forms of minerals could occur at HP gave rise to a new field of high pressure
mineralogy.

boron nitride (c-BN), was discovered by HP-HT synthesis shortly after the laboratory
preparation of diamond [6]. This was the first example of a new material (i.e., one
that did not previously exist in nature) designed (from simple bond valence and crystal
chemical systematics) and synthesised by HP-HT methods in the laboratory.

The establishment of solid state chemistry research generated by the diamond syn-
thesis efforts was reinforced by the recognition from HP mineralogy that silicates and
other solid state compounds showed dramatic changes in their crystal structure and
their physical and thermodynamic properties, associated with increases in the coordi-
nation number at high pressure [3], The observation that Sio2 transformed to a new
dense form (coesite) and then further transformed to a rutile-structured phase containing
octahedrally coordinated silicon (stishovite) above ~ 10 GPa gave rise to an entire new
field of mineralogical investigation [3, 8] (fig. 2). Efforts intensified to identify new dense
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forms of other silicate minerals that might exist at depth within the Earth and other
planets, that culminated in synthesis of the high density perovskite phase of MgSiOs,
the mineral that likely constitutes most of the Earth's lower mantle [3]. These mineralog-
ical researches led to parallel advances in the HP solid state chemistry of other oxides,
particularly germanates and transition metal (Ti4+, Fe3+)-containing compounds, that
were often used as "proxies" for the behaviour of the silicates and aluminosilicates that
tended to transform at higher pressure [3]. Research in the parallel field of "experimental
petrology" tended to focus on the complex reactions and phase relations that occur at
crustal and upper mantle pressures (< 5 GPa), including design of experiments to control
the nature of any fluid phase present (principally C-O-H-N-S species) [9, 10].

"Diamond" research experiments in the 5–10 GPa range led to acquisition of what is
now substantial knowledge of HP-HT reactions involving carbonaceous compounds and
various elements and compounds, as the role of certain metals and alloys as catalysts
for diamond formation became clear [11, 12]. By the mid-1960's, several groups around
the world were actively developing the new field of "high pressure solid state chemistry",
using variations of the "large volume" press techniques initially developed by Bridgman
and also by the diamond and HP-HT mineral researchers, with experiments concentrated
mainly on oxides and on C-, B-, N-derived materials. Some research on pnictides (com-
pounds of N, P, Sb, As), chalcogenides (S, Se, Te) and other compounds had also begun
by this time [3, 13], although these were much more limited in extent. Most of these
experiments were of the "synthesis and recovery" type: reactants were loaded into the
pressure cell and taken to the desired P and T, and the products recovered for structural
and chemical analysis and measurement of their physical properties. The results form the
basis for many of the P-T phase diagrams of elements and compounds that appear in the
literature today [3, 13]. For the elements and some compounds, these P-T relations are
supplemented by in situ measurements of phase transitions determined by conductivity
determinations, and by volumetric measurements of the melting curves.

Although these established P-T phase diagrams provide an essential base for under-
standing HP-HT behaviour of many elements and compounds, and a starting point for
future work, it is also clear that many of the previous findings must be re-examined. It is
now obvious that some "phase" diagrams are untenable on thermodynamic grounds. In
other cases, in situ diffraction or spectroscopy studies are revealing that the HP behaviour
of even the simplest substances is far more complicated than could have been predicted
previously, and entirely new phases and classes of physical phenomena are being discov-
ered. The complex relationships between stable and metastable behaviour involved in HP
synthesis and recovery experiments are only just beginning to be recognised and charac-
terised. Recent results further indicate that whole new classes of chemical and physical
behaviour might be expected in the very high pressure regime, above 1-2 Mbar. These
observations indicate that future development of HP solid state chemistry constitutes
a new frontier for scientific exploration, and newly available experimental techniques
render this exploration possible.
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3. — "Windowed" experiments for in situ studies of high pressure phases and
phase transitions

In situ optical and spectroscopic experiments at HP and under simultaneous HP-HT
conditions were first made possible by development of "windowed" experiments, using
window materials such as silica glass and sapphire that could withstand the pressures
and temperatures in the range of interest, were resistant to chemical attack by the species
inside the cell (aqueous fluids at high P and T are notoriously corrosive to metal con-
tainers and most window materials), and that were transparent within the wavelength
ranges required for the spectroscopic experiments. Early windows were made of glass or
materials such as sapphire, which meant that such studies were restricted to liquids and
fluids in the pressure range up to a few kilobars or tens of kilobars (~ 0.1-3GPa), and
at temperatures up to several hundred degrees, with spectroscopic experiments generally
carried out in the IR to visible-UV regime [14].

The ultimate "window" experiment was made possible by the advent of the diamond
anvil cell (DAC) [3, 14–16]. Diamond is not only the hardest material, with excellent
resistance to applied load and to chemical attack, but it is transparent over wide regions
of the optical spectrum ranging from the far IR to the UV/visible. The simple, dense
crystal structure of diamond based upon the single light element carbon enables that
compounds contained within the DAC with its single crystalline windows are examined
readily by X-rays with little interference from diamond diffraction. The application of
X-ray diffraction and spectroscopy to HP-HT and -LT experiments is greatly enhanced
by the availability of modern synchrotron facilities, with their highly penetrating, colli-
mated beams of radiation permitting in situ studies in both the DAC and large volume
devices. The property of transparency over the IR to near-IR also makes it possible to
heat samples in situ using infrared lasers, as well as by resistive heating methods (fig. 3).
Because carbon is a light element, X-ray transmission occurs above ~ 10–12 keV for "nor-
mal" diamond window thicknesses (~ 5mm). Even this limit can be lowered appreciably
by working with very thin diamond windows (including "drilled" diamonds), in the lower
pressure ranges. X-ray experiments can also be carried out by passing X-rays "later-
ally" through sample containment gaskets made from light element materials (e.g., Be.
B-epoxy) [17]. This strategy has also been developed for "large volume" press (LVP) ex-
periments, to enable in situ X-ray experiments through "transparent" sample containers
and pressure-transmitting assemblies [18] (fig. 3). Further advances are being made in
the use of sintered polycrystalline diamond to replace tungsten carbide anvils for pressure
transmission to the sample area in LVP devices: not only does sintered diamond increase
the accessible pressure range from ~ 30 GPa to ~ 50 GPa, it provides a much more X-ray
transparent material for spectroscopic, diffraction and imaging studies in the LVP.

4. — Opportunities for high pressure solid state chemistry

High pressure research over the past five decades has resulted in establishment of P-T
diagrams for many elements and compounds, mainly at pressures extending up to the
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Heated diamond anvil cells

wound wire
furnace

483

infrared lasers

gasket / ^ sample
pressure medium

"Large volume" press : e.g., multi-anvil; "Paris-Edinburgh11 type

thermocouple

B-epoxy pressure
medium

sample chamber
(AI2O3;BN)

Fig. 3. - Samples held within the diamond anvil cell (DAC) can be heated by resistive meth-
ods to > 1000°C, or by infrared lasers to > 3000°C, to carry out in situ HP-HT experiments
into the megabar range. X-ray'diffraction and spectroscopy, especially at 3rd-generation syn-
chrotron facilities, permits a new range of structure determination experiments, complementary
to laboratory spectroscopy and physical properties measurements. New cell assemblies for large
volume press experiments are also designed using "light element" materials to be "transparent"
to X-rays, for in situ studies under controlled P-T conditions, to ~ 30GPa and 2000-3000 °C.

8–10 GPa range [3, 13]. These serve both as a map of existing knowledge, and also as a
guide to areas where future work is needed. In the case of silicates and other minerals
important for Earth and planetary science, there is detailed knowledge of HP-HT phase
behaviour, including phase relations and reaction chemistry as a function of composi-
tion, as well as the pressure and the temperature (P-T-X diagrams). The data base is
also regarded as quite extensive for "important" compounds such as H20, and for most
elements [3, 13, 19]. However, even a cursory examination of published P-T diagrams
for certain elements and quite simple compounds (some of considerable technological
importance) reveals large gaps in our knowledge base. The HP-HT phase relations for
such simple and potentially important materials as SrGeOs, BaGeOs, Gd2Ge2O7, BaOs,
Zn3As2 and Al2S3 are quite minimal. In these and many other cases, there are fleet-
ing glimpses of uncharacterized new high pressure phases and their transformations are
recorded, P-T boundaries between "known" phases peter out into uncertain ground. In
many cases, phase relations have been proposed but have not been measured completely
or at all, or the currently "established" relations are obviously untenable on a thermody-
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namic basis. Entire classes of well-known solid state compounds have received little or
no investigation at HP, including many nitrides, phosphides, chalcogenides, silicides, and
other important compounds. Many as yet unknown compounds that are predicted to
exist on simple chemical grounds (e.g., K3N, VSe4) could be prepared at high pressure.
All of these observations constitute the basis for opportunities for future research in HP
solid state chemistry.

There is also an opportunity to create entirely new classes of compounds under HP-
HT conditions. It is well known from solid state physics studies that electronic properties
of materials change dramatically at HP: insulators, including molecular compounds, be-
come metals (and even superconductors), superconducting Tc's as well as semiconducting
bandgaps change with P, some metals become insulators [2]. Such observations indicate
considerable disruption in the outer electronic shells as a function of the density. The
outer electronic shells in turn govern the valency states, and hence the very chemical iden-
tity of the elements in question. We should then expect that "new chemistries" might
occur under HP conditions. That this is in fact the case is already indicated from several
pioneering experimental studies: Ca undergoes an unexpected transition from a "fully
dense" fee structure to a more open-packed bcc phase at ~ 20 GPa, indicating electronic
collapse and mixing of the 4s and 3d shells, so that it should be considered a 'transition
metal" at HP [3]. A similar observation is made for potassium, which does not alloy with
transition metals at ambient P. However, K-Ni and K-Ag compounds and solid solutions
are formed at HP [20]. Prom observations such as these, it is likely that a new "periodic
table" of chemical behaviour exists at HP: Exploration of this new "chemical frontier"
represents a challenge for HP researchers.

Among the HP behaviour of "molecular" compounds, the simplest element hydrogen
(H2) has received special attention. Most of this research has been focused on realising
the "Holy Grail" of solid state physics: the predicted metallisation of solid hydrogen. This
goal has not been realised, although a metallic fluid phase was reported recently [21].
However, the results to date are of great interest to solid state chemistry. Work on
solid H2 has led to discovery of a new type of "broken-symmetry" "ionic" phase (formally
H^H^). There is recognition of new series of solid state "compounds" in the H2-CH4

system, as well as experimental demonstration of the potentially H+ conducting fluorite
phase of H2O [19], and the first formation of Fe hydrides [22]. Other "simple" elements
show signs of interesting and unusual "chemical" behaviour at HP: For example, the
metallic element Ba recrystallises at HP into a complex structure with two sublattices
that are incommensurate with each other, with formal oxidation numbers that are quite
different [23]. Such a material might be regarded as the first example of an "elemental
alloy", with implications for synthesis of even more exotic "mono-elemental compounds"
and alloys under HP conditions.

"Simple" molecular compounds reveal new chemical behaviour in the solid state at
high pressure, especially when they are heated to overcome the kinetic barriers associated
with breaking the strong multiple bonds present within the molecule, to re-form into more
energetically stable extended frameworks or ionic structures under HP conditions. Recent
experiments have shown that compressed molecular Co2 polymerises into a 4-coordinated
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CO2
o=c=o

High pressure-high temperature:

cristobalite or tridymite

Fig. 4. — At ambient pressure and temperature, CO2 molecules in the gas phase are symmetric
linear triatomic molecules, with strong C=O bonds. These CO2 molecules are preserved in the
solid phases formed at high pressure (ref. [3]). Recently, it has been shown that laser heating
(T ~ 1800 K) Co2 compressed to 20 GPa resulted in formation of a new solid polymeric form,
containing corner-shared tetrahedral CO4 groups (refs. [24, 25]). The new form was originally
thought to have the quartz structure (fig. 1), but is now thought to have a structure related
to the SiO2 polymorphs tridymite or cristobalite (refs. [24–26]). Such recent work on "light
element" molecules at high pressures and high temperatures is leading to a new area of HP-HT
research.

tetrahedral network stucture, thought to be related to cristobalite or tridymite (fig. 4).
This represents a change in bonding from doubly bonded C=O (sp) to tetrahedral sp3

(CO4 groups) [24, 25]. The bulk modulus may be very high, suggesting high hardness (but
see ref. [26]), and the new material is frequency-doubling [24]. Important for potential
future materials development, it is nearly recoverable to ambient P. Nitrogen (N=N)
seems to transform to a semiconducting form based on one or more of the polymorphs
of phosphorus, when compressed to above 24 GPa at ambient T [19]. Nitrogen oxides
(N2O4, N2O) transform to ionic phases with structures related to those of calcite or
aragonite (NO+NO^) when photolysed or heated (1000–1200 K) in the 20 GPa range [27,
28]. Exploration of the chemistry of such "light element" and "molecular" compounds in
the 10–100 GPa regime will form an increasing part of the future development of solid
state chemistry at high pressure.
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At ambient P and at elevated or sub-zero temperatures, the 100 or so elements nearly
all form binary compounds (AxBy), and each of these generally forms with 2-3 struc-
tures: the existence and stoichiometry of such compounds have traditionally been used to
define the "established" rules of chemical valency and the "preferred" oxidation states of
elements. A substantial fraction of the elements form ternaries (AxByCz), and a smaller
number form quaternary, quinary and more complex compounds and solid solutions. It
is estimated that ~ 104–105 solid state compounds are now known. It is to be expected
that this number will increase substantially as a result of future investigations at HP,
conservatively by a factor of at least 2-3, and perhaps by as much as 5-10 fold, as fur-
ther in situ studies of HP-HT solid state behaviour are pursued, and as new stable and
metastable compounds and reaction pathways are discovered and explored.

5. — Thermodynamics, and practical considerations for high pressure-high
temperature experiments in solid state chemistry

The driving force for phase transitions or solid state reactions is the tendency to
minimise the free energy of the system. In most high pressure experiments, the relevant
variables are the pressure (P) and temperature (T), and the appropriate energy is the
Gibbs free energy, G(P,T}. At a given P and T, reactions are driven by the chemical
potential associated with each component (A, B, ...): /^A = (dG/dntOriQ, etc., where
n is the number of moles. At thermodynamic equilibrium, the phases that are present
or that co-exist for a given P and T are conveniently represented on a phase diagram,
that then represents a working basis for understanding and developing the solid state
chemistry of the system (fig. 3). In experimental terms, the "phase diagram" represents
a "map" of those compounds or structures that are found to be present for a given set
of P and T conditions, and the composition (X) if those parameters are allowed to vary
during the experiment. The number of different phases (p) that can coexist for a given
set of (P, T, X) conditions is given by the "phase rule":

(1) p = c—f + 2.

Here, c is the number of components in the system (for example, c = 2 in the Fe-O
system, and also in Mg2SiO4-Fe2SiO4; c = 1 for H2O and SiO2), and / is the number of
"degrees of freedom" possible (i.e., if composition (X) and pressure (P) are held constant,
but T is allowed to vary, then / = 1).

It is useful to begin the discussion by considering the P-T diagram for the element
silicon (fig. 5). This element in its diamond-structured semiconducting form stable at
ambient P and T constitutes the basis for the electronics industry, and silicon is the
most intensively studied material to date. Despite this fact, new forms of the element
and physical phenomena involving Si continue to be discovered, and its P-T phase dia-
gram contains several unresolved questions. The polymorphs of silicon are characterised
by strong covalent bonding, and phase transitions during compression and decompression
at relatively low temperatures often exhibit considerable hysteresis, or are metastable. At



487

1600-

01200-
o
JT 800-

400-

0-

[ Silicon

Sj13.

j""-. liquid
| ^s.
i cy I ^Vs'o"j Si-l JTB-Sn
j diamorKL»%(|j) y VII
' "* \ III sh I | hep
i \ bco "inf'X
1 . . , t ~4I . . i. . . , r

| fee

-4 0 4 8 12 16 30 40 50 60 70 80
P(GPa)

Metastable
decompression: Si-ll (ß-Sn) "slow" > Si-Ill (bc-8)

heat
470 K

"fast"\ Si-IV (lonsdaleite: hex-diamond)

\
Si-VIII(tet) SHX(tet)

"2 GPa"
Si-Ill (bc-8) > Si-XII(R8: rhombohedral)

Fig. 5. - Top: Equilibrium P-T phase diagram of silicon, mainly drawn mainly from information
summarised in ref. [3]. The experimentally determined estimates for the Si-I to -II (ß-Sn)
transformation are drawn as a hatched area, that encompasses various reports for the onset of
the transition during compression. The dashed line with negative slope corresponds to the recent
theoretical prediction [50]. The various phase transitions observed on increasing the pressure to
> 80 GPa have been determined at ambient T: future experiments under HP-HT conditions will
be required to determine their Clapeyron slopes, and it may be discovered that some of these
transitions are metastable. Further experiments with high resolution diffraction or spectroscopic
techniques may provide evidence for further complexities in the phase diagram: for example, it
was long thought that the ß-Sn to simple hexagonal ("sh": Si-V) transition proceeded directly,
but recent work has shown the likely existence of a body-centred orthorhombic ("bco") phase
existing as an intermediate. The melting relations of all of the high pressure phases have yet to
be determined. The diagram here has been extended into the "negative pressure" regime, with
the Si136 "clathrate" phase predicted to be stable below —3 GPa [31]. This is likely only the first
of a large family of "open framework" silicon phases predicted to exist metastably at ambient
conditions [32]. The Clapeyron slope for the transition between Si136 and diamond-structured
Si-I is calculated to be slightly positive (J.-J. Dong and P. F. McMillan, unpublished). Bottom:
The various metastable phases obtained upon decompression of the 0-Sn phase of Si are shown:
the metastable products themselves can be used to generate even further metastable phases and
synthesis pathways. To date, up to twelve structurally distinct phases of Si have been described:
many more are to be expected as the stable and metastable P-T phases and their transitions
are explored in more detail.

pressures above approximately 10-12 GPa, Si transforms from the tetrahedral diamond-
structured semiconductor to an octahedrally coordinated metallic form with the ß-Sn
(white tin: body-centred tetragonal) structure (fig. 3). The Clapeyron slope of the tran-
sition is generally taken to be positive [3], although a recent first-principles calculation
has suggested that it might in fact be negative [29] (the corresponding slope for Sn is
negative, but it is thought to be positive for Ge [3]). This important point for under-
standing the thermodynamics of coordination transformations and semiconductor-metal
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Fig. 6. — The Si136 "Type-II clathrate" form of silicon, synthesised by first forming the NaxSi136

clathrate by metastable thermal decomposition of the NaSi Zintl phase, then by vacuum "de-
gassing" of the Na atoms from the "expanded" silicon framework (ref. [31]). This new crystalline
form is stable at "negative pressure", and has interesting compression behaviour.

transitions in silicon and germanium remains to be clarified in future work, by in situ
experiments under simultaneous HP-HT conditions. A sequence of phase transitions to
further dense metallic forms is found on compression to higher pressures (fig. 3). Upon
decompression, the kinetics of back-transformation to the diamond structure are slow,
and various metastable tetrahedrally coordinated forms are known. To date, at least
twelve forms of the element have been discovered through pressurisation and decompres-
sion experiments [3,30]. A further form with the low density "clathrate" structure (Siiae)
has been obtained by a chemical route (fig. 6): according to theoretical calculations, this
compound becomes stable at "negative pressure", at —3GPa in the tensile regime [31].
The stable and metastable phase relations of these forms of elemental silicon as a func-
tion of P and T have yet to be properly established, and it is likely that new polytypes
with interesting structures and potentially useful electronic and optical properties will
be discovered. It is of interest to note that the melting slope of diamond structured Si
is negative. This point is explored further in the chapter on liquid state polymorphism,
see this volume, p. 511.

It is clear that, even among the best studied materials, fundamental questions and
problems remain to be resolved concerning the phase relations and structural chemistry
at high pressures and high temperatures. The potential for new discoveries is even
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Fig. 7. - Left: "Synthesis" diagram of B2O3, redrawn from the extensive compilation of HP-HT
data by Liu and Bassett [3]. It is obvious that little is known of the HP-HT behaviour of this
important and simple compound. In situ studies of its phase transition behaviour would be of
great interest. The role of hydration in determining even the "phase" boundaries suggested by
this synthesis diagram is also not yet clear. This system obviously needs much further attention.
Right: The current status of the "phase diagram" of the simple and well-known compound
ZnSO4, redrawn from the summary of available data in ref. [3]. At first glance, it appears
that a considerable amount is known about the phase transitions at HP and HT. However, the
transition slopes of the boundaries between phases VI, VII, VIII, IX and perhaps X suggest that
these are extrapolating towards some detailed and interesting coexistence relations at ~ 700 °C
and 8-9 GPa: as currently drawn, these may violate the phase rule. In situ studies of the
existence and coexistence of these phases are definitely warranted in future work.

greater among less well-studied systems, including many of the elements and simple
compounds. For example, the phase diagrams of the halogens chlorine and bromine
are far from complete, even in the lower pressure range to 5 GPa, and that of sulphur
contains obviously unusual and intriguing features, such as a 200° jump in the melting
temperature at ~ 5 GPa [3]. Although P-T diagrams have been established in some detail
for many oxides, especially for silicate minerals important within the Earth, very much
less is known about the HP-HT chemistry of other important families of solids, such as
nitrides or chalcogenides, that represent opportunities for future HP-HT research. There
has been little investigation of solid solution behaviour in any systems at high pressure,
apart from those that are of mineralogical importance.

For many of the systems studied in detail under high pressure-high temperature con-
ditions, the phase rule has been found to be obeyed within satisfaction. However, true
thermodynamic equilibrium is a state that can only be approximated in practice, and is
technically demanding to achieve or demonstrate [10]. Many published "phase diagrams"
are reality "synthesis" diagrams, in which a single phase precursor or combination of
reactants is brought to a target pressure, the temperature increased to initiate reaction.
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and the product(s) recovered for phase identification, chemical analysis and study of
their properties. This is the case for the simple oxide and important material B2o3, that
undergoes a pressure-induced transformation between the soft, chemically reactive low
pressure form with trigonal B atoms and a hard, chemically resistant dense form contain-
ing iv-coordinated boron (fig. 7). Others obviously violate the phase rule or other simple
laws of thermodynamics. The P-T diagram of ZnSO4 contains at least ten phases that
have been reported up to 12GPa and 800 °C: however, the coexistence lines of five of
these appear to converge to a point near 700 °C just above 8 GPa, in an obvious impend-
ing violation of the phase rule [3] (fig. 7). It is clear that newly developed techniques for
spectroscopy and diffraction experiments in situ at simultaneous high pressure and high
temperature must be applied over the next decade to resolve some of these outstanding
problems, and that new science will be discovered.

6. — Opportunities and considerations for high pressure-high temperature
synthesis of new materials

The HP variable opens up an added dimension in the search for new technological
materials, both for the exploratory synthesis of new compounds with potentially useful
properties, and in "pressure-tuning" of material properties to examine their range of op-
timisation and their variability as a function of strain [33]. An obvious target of high
pressure synthesis remains the search for new "super-hard" materials, including possible
alternatives to diamond for high-speed machining of hard steels. These include new "light
element" materials in the B-C-N-O system, including "heterodiamonds", as well as substi-
tuted graphite-like phases obtained by HP-HT synthesis and nitrides, carbides and oxides
of heavy transition metals [5]. The high pressure form of SiO2, stishovite, is reported to
be the hardest known oxide. Flux growth methods and HP-HT catalysis have been devel-
oped in many of these synthesis studies, extending back to the earliest work on diamond
and c-BN synthesis, and these materials are now obtained readily in sintered powder or
single crystal form, in high purity and often with controlled defect concentrations. Dia-
monds are now also obtained from H2O- or CO2-rich fluids under HP-HT conditions [34].
This level of control over crystal growth and purity in high pressure materials synthesis
must now be extended to other classes of materials, to obtain high quality single crystals
for detailed structure determination and studies of their physical properties.

From comparative studies of crystallisation of c-BN in the presence of various fluxes,
it now appears that this super-hard material might in fact be thermodynamically stable
relative to the low-density graphitic phase at low P, and that its synthesis is only kineti-
cally hindered [35]. Flux-growth methods applied at HP-HT to obtain near-stoichiometric
BeO, another "super-hard" material, have resulted in a structurally fascinating macro-
scopic icosahedral morphology that represents a new form of solid state packing [36].
HP-HT research is also focused on the prediction and synthesis of materials that may
be even harder than diamond. Theory has stimulated interest in the potential HP-
HT synthesis of the covalent compound CsN4 with the ß-Si3N4 (phenacite) or other
dense structures [37]. A nanocrystalline material with this composition, but having a
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layered "graphene" structure, has been reported from CVD synthesis from suitable pre-
cursors [38]. The dense forms have so far eluded synthesis [37, 39].

The work on light element "superhard" phases also provides opportunities for HP
research into development of new semiconductors and optoelectronic materials. The
tetrahedrally coordinated compounds in the B-C-N-O system constitute a family of wide
bandgap semiconductors, but some members of the chemical family are semimetallic
(graphite; icosahedral B6N): details of their predicted and measured band structures
are still under debate. Synthesis of new materials in the system, combined with doping
experiments to introduce p- and n-type donors into the structure, constitutes a research
area for future development. Non-tetrahedral compounds based upon boron also give rise
to interesting and potentially important materials: B6O is a wide bandgap semiconduc-
tor that has been proposed for high temperature thermoelectric applications. Among the
new family of nitride-based optoelectronic materials, HP-HT growth methods have been
developed to prepare single crystal substrates of GaN for homoepitaxy of blue-green LED
and laser diode materials [40]. This work highlights the critical need to explore and de-
velop flux growth methods for obtaining high quality single crystals of controlled purity in
HP-HT experiments, for structure-properties determination and technological materials
development. In recent work, nitride spinel-structured compounds in the (Ge,Si, Sn)3N4

system prepared by HP-HT synthesis appear to have a bandgap that is comparable with
(Ga, Al, In) nitrides [41].

HP-HT studies have played a critical role in the synthesis of new high-Tc supercon-
ductors. Early in the frenzy of activity that surrounded the identification and charac-
terisation of the new high-Tc superconducting phases in the La-Cu-O and La-Cu-Sr-O
systems, it was recognised that the oxygen content determined by the oxygen partial pres-
sure (pC>2) during synthesis was of critical importance. It is now common practice to use
high oxygen pressures (up to several hundred or several thousand atm) during synthesis
to control the oxygen content and hence vary the Tc of the resulting cuprate-based super-
conductors, as well as suppressing unwanted impurity phases. HP-HT synthesis methods
are now routinely used to investigate new families of potential new superconductors,
such as Hg- and rare-earth-substituted series, as well as C-, B-, N- and S-substituted
compounds [42].

One obvious drawback of HP-HT synthesis methods is the difficulty to obtain materi-
als in technologically useful, high throughput forms such as thin films on planar surfaces
or as fibres. However, thin films of diamond are now made reliably via metastable
synthesis routes utilising chemical vapor deposition (CVD) at low pressure [34]. The
synthesis process then provides a model that can be extended to other systems. Once
a useful phase has been identified by high pressure research, a synthesis pathway can
potentially be designed to obtain the dense form formed in a metastable regime via
CVD, or some other physical or chemically based synthesis and deposition route, usually
on a suitable substrate.

Chemical or physical vapour deposition methods, including reactive ion sputtering,
CVD and molecular beam epitaxy (MBE), are used to deposit ions, atoms of molecular
groupings from the vapour phase on to a suitable substrate. The result can be a layer-
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by-layer growth of the desired crystalline solid, in a particular orientation, as defined by
the substrate. Such epitaxial growth opens up further possibilities for combining the HP
variable with technological materials synthesis and subsequent control of their properties.
Many material properties are highly dependent upon the volume or other lattice strains,
and they can be "tuned" by applied pressure or by non-hydrostatic stresses. Suitable
choice of a substrate for epitaxy, with am appropriate lattice mismatch compared with the
target phase for deposition, can then be used to introduce the required strain (that may
be compressive or tensile) to optimise the property of interest. This strategy has already
been applied in the case of high-Tc superconductors. The Hg-bearing family of cuprate
superconductors possesses the highest known values of Tc at ambient P (~ 135 K). The
Tc of HgBa2Ca2Cu3O8+& (Hg-1234) was observed to increase to a record value of 164 K
at 30GPa [43], indicating the great sensitivity of Tc to lattice strain. Epitaxial growth
of superconducting thin films on suitable substrates could then be used to optimise
Tc. The concept was tested on La1.gSr0.1CuO4 which was grown in a compressionally
strained state on a SrLaAlo4 substrate: the resulting superconducting Tc was found
to increase from 25 to 49 K [44]. A similar philosophy and strategy could be applied
to developing magnetic materials for potential magnetic recording applications, or to
materials with non-linear optic properties or high or low values of the dielectric constant,
following determination of the strain dependence of these properties from spectroscopy
and structural studies under HP conditions.

7. — Three case histories: Ge3N4-Sis3N4 spinels, icosahedral BeO, and LiSi

Here we describe three "case histories" taken from our own on-going work, that il-
lustrate various aspects of solid state chemistry research under HP-HT conditions, that
yield new materials with interesting properties.

7"1. Ge3N4-Si3N4 spinels. - The spinel structure is well known among AB2O4 ox-
ides. The A2+ cation is generally in tetrahedral coordination and B3+ is octahedral to
give "normal" spinels (ZnivFe^'C^): in certain cases, A2+ and B3+ ions are distributed
over octahedral sites and one B3+ ion is tetrahedral, to give "inverse" spinels (CoFe2O4,
or Fe3+(Co2+Fe3+)O4) (fig. 8). The type compound (the mineral "spinel": MgAl2O4)
is partly inverse, depending upon the P-T conditions of its equilibration. Many im-
portant materials, such as the magnetic oxides containing transition metal ions (Fes04;
MnFe2C>4) have the spinel structure. Defect-containing spinels with vacancies on cation
and/or anion sites ^-A^Oa; Lii_xMn2O4) are well-known ceramics as well as Li+-
conducting battery materials, and several chalcogenide (CuCr2S4) and halide (Li2NiF4)
spinels have been described. Until recently, however, there had been no example of a
spinel structure based upon the nitride anion, N3–.

For quite some time before our experimental study, our colleague M. O'Keeffe at Ari-
zona State University had predicted that Ge3N4 should transform to a dense form at
high pressure—he had originally suggested an olivine structure for the phase. Prelim-
inary synthesis attempts by S. Furcone using multi-anvil techniques in the ASU High
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(a) phenacite:
p--Si3N4(Ge3N4)

(b) spinel

Fig. 8. — (a) The phenacite (B2Sio4) structure taken by ß-SiaN4 and ß-Ge3N4 at low pressure.
All Si(Ge) atoms are in tetrahedral coordination, and N is three-fold coordinated, (b) The
A2BX4 spinel structure, showing octahedral and tetrahedral cation sites. This structure is
taken by Si3N4 and Ge3N4 (7-813 ;̂ 7-Ge3N4) at high pressure (refs. [45, 46]). A "ball and
stick" model is shown at left, and a polyhedral model at right.

Pressure Synthesis Facility yielded inconclusive results, however (upublished data). The
idea was revived as our group prepared for a series of HP-HT runs at the U.S. Na-
tional Synchrotron Light Source facility (at Brookhaven, Long Island: beamline X–17C).
The main object of the runs was to investigate crystallisation of CaN4-related precur-
sors prepared by chemical methods, using resistively heated diamond cell methods on
samples loaded under inert atmospheres. However, such exploratory enterprises at the
synchrotron are well known to be quite "fragile"—the slightest accident or failure in ex-
perimental technique can result in long (10-12 hours, or more) painstaking reloading of
the sample and HP-HT assemblage, if it is even possible. It is usually wise to arrive
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at the synchrotron site with "back-up" series of samples, that are relevant to the overall
project, but that can be studied with minimal experimental investment or risk. In our
case, we had taken samples of ß-Ge3N4 (the phenacite-structured phase) with us, partly
motivated by M. O'Keeffe's interest in the phase. We also felt that, even if no high P-T
transition were to be encountered, study of the compressibility of this material would
help complete the systematics in the group-IV nitrides. Shortly before our leaving for
the synchrotron, Pr. O'Keeffe slightly changed his original prediction: he had noted that
phenacite-structured phases did not generally transform into olivine structures at high
pressure, and that he should instead expect a spinel-structured phase to be formed. His
prediction was in fact later found to give the correct result.

As expected, at the synchrotron, the more "acrobatic" runs on C3N4derived ma-
terials yielded inconclusive results, and we (M. Somayazulu, K. Leinenweber, G. Wolf
and the author) resorted to measurements of the room temperature equation of state of
P-GesNi. To our surprise, the diffraction pattern weakened considerably above approx-
imately 15GPa, and was completely lost by 22 GPa (fig. 9). We knew that the sample
was not simply misaligned with respect to the X-ray beam, because the fluorescence
lines from Ge in the sample remained equally strong. We concluded that we had ob-
served "pressure-induced amorphisation", the first observation of this type for a nitride,
and one that was totally unexpected for such a dense material. However, it also meant
that there had to be a more stable crystalline phase existing above at least 15 GPa. We
immediately reloaded the sample into a heating cell, raised the pressure to 26 GPa, and
began to heat. At 600 °C, the material began to recrystallise, into a pattern that we later
indexed as due to a nitride spinel phase [45]. The new pattern was retained upon cooling
the sample to ambient T, and also upon release of the pressure. These observations were
particularly important, because they meant that the new phase could be prepared at
HP-HT, and subsequently recovered to ambient conditions for structure refinement and
properties determination. The pressure range is also of interest: synthesis pressures in
the 15–20 GPa range are readily accessible with the multi-anvil press, to enable synthesis
of macroscopic amounts of material. These observations are also obviously critical for
future technological developments of such a new material prepared by HP-HT synthesis.

Upon our return to the laboratory, we immediately prepared samples of Ge3N4 spinel
in the multi-anvil device, and refined its structure by Rietveld methods [45] (fig. 10). Dur-
ing publication of the results, we learned that the analagous 7-Si3N4 spinel material had
been synthesised, by laser heating a mixture of Si and N2 in a diamond anvil cell [46], and
that Sn3N4 had also been prepared by a chemical precursor route. Along with ^-GeaN^
these were the first members of a new family of group-IV spinel-structured nitrides (all
discovered independently by three groups, using different synthesis methods). Since then,
intense experimental and theoretical research has focused on the new spinel-structured
nitride materials, that appear to have very high hardness, and potentially interesting op-
toelectronic properties [47]. In our own work, we have been exploring potential solid so-
lution formation and synthesis of intermediate compounds in the (Si, Ge)3N4 system [48]
(fig. 11) This exploratory research provides a new class of solid state compounds and
materials, that could have important technological applications.
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Fig. 9. - In situ X-ray powder diffraction study of a sample of /3-GesN4, carried out during
the initial synchrotron run described in the text. The study was originally designed to mea-
sure the equation of state of the low pressure ß-Ge3N4 phase. Above approximately 15 GPa,
the crystalline diffraction pattern began to weaken, and was completely lost by 22 GPa. This
initial observation of "pressure-induced amorphisation" led to subsequent heating runs in a re-
sistively heated DAC, that allowed the group to observe recrystallisation of a new high pressure
spinel-structured phase of Ge3N4, that was then synthesised in the laboratory in a multi-anvil
device (ref. [45]). In a subsequent study in which the sample was carefully equilibrated between
small pressurisation steps, no PIA was observed, but substantial disordering in the low pressure
crystalline phase occurred.
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Fig. 10. - Powder X-ray diffraction pattern of a bulk sample of 7-GeaN4 spinel, prepared at
HP-HT in the multi-anvil device. The synthesis followed initial recognition and synthesis of
the phase in a DAC experiment, using energy dispersive synchrotron radiation. The laboratory
X-ray data were used to carry out a Rietveld analysis of the structure (ref. [45]).
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Fig. 11. - Synchrotron X-ray diffraction patterns of (Ge, Si)3N4 spinels, formed by laser heating
mixtures of the low pressure phases at 20GPa and ~ 2000 °C (ref. [48]). All of the peaks in
the spinel pattern are doubled, indicating that two coexisting spinels are present, rather than
a continuous solid solution. The spinel end members contain ~ 10% and ~ 60% of
component, respectively.
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C-BN

Fig. 12. - The relationship between the diamond and the cubic BN (c-BN) structures formed
at high pressure. In c-BN, alternate C atoms in the diamond structure are replaced by B or N.
This was the first synthetic "heterodiamond" material, and it is also the second hardest known
material, and is commercially important as an abrasive. Other "heterodiamond" structures
can be envisaged, such as replacement of 3(C) with (CBN) (and possible diamond-CBN solid
solutions), or by (BBO) (B2O). Attempts to synthesise such materials constitute an active area
of HP-HT research.

7'2. Synthesis of icosahedral borides in the BeO-BeN system. - As described in the
introductory section, the search for "superhard" materials prepared under high pressure-
high temperature conditions began with the frenzy of activity that preceded the industrial
synthesis of diamond. It was generally recognised that other refractory materials with
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extremely high hardness, chemical durability and other desirable properties might exist
among compounds of the first row elements (B, C, N, O), with their short, strong covalent
bonds. Shortly after the announcement of the laboratory synthesis of diamond, the
preparation of a cubic phase of boron nitride, c-BN, was reported from HP-HT synthesis.
This material constitutes the second-hardest known material, and it has had comparable
technological impact to synthetic diamond [6]. This compound has a sphalerite (cubic
ZnS) structure in which B and N atoms are arranged in an alternating fashion on the
tetrahedral sites of the diamond structure (fig. 12). The normal form of BN is a hexagonal
layered structure ("h-BN"), in which B and N atoms replace the carbon atoms in graphite,
and it provides a machineable structural ceramic. Since this discovery, there has been
active HP-HT research into other potential substitutions on the diamond theme. One of
these includes the possible "asymmetric" substitution of 2B + O for 3C to give "B2O".
T. Hall and colleagues first obtained an orange-red solid from a mixture of boron and
6203 that they considered to be "620", but noted that it had an X-ray diffraction pattern
indicative of a layered graphitic structure. Some years later, Pr. Endo and his group
in Japan prepared a compound that they termed "B20" by reaction between BP and
oxygen released by thermal decomposition of unstable oxides at HP and HT. These two
results were unusual, in that they suggested that the B, O-substituted diamond structure
was synthesised at lower pressure than the graphitic structure reported to be synthesised
in the earlier experiments (see ref. [36] for a description and discussion of these results).

Our group decided to repeat the studies, using both synthesis approaches. We first
found that the phase obtained in the early work was not in fact B20 (which has still
not yet been synthesised), but was boron suboxide, B6O [36]. Because of the interest
in this material (it is the third hardest known phase, competitive with boron carbide
and tungsten carbide, and it is a wide bandgap semiconductor with potential high tem-
perature thermoelectric properties), we pursued its synthesis under a range of HP-HT
conditions. In our work, we mixed B and B203 powders and used a multi-anvil device
to treat these at pressures up to 8–10 GPa and 1800 °C in ceramic (c-BN) capsules (the
synthesis experiments formed the Ph.D. research of H. Hubert, who also worked closely
with researcher Dr. L. A. J. Garvie).

The phase diagram of the B-O system is not well understood at any pressure (see the
earlier discussion of the likely phase relations in B203): however, we can make certain
predictions that allow us to understand the nature of the synthesis experiments carried
out (fig. 13). The main observation is that our experiments were likely conducted in the
presence of a B2O3-rich liquid phase, which served as a flux for crystal growth during the
HP-HT syntheses, and also provided an oxygen source for the B6O phase formed. Boron
suboxide is known from previous studies to be oxygen deficient: B6Ox, with x ranging
from 0.72 to 0.86. The material prepared in our studies was determined to have oxygen
contents up to x = 0.96 [36, 49]. Here it is important to note the critical role played by
newly developed techniques of quantitative electron energy loss (EELS) in determining
the compositions of such light element compounds [49].

In syntheses above ~ 4 GPa, we found a surprising result: the material formed as large
(up to 40 /mi) near-perfect icosahedra [51] (fig. 14). This is normally a forbidden external
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Fig. 13. - A possible schematic phase diagram for the B2O3-B system, at low (< iGPa),
moderate (~ 4-5 GPa), and high pressure (~ 8-10 GPa) (dashed), in the region of the presumed
B2O3-B6O eutectic. To estimate the B2O3 melting relation to high pressure (above the I-
II transition), we extrapolated from the tentative diagram proposed on the basis of synthesis
experiments (ref. [3]). We presume that the liquid above B and BeO is dominated by B-B
bonding, whereas that above B2O3 is more "ionic" (B-O) in nature. Thus we have drawn
considerable curvature to the melting slopes along the BeO-BaOs join to reflect the likely non-
ideality of mixing in the components: there may even be unmixing in the liquid state. The
melting curve of B2O3 moves upward rapidly with P due to the occurrence of the crystalline
B2O3 I-II transition in the vicinity of 2–3 GPa. The melting relations of B and B6O are expected
to shift less with pressure, because both crystals and liquid are expected to have similar volumes
and compressibilities. Our experimental runs were conducted at 1600-1800 °C, in the B6O + L
field. The two points indicate the usual range of starting compositions used (ref. [36,50].

form for crystals, because of the five-fold symmetry. Further investigation revealed that
the "crystals" were in reality multiple (twenty-fold) twins. The basal portion of each
rhombohedral (R3m) cell of the B6O structure forms a distorted tetrahedron. If the
distortion is sufficient, twenty such cells can meet at a point to form an icosahedron. In
the case of B6O, insertion of the oxygen atoms between the B12 icosahedral units causes
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Fig. 14. - Macroscopic icosahedral particles of BeO (rhombohedral R3m structure) formed
during HP-HT synthesis, as a result of multiple twinning [36, 51]. Left: Scanning electron
micrographs of BeO icosahedral multiply twinned particles (MTP's) formed by HP-HT synthesis.
(a) shows the MTPs in a fine-grained matrix, presumably derived from the B2O3–B6O molten
phase present in the high pressure synthesis experiments (this material is also likely hydrated
during the HP-HT synthesis run), (b) shows two icosahedra freed from their matrix, one oriented
along a 3-fold axis (triangular face), and the other along a 5-fold axis. In (c) and (d), the
re-entrant features indicative of multiple twinning are visible at the apices (i.e., the surface
appears "flattened", because the depression created by re-entrant faces is filled with fine-grained
material). Right: The structure of "ideal" (i.e., fully stoichiometric) B6O with space group
R3m, derived from the a-rhombohedral structure of elemental boron is shown. The structure
contains eight (slightly distorted) B12 icosahedra with their centres situated at the apices of the
rhombohedral unit cell. Icosahedra shown in grey are in the background. Oxygen atoms (dark)
are three-coordinated to boron atoms in separate icosahedra in the (001) plane (referred to the
hexagonal setting of the space group). At right is shown an outline of the rhombohedral unit
cell, with the rhombohedral axes shown. The base of the rhombohedral axis system defines a
tetrahedral figure, in which the apical angle may be distorted from the ideal tetrahedral value
(70.5°), to give rise to icosahedral MTPs (ref. [51]).

just the right distortion for this condition to be achieved, and the macroscopic icosahedra
are formed. It is still not yet clear why they should be formed only at high pressure. An
argument developed from theoretical studies of the system is that HP causes the O2–

activity to be raised sufficiently that the B6O phase is nearly stoichiometric (B6O0.96,
compared with B6O0.72-0.86 obtained at ambient conditions), so that all of the available
oxygen sites are filled [50]. It is also of interest that the corresponding nitride can be
made [36]: BeN is apparently semi-metallic, so the bandgap could be tuned within the
Be(O,N) series of compounds.

In this study, it was particularly important to combine the HP-HT syntheses with light
element analysis provided by the electron energy loss technique in a transmission electron
microscope [51]. Both scanning and transmission electron microscopy and diffraction
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were critically important to the structural study [36,49]. In both the B6O and the
Ge3N4 study described above, the interplay between experiment and theory has been
essential to the development of the new compounds. In both studies, also, the role of
serendipity must be recognised: the results of HP-HT solid state chemistry experiments
can rarely be predicted with any degree of certainty, and surprises should be expected.
In the last case to be discussed, however, the authors planned the HP-HT synthesis
experiment to yield a desired result.

7'3. Synthesis of lithium monosilicide, LiSi. – The alkali and alkaline-earth silicides
form a large class of "Zintl" phases, with fascinating structure types based upon polyan-
ions of the less electropositive element silicon. The alkali metal monosilicides MSi
(M = Na, K, Rb, Cs) form structures containing isolated tetrahedral Si4". anions, that
are analogous to the P4 groups found in the white form of phosphorus (fig. 15). Our
group had become interested in these alkali silicide Zintl phases, because of their role as
precursors in the synthesis of silicon clathrate structures [31]. The lithium member, LiSi,
had remained a "missing" member of the series, until recently [52, 53]. It had seemed
unusual that LiSi should not exist, because several compounds were already known in
the Li-Si system (Li22Si5, Li13Si4, Li7Si3, Li12Si7) [52, 53]. Evers et al. [52] conjectured
that the compound had simply not been prepared because of a combination of crystalli-
sation kinetics at low temperature, coupled with the probable thermal instability of the
phase at high temperature. This turned out to be the case. Evers et al. then reasoned
that the formation reaction of hypothetical LiSi from Li12Si7 + Si would be associated
with a negative volume change, and so the monosilicide should be stabilised at high
pressure [52, 53]. These workers loaded the reactants into a belt-type press at 4 GPa,
and realised the first synthesis of LiSi. Calorimetric analysis showed that the material
recovered to ambient conditions decomposed to Li12Si7 + Si above 470 °C, well below
the onset of melting (592 °C) in that part of the system. It was obvious that previous
synthesis attempts had failed because the subsolidus formation reaction proceeded too
slowly for observable formation of LiSi at ambient P, and raising the temperature caused
the stability limit to be exceeded (fig. 16). However, carrying out the reaction at elevated
pressure enabled the synthesis reaction to be carried out at 600 °C, where formation of
pure LiSi was observed. The synthesis permitted large enough crystals to be obtained
to carry out a structural refinement. The crystal structure was found to be different
from those of the other monosilicides, but was analogous to the HP form of LiGe with
interpenetrating sheets of three-coordinated silicon atoms. Lithium ions occupy large
cages defined within the structure. The anionic silicon framework is isostructural with
the high pressure (black) form of phosphorus (fig. 15).

In our own work, we have used HP-HT synthesis techniques in a piston cylinder
apparatus, both to lower the synthesis pressure and to obtain larger amounts of material
for further physical properties study [54] (the experimental work was carried out by L,
Stearns, an undergraduate research student in our group at the time). The silicon atoms
are in unusual 3-fold coordination in this structure, and the solid state NMR signal
is of interest for establishing correlations between spectral shifts and structure. It has
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NaSi

LiSi

Fig. 15. - The structure of NaSi contains isolated tetrahedral Si^ units (isoelectronic with
P4 groups), surrounded by Na+ ions. LiSi (isostructural with the HP form of LiGe) contains
interconnected layers of three-coordinated Si– ions, analogous to black P.
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L + Si

Li 12 Si 7+ Si

LiSi + Si

592 °C

470 °C

Li12 Si LiSi Si

Fig. 16. - Likely phase diagram in the Li-Si system, in the region of LiSi, consistent with the
thermodynamic measurements and observations of Evers et al. [52, 53].

Xfr*^^

26 (Degrees)

Fig. 17. – X-ray diffraction pattern for a sample of LiSi synthesized at 2.5 GPa and 700 °C in
a piston cylinder apparatus. Only a small peak indicates the presence of some remaining Si
impurity. The structure has been refined from the diffraction data via the Rietveld method,
using the GSAS programme. These data were obtained by L. Stearns et al. (ref. [54]).
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(a)
7Li MAS NMR spectrum for LiSi.

150

(b)
29Si MAS NMR spectrum for LiSi

40 20 •20 -40 -60 -80 -100 -140 -180 -220

Fig. 18. - 7Li and 29Si solid state MAS NMR spectra of LiSi, prepared by high pressure synthesis
(ref. [54]). The LiSi was prepared at 2.5 GPa by a piston cylinder method, that enabled nearly
200 mg of sample to be obtained, sufficient for the 29Si MAS NMR experiment. The 29Si
spectrum shows a single peak at —106.5 ppm, due to the unusual three-bonded (non-planar)
Si-ions in the structure (the other peak is due to the Si3N4 rotor, and acts as a reference).

also been speculated that the Li+ ions might be mobile within the structure: the 7Li
spectrum will help address this question. We have now succeeded in synthesising 150-
200 mg quantities of nearly pure LiSi from the elements, at pressures down to 1 GPa and
at temperatures in the 500–700 °C range (fig. 17). The 29Si magic angle spinning NMR
spectrum shows a peak at —106.5 ppm from tetramethylsilane, compared with the signal
from tetrahedrally coordinated (diamond-structured) Si that occurs at —79 ppm (fig. 18).
The 7Li NMR spectrum shows a typical quadrupolar pattern, that indicates that the Li+

ions are not mobile at ambient T. Further work on the electrical and ionic conductivity
is now in progress [54].
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8. - Conclusions and outlook

From this discussion, it is obvious that solid state chemistry at HP and HT represents
a vast new area for development. New studies can be inspired from previous work on
minerals and materials synthesis, by attempting to resolve inconsistencies, impossibilities
or simply gaps in the existing data base, or from new ideas on how to generate new classes
of solid state compounds at HP. The studies will take advantage of modern high pressure
cells for synthesis and in situ experiments, as well as laboratory instrumentation and
large scale facilities to determine the structures and stabilities of the new compounds. It
will be important to explore both stable and metastable synthesis pathways, and establish
the recoverability of compounds for possible development as new materials.

* * *

The author acknowledges support from the Wolfson-Royal Society Research Merit
Award scheme.
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1. — Introduction

The liquid state is one of the three fundamental states of matter, along with gases
and solids. The particles in a gas are in constant random motion, with only relatively
weak interactions between the constituent atoms or molecules, and at equilibrium they
completely fill a closed container. Crystalline solids have a well-defined external shape
and are internally ordered, and different atomic packing schemes occur as a function of P
and T to define different crystalline polymorphs. The differences in structure and bonding
between polymorphs can be dramatic, as is the case for the graphite vs. diamond forms
of crystalline carbon, or they can be quite subtle, as in different forms of crystalline silica
(e.g., cristobalite vs. tridymite). The liquid is a disordered condensed state of matter:
it constantly adjusts its shape to that of the container, so that constituent particles
are free to relax their positions on an observational timescale. However, the attractive
interparticle forces in liquids are nearly as strong as those in solids (see lecture by N. W.
Ashcroft), and it is interesting to ask if liquid polymorphs, with different structures and
physical properties, might exist in different ranges of P and T (fig. 1). An intuitive
response might be that, because the particles in liquids are in constant random motion,
it would be unreasonable to imagine that "solid-like" polymorphs might exist, let alone
any well-defined thermodynamic transitions between them.

Before beginning to address such questions, however, we should examine the nature
of "structure" in a liquid, and how that property is measured and defined. In solid state
chemistry and physics, the structures of crystalline solids are determined by experiments
involving diffraction of beams of light (X-radiation, with wavelengths comparable with
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Gas
(kinetic » potential)

States of Matter
Liquid

(kinetic ~ potential)
Solid

(kinetic « potential)

Fig. 1. - The three fundamental states of matter. In a gas, the kinetic energy of the particles
greatly exceeds the potential energy associated with interparticle interactions, and the particles
move rapidly, exchanging momentum through collisions with each other and with the walls
of their container, to completely fill the available volume within the container. In a solid, the
kinetic energy parameter is now much smaller than the interatomic (interparticle) potential, and
the material has its own well-defined shape and volume that are independent of the container.
The most thermodynamically stable solids are crystalline, in which the atoms are arranged in
periodically repeating patterns or arrays. Under different conditions of temperature or applied
pressure, different crystalline atomic packing schemes are encountered, to give rise to different
polymorphs of a given substance. Well-known examples include graphite and diamond for
crystalline carbon, or quartz and stishovite for SiO2. In a liquid, the kinetic and potential
energy conributions are of the same order. The local structure is constantly rearranging (i.e..
structural relaxation is taking place) on the observational timescale of experiments designed to
measure the mechanical properties (e.g., response to shear stress, which determines the external
shape, or the liquid surface within a container). The result is that a liquid does not completely
fill its container (the interparticle attractive forces are too strong), but the particles "flow" as a
result of the large kinetic energy contribution, and a surface is developed within the container.
The question examined in the present lecture and chapter is how such a rapidly relaxing system
might exhibit structural "polymorphism" in response to changing P-T conditions, analogous to
the polymorphic phase behaviour of crystalline solids.

interatomic spacings) or particles (neutrons, or electrons) by the regularly spaced planes
or arrays of atoms and interparticle groupings in the material. The result is a series
of sharp diffraction peaks, interpreted as "reflections" from semi-infinite planes of atoms
regularly arrayed within the lattice (fig. 1). The positions and relative intensities of the
diffraction peaks are then analysed to deduce the relative atomic positions within the
structural motifs present within the crystal. In non-crystalline ("amorphous") solids such
as glasses, the regular periodic structure is no longer present, and the sharp lines of the
crystalline diffraction pattern are replaced by broad features that represent the amor-
phous scattering as a function of the momentum exchange, or wave vector (S(q)). The
amorphous scattering function represents a correlation function between the amplitudes
of scattered waves in reciprocal space, that is usually analysed (Fourier transformed) to
provide a "radial distribution function" radial distribution function (RDF: g(r)) in direct
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"Structure" in liquids
X-ray diffraction

Crystalline
solid : regular
array of atoms

Interatomic spacing

Amorphous
solid: "radial
distribution
function"

Average distance
between atoms

Liquid state:
dynamics

Fig. 2. - Schematic views of diffraction in crystals vs. amorphous materials, linked to differences
in their structural arrangements. In a crystal, the atoms or structural arrangements are arranged
into regularly repeating layers, and the diffraction pattern consists of sharp peaks arising from
constructive and destructive interference between reflections from the atomic layers. In an
amorphous solid or a liquid, the diffraction pattern takes the form of broad maxima and minima
that reveal the presence of groupings of atoms within particular distance ranges from each
other. The associated "radial distribution function" (which corresponds to the scattering function
expressed in direct, rather than reciprocal space) reveals the presence of "local" or "medium
range" structure in the amorphous solid, compared with the fully randomised average interatomic
distances in a monatomic gas. In a liquid, the atomic dynamics associated with structural
relaxation are slow compared with the rapid characteristic interaction time (10–15–10–14 s)
between radiation (or a particle beam) and matter in a diffraction experiment, so that the
diffraction pattern or scattering function is "solid-like", to a first approximation.

space. This function then represents average distances between atoms thoughout the
entire structure.

In a regular solid, the RDF consists of sharp peaks at values of interatomic spacings
defined by the fixed relative atomic positions within the crystalline structure [1]. For an
amorphous solid or a liquid, g(r) represents a distribution of interatomic distances about
some mean set of values (fig. 2). However, the fact that peaks appear in the RDF indicates
that some "local" or "short range" order can be identified within the amorphous structure.
Results indicate that such structures can often be correlated with structural units that are
present in crystals or in finite molecules of the substance being investigated. For example,
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"Local" structural arrangements in liquids

silicates

O2- hopping

"Simple" liquids -
packing schemes

tetrahedral
(diamond)

octahedral (p-Sn)

water
/)\

/°\
H H

H-bonded non H-bonded

Fig. 3. - Instantaneous structures present in liquids and amorphous solids, deduced from diffrac-
tion and spectroscopic experiments. Silicates glasses are generally based upon tetrahedral silicate
polymeric units, as in the crystals. Structural relaxation in silicate liquids occurs via ionic hop-
ping events between adjacent tetrahedral units, so the "instantaneous" structure can be defined
in terms of tetrahedrally coordinated "polymer" units, as in the glass. Higher density states can
then be envisaged through local coordination increases. In simpler liquid system, low- and high-
density states might also exist, analogous to local structural environments present in crystalline
forms, such as tetrahedral (diamond structure) and octahedral (/3-Sn structure) groupings of Si
atoms in liquid Si. In liquid water, it has been proposed that low- and high-density domains of
H-bonded and non–H-bonded H2O molecules coexist "instantaneously" within the structure.

in silicate glasses prepared from melts at ambient pressure, SiO4 tetrahedral units in
varying degrees of polymerisation are identified as the majority species [1, 2] (fig. 3).
Structural relaxation within the liquid is expressed as transfer of O2~ ions between the
silicate polymer species, on timescales that vary with the temperature, and that in fact
determine the macroscopic glass transition of the silicate material [2]. On a "rapid"
observational timescale, such as that set by the interaction time of X-rays or neutron
beams with materials, the local structure is that of an amorphous "solid". The RDF
shows a first well-defined peak to a relatively narrow distribution in Si-O distances about
the average value found for minerals with silicon in tetrahedral coordination (~ 1.6 A),
combined with a feature corresponding to a non-bonded O • • • O distance ~ 2.6 A [1].
These local structural units indicate that SiO4 tetrahedra are present, and they persist
into the high temperature liquid state, as studied by diffraction techniques and also
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stishovite-like
SiO6 (groups)

"mixed phase" regime

quartz, cristobalite-like
SiO4 (groups)

Fig. 4. - Schematic V(P) relation for SiO2 glass, derived from static compression and shock wave
experiments (see refs. [9] and [21] for further details). At low densities, the V(P) curve parallels
that of low pressure tetrahedrally coordinated polymorphs, such as quartz and cristobalite. At
pressure above 20 GPa, the compressibility is much reduced, analogous to that of the crystalline
rutile-structured polymorph, stishovite. Between the two V(P) relations lies a "mixed phase"
regime, in which rapid structural transformation between amorphous polymorphs dominated by
4- and 6-coordinated structures is expected to occur.

by other spectroscopies that have a "fast" probe timescale [2]. In such a case, a local
"structure", including elements of "short-range" and "medium-range" order, can definitely
be defined in the liquid state. The case is readily extended to other classes of materials.
For example, in amorphous silicon prepared by chemical or physical vapour deposition
or ion bombardment techniques, SiSi4 tetrahedra as found in the crystalline diamond-
structured semiconductor are indentified from X-ray diffraction as constituting the local
structural units [1] (fig. 3).

Studies of physical and structural properties indicate that structural transforma-
tions occur within amorphous solids and liquids compressed to high densities, between
states dominated by local structural arrangements that are prevalent within low pres-
sure crystals, and amorphous forms containing structural units found in high pressure
crystals [3-7]. In the case of liquid water, for example, it has long been proposed that
the structure may contain low-density (H-bonded) and high-density (non-H-bonded) do-
mains, and that these interchange rapidly at a given P and T [6]. These structures
could also give rise to low- and high-density forms of amorphous solid or liquid H2O
(fig. 3). SiO2 (O2Si) is structurally analogous to water (H2O), in that it contains two-
coordinated atoms (O, H) linking a three-dimensional framework of 4-coordinated units
(SiO4, OH4). The V(P) relation of SiO2 glass below ~ 10 GPa parallels that of low
pressure crystalline polymorphs based on SiO4 tetrahedral units [8] (fig. 3). Above this
pressure range, there is a rapid decrease in specific volume, and V(P) at higher pressure
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parallels that of stishovite, containing SiO6 units [9] (fig. 4). The presence of silicon in
high coordination in the high-density glass is also indicated by infrared spectroscopy and
diffraction studies [10, 11]. Like amorphous SiO2, GeO2 glass is thought to consist of a
network of tetrahedrally coordinated GeO4 groups. It is found from X-ray absorption
spectroscopy and EXAFS measurements that the germanium coordination in the glass
structure undergoes a change from four- to six-fold in the pressure range 5–10 GPa [12].
G. Wolf and his colleagues have proposed that GeO2 glass undergoes a "polyamorphic"
transformation between a low-density state dominated by tetrahedrally coordinated do-
mains, and a high-density form dominated by GeO6 groups, as a function of increasing
pressure [13, 14]. In the case of elemental amorphous systems such as Si, a pressure-
induced polyamorphic transition could be envisaged between a low-density amorphous
(lda) material based on tetrahedral SiSi4 units, and a high-density amorphous (hda)
state containing Si(Si)n units in coordination > 4. Structures with n ~ 6 might be
locally analogous to the (3-Sn form of silicon obtained at high pressure (fig. 3).

Such "polyamorphic" transitions could proceed in a continuous fashion, by gradual
changes in the structures of individual species between the low- and the high-density
forms, or by an increase in the relative proportion of high- and low-density domains in
the amorphous solid. In the case of SiO2 and GeO2, the changes in density and coordina-
tion occur over a very narrow pressure range. The results appear to suggest polymorphic
behaviour more analogous to that found in crystalline solids, rather than the smooth
changes in structure and properties expected for a continuously variable amorphous
state [15]. The stage is then set to consider that liquids and glasses within given ranges
of their density contain well-defined range of structural configurations. Transformations
could occur between a "configurational landscape" that is defined at lower density, and
another "landscape" that would be present at higher interparticle density, resulting in
phenomenology analogous to the polymorphic phase transitions observed in crystalline
solids. Such a possibility of occurrence of phase transitions between amorphous solids
with different packing schemes has already been considered for simple systems [16].

2. — Melting relations

Before extending the argument further, we must now consider the thermodynamic
description of the melting event, that relates the crystalline solid to the liquid. The
Gibbs free energy function, that describes the equilibrium properties of a phase and its
transformations as a function of the pressure (P) and the temperature (T), is defined in
terms of the entropy (5) and the volume (V) by

(1) G = H – TS = E + PV - TS : dG = – S dT + V dP.

The parameters H and E are, respectively, the enthalpy and the internal energy, defined
by the first and second laws of thermodynamics, that are based upon phenomenological
observation. The Gibbs formulation of the "free" energy is that most often encountered
in physical chemistry, because the variables T and P are those that are most easily
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"Normal" melting
VL>VS

Liquid

Solid

(Crystal)

Pressure

Fig. 5. - A "normal" melting relation has positive dTm/dP slope, because of the expected entropy
(A Sm) and volume (AVm) relations between crystalline solid and liquid.

controlled in the laboratory. The volume (V) and the entropy (5) are then measured by
experiment. At a phase transition such as melting, the free energy difference between
the two phases (liquid and crystal) is zero:

(2) – Gcrystal)const P:T=Tm

PAVm – TAS
= 0.

This leads directly to the Clausius-Clapeyron relationship, which gives the variation in
melting temperature (Tm) with pressure:

(3)
dTm _ AFm _ VJiquid ~ ^crystal

d-» Aom '-'liquid '-'crystal

Because the liquid is in a more disordered state than the crystal, ASm is always positive.
Melting a crystal in which the atoms are regularly arranged about lattice points might
also be expected to result in an increase in the volume, so that AVm is also expected
to have a positive value. This would then result in a positive melting slope (dTm/dP),
which is observed to be the case for many substances, over much of the pressure range
(fig. 5). However, many systems show a negative melting slope, or one or more maxima in
their melting curve. These observations indicate the occurrence of interesting structural
behaviour in the liquid that results in an "anomalous" reduction in the volume as the
liquid is compressed, compared with the corresponding crystalline phases that exist below
the melting curve.
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Fig. 6. - Unusual aspects of the phase diagram for H2O include the observation of a negative
melting slope for ice (Ih). The negative melting relation can be extended to low temperature
and high pressure. In 1984, Mishima et al. (ref. [17]) compressed ice at low temperature to
intersect the metastable extension of the melting curve, and produced an amorphous form of
H2O. This was the first recorded example of "pressure-induced amorphisation" (PIA).

3. - The case of water, H2O

One of the most important substances for which a negative melting slope has been
found is water, H2O (fig. 6). The observation that ice (the hexagonal ice Ih structure,
stable at low pressure and below 0 °C) is less dense than its corresponding liquid is an
everyday experience, and one that is fundamental to our existence (ice cubes float on
water, and lakes and rivers freeze from the top down, ensuring the continuation of aquatic
life throughout winter). In 1984, Mishima et al. reported the result of an experiment
designed to test the effect of compressing ice cooled to low temperature (< 150 K), to
intersect the "metastable extension" of the melting curve extended to high pressure below
the melting curve [17]. They found that crystalline ice transformed to an amorphous state
as the "melting line" was crossed, as they had predicted. The resulting material was an
amorphous solid rather than a liquid, because the event occurred below the temperature
range of the glass transformation. Solid amorphous H2O had been described previously,
formed by rapid cooling of micro-emulsions or by condensation from the vapour [7].
However, the amorphous material prepared by irreversible compression of the crystal,
termed "pressure-induced amorphisation" or PIA, had a distinctly higher density (HDA,
or the "high-density amorphous" form) than that known previously (LDA, or "low-density
amorphous" H2O). The HDA and LDA forms were determined to be structurally distinct
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Fig. 7. - The phase diagram of SiO2 (see ref. [21] for a review) shows positive curvature for the
melting relations of low pressure polymorphs, that can be extended into the metastable regime
for a "metastable melting" argument for PIA analogous to that for

amorphous forms of solid H2O. Subsequent experiments showed that a quasi-first-order
"phase transformation" occurred between the two amorphous forms [7, 18].

It had long been recognised that the properties of liquid water are anomalous in several
ways [7, 19]. In particular, as the temperature of the supercooled liquid approaches
–45 °C (228 K), the compressibility, the heat capacity, and the coefficient of thermal
expansion all diverge (i.e., their values extrapolate to infinity). Various explanations
have been advanced for the unusual thermodynamic behaviour. One possible solution is
that a high-density to low-density liquid-liquid transition (HDL-LDL) occurs below this
temperature, analogous to the HDA-LDA transformation observed in the metastable
solid amorphous state (see next section) [7, 19]. Such a density-driven transition could
occur as a result of the effects of H-bonding [19]. Unfortunately, however, the HDL-LDL
transition cannot be observed directly in the supercooled liquid phase with currently
available experimental techniques, because of the rapidity of crystallisation kinetics in
this regime [7]. However, before describing this phenomenon further, we must examine
the case for polyamorphism and pressure-induced amorphisation in general.
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4. — Pressure-induced amorphisation and polyamorphism: general
considerations

Shortly after the report of "metastable melting" in H2O ice, the phenomenon of
PIA was observed in the structurally analogous material SiO2 (quartz and coesite poly-
morphs), at ~ 25 GPa for quartz [20]. Unlike H2O, none of the tetrahedrally coordinated
low pressure SiO2 polymorphs actually exhibits a negative melting slope [21]. However,
the melting relations do show evidence for positive curvature (just before they are in-
tersected by the melting curve of a higher density crystalline phase), that is potentially
indicative of a negative slope in the metastable regime (fig. 7). A ''metastable melting"
argument analogous to that for H2O could possibly then be developed [22]. The phe-
nomenon of PIA has now been reported to occur in a wide range of other substances
(see [4, 23, 24]; see also the lecture by A. K. Arora, this volume, p. 545).

In the metastable melting model for PIA, the transformation between the crystalline
phase and the amorphous material occurs when the Gibbs free energies of the two are
equal. Because the PIA event generally occurs well below the temperature of the glass
transition, the result is a solid amorphous material, rather than a liquid or supercooled
liquid in internal thermodynamic equilibrium. Strictly speaking, the amorphous solid
does not constitute a true "phase" and equilibrium thermodynamic arguments should not
apply. The same observation is true for a glass prepared by thermal quenching from the
liquid state. However, thermodynamic quantities such as the specific volume, enthalpy
and entropy are readily measured for solid amorphous materials in the laboratory, and
these values can then be "mapped" onto those of a hypothetical corresponding non-
crystalline substance that is in a state of (metastable) thermodynamic equilibrium. For
PIA, the argument then requires sketching the G(P) relation for the amorphous "phase",
and observing its crossing point with that of the corresponding crystal, usually itself
metastably extended into the stability regime of the denser crystalline phases that are
encountered at high pressure. PIA occurs at the intersection of the G(P) curves [22].
This description is then analogous to that for equilibrium, or "two-phase", melting, that
occurs in the stable P-T regime at high temperature (fig. 8).

Because PIA occurs at a sufficiently low temperature that first-order phase transitions
are impeded by slow kinetics (hence the lack of stable crystal-crystal transformations),
it is also possible to envisage that the metastable extension of G(P) for the low-density
crystalline phase could itself be overdriven beyond the free energy crossing with the
amorphous "phase". At some point, however, the superpressed "low-density" packing
arrangement would no longer be sustainable within the system of specific interatomic
interactions, and the system would collapse spontaneously in response to some lattice
instability. The result is a "one-phase" interpretation of the "metastable melting" event:
the superpressed crystal encounters a catastrophic lattice instability that is described in
thermodynamics as a "spinodal" point in P-T space: beyond this the metastable crystal
can no longer exist, and transformation to some lower energy phase must be sought by
the system (fig. 8). If there is insufficient thermal energy for nucleation and growth of a
stable crystalline phase, the result is a solid state amorphous material, or "amorph" [13].
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Fig. 8. - Views of pressure-induced amorphisation from a thermodynamic perspective. In (a)
is shown the free energy-pressure relation (G(P)) for a low-density crystalline phase, and its
intersection with that for a higher density phase stable at high pressure. The crossing point
gives the transition pressure (Ptr). The slope is equal to the molar volume, so the low-density
phase has a steeper G(P) relation. The metastable extensions of the G(P) relations for the low-
and high-density phases to higher and lower pressures than Ptr are shown as dashed lines. (b) In
the metastable melting argument for PIA, the amorphisation event occurs when the free energy
curve of "glass" (i.e., that supercooled melt phase followed along the metastable extension of
the melting curve to below the glass transition, to intersect the pressurisation coordinate at low
temperature) crosses that of the low-density crystalline phase. The crossing point could occur
at any pressure, but usually happens in the metastable regime for the crystal (i.e., at P > Ptr).
The amoprphous G(P) relation is drawn as a broader locus of points than for the crystals,
because it is a non-equilibrium material, and the measured thermodynamic energies actually
correspond to projections onto the free energy surface of a hypothetical amorphous phase in
internal equilibrium. In this case, PIA is viewed as an equivalent of the first-order melting
transition, occurring in the metastable regime. The sketch in (c) represents the other extreme
view of PIV, as occurring when the metastably compressed low-density phase encounters an
intrinsic structural instability that results in catastropic collapse of the crystal. The pressure
at which this occurs is the one-phase spinodal point for the system. If sufficient thermal energy
(kT) is present, the system would spontaneously nucleate the stable high-density crystalline
phase. However, at low enough temperature, this does not occur and the system is trapped
in a locus of non-equilibrium states between the crystalline G(P) curves, and the result is an
amorphous material. It is also possible to form amorphous solids at any point above Ptr. Once
the low-density crystal becomes metastable with respect to high-density phase, it may leave the
metastable extension of the low pressure G(P) curve in an attempt to reach the stable high-
density crystalline state, and lower its free energy. However, if there is insufficient thermal energy
available for nucleation and growth of the stable phase, the system will once more find itself
trapped in metastable and non-equilibrium states, that correspond to amorphous materials.
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Fig. 8. - Continued

The location of the spinodal determines an upper bound to the amorphisation pressure.
The possibility of a shear instability mechanism for PIA has been discussed in the case of
crystalline quartz [21]: other potential instabilities include those due to the bulk modulus
(that would couple directly with the volume), or internal phonon modes. It is noted that
the non-isotropic nature of many of these potential instabilities confers great sensitivity
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to the hydrostatic vs. non-hydrostatic nature of the experiments carried out to observe
the PIA phenomenon [23].

Related arguments can also apply at any point along the metastable extension of
the crystalline G(P) curve, where the superpressed crystal is always metastable with
respect to a denser crystalline phase (fig. 8). The low pressure crystal can only follow
the metastable G(P) relation as long as insufficient thermal energy exists to overcome
barriers to structural transformation or atomic diffusion, leading to nucleation and growth
of a more stable phase. During a given experiment, the superpressed crystal may find
sufficient energy to begin to surmount one or more of the family of kinetic barriers (for
example, at high energy locations such as grain boundaries or internal defects) to leave
the metastable G(P) curve. If there is insufficient thermal energy for crystallisation,
however, the system is trapped in a locus of metastable and non-equilibrium states that
do not correspond to any crystalline phase, and hence are by definition "amorphous".
The combination of these various circumstances, that lie largely within the realm of
non-equilibrium thermodynamics, contributes to the extreme variability and dependence
upon experimental conditions that is known to be associated with experimental studies
and observations of the PIA phenomenon [4, 23].

The "metastable melting" argument and those related to crystalline instabilities can
be applied equally well during the decompression of a high-density crystalline phase,
recovered to ambient pressure following high pressure synthesis [25]. For example, the
high-density perovskite phase of CaSiO3 is "barely" recoverable to ambient P and T, and
it amorphises rapidly following recovery. The corresponding MgSiO3 perovskite phase
is recoverable to ambient P, but it rapidly amorphises or undergoes transformation to
stable low P crystals when heated or is subjected to laser irradiation. Observations
such as these led to "construction" of a SrGeO3 perovskite phase synthesised at high P
that was recoverable to ambient conditions in a highly metastable but long-lived state,
that exhibited its approach to an impending lattice instability in its anomalously large
static dielectric constant [26]. This leads to the possibility of new materials design
through recognition of the PIA process or its equivalent during decompression, combined
with identification of the underlying lattice instabilities and their effects upon structure-
property relations.

The PIA phenomenon also occurs in "framework" aluminosilicate minerals, that have
a three-dimensional network of connected (Si, Al)O4 tetrahedra analogous to SiO2 poly-
morphs. For example, PIA was encountered above 15 GPa in the calcium aluminosilicate
mineral anorthite (CaAl2Si2O8) [27] (fig. 9). Unlike SiO2, however, the stable crystals at
high pressure are not a high-density polymorph of CaAl2Si2O8, but are instead a mixture
of phases (e.g., garnet Ca3Al2Si3O12 + Al2SiO5 + SiO2). This observation highlights the
potential importance of the chemical potential as a thermodynamic driving force for
the occurrence of PIA in complex substances, rather than the density alone as for pure
substances [27]. This point has been presented by A. K. Arora, this volume, p. 545.

In glassy aluminosilicate or aluminate framework systems, polyamorphism is also en-
countered as a function of the density, and this can be studied by a combination of
vibrational (infrared and Raman scattering) and nuclear magnetic resonance (NMR)
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Fig. 9. - Pressure-induced amorphisation in anorthite (CaAl2Si2O8), a mineral with a three-
dimensional aluminosilicate framework structure analogous to SiO2 polymorphs (ref. [27]). The
sharp lines in the Raman spectrum of lower density crystalline phases disappear abruptly above
15.4 GPa, to be replaced by a broad spectrum characteristic of an amorphous solid.

spectroscopy. For example, CaAl2O4 glass exhibits a rapid and dramatic structural
change above ~ 10 GPa, associated with the appearance of high coordinate (AlO5, AlO6

groups) species in the structure, and there is a large hysteresis upon decompression [28]
(fig. 10). The Raman signature of the densified glass is retained to below 5 GPa, and a
proportion of the highly coordinated aluminate species is still present in the glass recov-
ered to ambient pressure. In all of these studies, however, the results can be interpreted
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Fig. 10. - Polymorphism in an aluminate glass (CaAl2O4), with a framework structure analogous
to SiO2 glass (ref. [28]). At low pressure, the Raman spectrum of the glass is characterised by
strong bands at 550 cm - 1 and 790 cm–1, indicative of A1O4 bending and stretching vibrations
within a tetrahedrally coordinated glass framework. Above approximately 11 GPa, these bands
are replaced by a single broad feature centred at approximately 760 cm–1, which is characteristic
of stretching vibrations of aluminate units in high coordination (AlO5 and AlO6 groups). The
glass structure has undergone a change in its average coordination state, which might be expected
upon densification. During decompression, the characteristic spectrum of the high-density glass
is retained to < 4.5 GPa before there is any hint of the tetrahedrally coordinated structure
reappearing (and solid state 27A1 NMR results indicate that substantial amounts of V- and
Vl-coordinated Al are present even after recovery to ambient pressure). Such large hysteresis is
reminiscent of the behaviour that accompanies decompression of high-density crystalline phases,
following first-order transitions at high pressure.

in terms of gradual changes in the glass structure with densification, rather than as true
polyamorphic transformations analogous to density-driven crystalline phase transitions.
To fully explore this special type of newly-recognised phase transition, it is necessary
to return to an examination of the phenomenon of melting at high pressure, and the
topology of the melting relations for different substances.
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5. — Liquid-liquid phase transitions and the "two-state" model to interpret
melting curve maxima

The most extreme form of "polyamorphism" is encountered in systems that exhibit
a first-order thermodynamic transition between distinct liquid phases for a given sub-
stance [4, 6, 19, 29]. Because the transition occurs at constant composition, the thermo-
dynamic parameter of interest is the difference in entropy or density of the two liquids.
The phase transition is then recognised to be analogous to the liquid-gas transition that
occurs at the lowest densities [29].

Our present understanding of density-driven liquid-liquid phase transitions and the
related phenomenon of polyamorphism derives from the application of regular solution
thermodynamics to the problem of one-component systems with a negative melting slope,
i.e., dTm / dP < 0 [30]. As discussed above, the melting slope is usually positive, because
liquids are generally less dense than corresponding crystals. Many elements and simple
compounds, however, either exhibit well-defined maxima in their melting curves so that
the melting slope is negative over some pressure range, or have an initial melting slope
that is negative (implying the presence of a maximum at "negative pressure", or in a
tensile regime) [31]. Examples include the metals Ba (maximum at 2GPa; perhaps
two others between 6-8 GPa), Cs (a double maximum separated by the bcc-fcc phase
transition at 2.5GPa), Ti (negative initial slope to 8GPa; likely maximum near latm),
Eu (maximum at 3 GPa) and Pu (negative initial slope to 3 GPa); the semiconductors
Si and Ge (negative initial slopes); Se and Te (maxima at 5 and 2GPa, respectively)
(fig. 11). The best known simple compound with a negative melting slope is H2O (ice
Ih), as already discussed above. Many others show maxima (KNO2, KNO3, Li2CrO4,
Na2SeO4, KH2AsO4), negative initial melting slopes (Li2MoO4, the a-quartz form of
GeO2), or impending maxima intersected by a triple point (e.g., the /3-quartz and coesite
forms of SiO2) [31].

The existence of a negative melting slope implies that the liquid density has exceeded
that of the underlying crystalline phase. In a one-component system (appropriate for
elements and simple compounds), this can be readily understood by the simultaneous
presence of low- and high-density "species" or "states" within the liquid phase. The low-
density species could correspond to domains of the liquid structure containing averaged
configurations similar to those present in low-density crystalline phases, and the high-
density species might be expected to bear a relation to structures encountered in high-
density crystals. In the crystalline state, all local coordination environments are required
to transform at the same pressure for a given temperature. The relaxation of translational
symmetry and the requirement for long-range order in the amorphous state means that
there could be coexistence of low- and high-density domains in the liquid, so that the
relative proportions of high- and low-density state could change increase continuously
with increasing pressure. The result would be an "anomalously" large increase in liquid
density with applied pressure, compared with the corresponding (low-density) crystal.
This is the essence of the "two-state model" for the liquid structure [30].

The concept was first developed to understand the "anomalous" behaviour observed
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Fig. 11. - The melting relations for Ba, sketched from the compilation of data in ref. [31]. At low
pressure, the stable crystalline phase is Ba (I), which has a body-centred cubic (bcc) structure,
with the atoms in 8-fold coordination. At high pressure, the structure collapse to a dense
hcp (hexagonal close-packed) from (Ba-II), with 12-fold coordinated Ba atoms. Further phase
transitions occur at higher pressures. The melting curve of the bcc form shows a pronounced
maximum at ~ 2 GPa, and it has been suggested that the liquid is best understood by a "two-
state" model, with "bcc-like" domains dominating at low pressure, and "hep-like" domains with
atoms in higher average coordination at high pressure (ref. [30]). It appears that the phase
diagram of Ba contains at least two further melting curve maxima, at higher pressures, perhaps
indicating further structural changes associated with densification in the liquid state.

for metals such as Cs, Ba and EU, which exhibit maxima in their melting curves [30, 31].
In these systems, the low pressure crystalline phases have a bcc packing of the atoms,
which are in 8-fold coordination. At higher pressures, the crystal structure changes to
fee or hep, with the atoms in 12-fold coordination (fig. 11). It was proposed that the
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liquid contained "low-" and "high-density" regions or "domains" that could mimic the
local packing configurations present in the low- and high-density crystals. Because the
fraction of the higher density species in the liquid might increase smoothly as a function
of the density, the liquid density could exceed that of the corresponding crystal above
a certain pressure, giving rise to a volume decrease on melting and a negative melting
slope [30].

To achieve a thermodynamic description of the two-state liquid, Rapoport [30] applied
Guggenheim's "regular solution" mixing model to the liquid phase, in order to calculate
the melting relations (i.e., the locus of free energy points where Gcrystal = Gliquid) The
simplest description of the liquid would have been an "ideal" solution model, in which
there is no energetic "signature" to the simultaneous presence of such low- and high-
density regions in the liquid state. However, Rapoport surmised that there would be
some energy "penalty" as a result of mixing the two states or species, with different
structures and contributions to the density. The low- and high-density species are thus
treated as thermodynamic components; designated here as species "A" (low density) and
"B" (high density).

At equilibrium, the molar free energy of the liquid is defined by

(4) G = XAGA+XBGB,

where XA and XB are the mole fractions of species A and B present. The partial molar
free energy of each species is given in terms of the pressure and its specific volume
contribution as

(5) GA - G0
A + VA(P - P0) + RT ln (XA) + W(l - XA)2

and

(6) GB = G0
B + VB

0(P - P0) + RT ln (XB) + W(l - XB)2

The total molar free energy of the liquid is then given by

(7) G = XA (HA - TSA) + (1 - XA) (HB - TSB) +

+ P[XAVA + (1-XA)VB] +

+ RT[XA \nXA + (1 - XA) In (l - XA)] +

+ XA(1-XA)W.

This is often written more simply in terms of the excess free energy of mixing:

(8) AGmix - RT[XA In XA + (l - XA) In (l - XA)] +

+ XA(l-XA)W.
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Here G^ and G^ are the respective standard state molar free energies associated with the
low- and high-density species (A and B), and V0

A and V0
B are the standard state molar

volumes. R is the universal gas constant, P0 is the standard state pressure, T is the
absolute temperature, and W is a regular solution "interaction parameter", with units of
energy. A non-zero value of W implies that there is a mixing contribution to the excess
enthalpy of the liquid. Using values for G0

A, G0
B, V0

A and V0
B obtained from crystalline

phases, the model was shown to reproduce the form of the melting curves observed for
simple systems [4, 30].

6. — The "two-state" model, liquid-liquid transitions, and extension to other
systems

The application of the 2-state model effectively transforms the consideration of a one-
component system in P-T space into a problem with an additional "compositional" axis,
i.e., the proportion of high- and low-density species A and B present. These species
obviously have the same chemical composition: they are distinguished by their different
local structures and contributions to the molar volume and the enthalpy of the liquid
state. At low pressure, the low-density species (A) dominate, and so XB = 0. At very
high pressures, the system contains only high-density species: XB = 1. At intermediate
pressures and for a given temperature T, the proportion of A and B species in the liquid is
determined by their respective volumes and by their standard state partial free energies,
and also by the mixing energetics determined by an appropriate thermodynamic model.

For an ideal solution model, the mixing energy W = 0, and the energetics are deter-
mined by the entropy alone. In Rapoport's formulation [30] of the two-state liquid model,
the regular solution mixing parameter W appears in the total free energy as a result of
the simultaneous presence of low- and high-density species. This energy can be thought
of either as arising from a direct interface energy between the low- and high-density
domains, or these are considered to represent actual structural species in the liquid, or
more generally as a free energy contribution to the state of the overall liquid arising from
the cooperativity of bonding rearrangements that must occur if "anomalous" changes in
coordination or bonding type occur as a function of the density.

One of the characteristics of any regular solution thermodynamic model to describe
mixing is the appearance of a critical point in the free energy "composition" (G-X) rela-
tions as the temperature is reduced (fig. 12). The critical temperature (Tc) is determined
by the ratio

W

At high temperature, the G(X) curve consists of a simple parabola, as is found for the
ideal mixing case (i.e., RT » W: R is the gas constant). The "composition" of the stable
liquid occurs at the minimum in free energy, and the liquid possesses an equilibrium
distribution of low- and high-density species or domains present within a single phase,
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Fig. 12. - The application of the 2-state model to the liquid effectively transforms the problem
from that of consideration of a one-component system in P-T space to a two-component one with
an additional "compositional" axis (i.e., the relative proportion or mole fraction of high- and
low-density species A and B, XB)- Although both species have the same chemical composition,
they have different local structures, and make distinct contributions to the molar volume and
to the enthalpy and entropy of the liquid state. At a given pressure or temperature (i.e., for a
given liquid density), the fraction of each species present in the one-phase liquid is determined
by the partial molar thermodynamic parameters (enthalpy, entropy, volume) of each. In model
calculations carried out to date, values for these parameters have been estimated using data
from suitable crystalline forms that are built from the likely low- and high-density structural
units present in the liquid. The values, as well as the mixing parameter (W, see below), can be
adjusted to fit the observed melting relations, as well as thermodynamic observables.

with its thermodynamic properties determined by the partial molar contributions from
the low- and high-density "components" along with their mixing relations.

As the temperature is reduced, the influence of the mixing term W becomes more
apparent in the free energy relations, and a double minimum begins to appear in the
G(X) function (fig. 13). The double minimum structure strengthens as the temperature
is lowered further, and the positions of the two minima move to higher and lower values
of XB- The appearance of the double minimum is immediately preceded by a flattening
in the G(X) curve, that determines a "critical" temperature (Tc) for the behaviour. Be-
low Tc, the liquid has two equilibrium states, represented by the low-density (the smaller
value of XB) and high-density (larger XB) minima. These correspond to coexisting liquid
phases, that are respectively dominated by low-density ("A" species) and high-density do-
mains ("B" species) in each. The low-density liquid (LDL) and high-density liquid (HDL)
phases are thought to map on to the LDA and HDA non-equilibrium states observed to
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AGmix = RT(XAln XA + XB In XB) + WXAXB

Low T : two liquids

TC = W/2R

= 602K

Fig. 13. - Plotting the free energy of the two-state liquid as a function of the temperature (here
the curves are shown with the lowest temperatures at top, and the highest temperatures at
bottom) results in appearance of a double minimum at a critical temperature, Tc. The value
of Tc is determined by the mixing parameter, Tc = W/2R. Here the mixing energy (AGmix) is
shown. The locus of minimum values (dashed curve) defines a "solvus", between low- and high-
density forms of the liquid, with different concentrations of the low- and high-density species
("A" and"B").

occur in the non-ergodic regime, as recently discussed for H2O [7]. This development of
the double minimum structure in the G(X] relations, along with its implication for the
passage from "two-state" (single phase) to "two-phase" liquid behaviour, with the density
or the entropy (rather than composition) as a thermodynamic "order parameter" was
recognised by Rapoport in his original formulation of the two-state model. However, he
noted that: such separation into two liquids has, as yet, never been encountered and
we therefore restrict ourselves to values of W/kT < 2" (k — R/NA , NA, is Avogadro's
number) [30].

The central point of the present lecture is to note that such phase separation into
low- and high-density liquids at constant composition does in fact occur, and that it is
even quite general among a range of one component and simple liquid systems, with a
wide variety of bonding types. As the pressure is varied, so also does the temperature
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Fig. 14. - Below the critical point, the free energy relations for the liquid imply a line of first-
order phase transition points between a low-density liquid (LDL) and a high-density liquid
(HDL). In most cases studied to date, the phase transition behaviour lies below the liquidus,
in the supercooled liquid state (refs. [4, 29]): recent observations (for example, on liquid phos-
phorous) indicate that the transition may also occur in the stable liquid (ref. [32]). Because the
fluctuations (in density and entropy) in the liquid state are directly related to the appearance of
the first-order phase transition, the maximum in the melting curve lies approximately above the
critical point, in cases where the L-L transition lies within the metastable supercooled liquid.
The Clapeyron slope of the liquid-liquid transition line can be positive or negative, depending
on whether HDL has smaller or larger entropy than the LDL phase. In cases studied to date, the
higher coordination in the high-pressure liquid gives rise to a greater number of accessible con-
figuration states, so that is likely to have higher entropy, and the Clapeyron slope is expected to
be negative (ref. [33]). At sufficiently low temperatures, the HDL and LDL states will encounter
their respective glass transitions, below which they are no longer in internal thermodynamic
equilibrium. It is suggested that there is a continuity between the HDL and LDL metastable
liquid states, and the HDA and LDA forms of non-equilibrium amorphous substances [7]

of the L-L transition, depending upon the volume and enthalpy difference between the
low- and high-density components. The result of the thermodynamic analysis is a line
of first-order liquid-liquid phase transitions in P-T space, with a negative or a positive
Clapeyron slope (fig. 14) [32].

In their review of PIA and polyamorphism phenomena, Barkalov and Ponyatovsky [4]
extended Rapoport's thermodynamic analysis to include discussion of the two-phase re-
gion below Tc, using data for "corresponding" crystals to estimate the partial thermody-
namic quantities for the liquid species. They carried out the analysis quantitatively for
Si and Ge. Based on general considerations for the thermodynamics of such L-L phase
transitions, it is expected that they should generally occur below the liquidus, in the
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supercooled liquid regime [29]. For example, a typical value of the interaction parameter
for systems studied to date is ~ l0kJ/mol. This is smaller than the enthalpy of melting,
and the calculated critical temperature (600 K) lies below the melting point. This means
that the passage from the 1-phase, 2-state liquid state to 2-phase LDA-HDA behaviour
would occur in the metastable supercooled liquid regime, below the melting point, and
its observation is thus in serious competition with crystallisation kinetics. If the investi-
gation of a particular system is carried out at ambient pressure, the L-L phase transition
line is encountered at only one point, that represents the intersection of the line of usually
metastable transitions with the P = 1 atm axis. It is obvious that, as in situ studies of
liquids are extended to a wider range of P-T conditions due to the recent availability
of advanced synchrotron-based techniques for amorphous structure determination and
physical properties measurements under simultaneous high pressure-high temperature
conditions, the possible occurrence of density-driven L-L transitions in the supercooled
and the stable liquid regime can be investigated fully [29]. In a recent in situ study of
liquid phosphorus at high pressure and high temperature, Katayama et al. have provided
the first evidence for a first-order liquid-liquid phase transition occurring within the sta-
ble liquid regime, between a "molecular" low-density form of the liquid at low pressure,
and a high-density "polymeric" form [32].

Brazhkin and coworkers have long suggested the occurrence of phase transitions in
elemental liquids such as Se, S, Te, I and also P, based on measurements of abrupt changes
in the electrical conductivity observed with increasing density, similar to those associated
with insulator-metal transitions in crystalline solids [6]. This group has recently discussed
the observed physical property changes in the stable liquid regime as "quasi-transitions"
extending into the liquid phase, among fluctuating nano- to micro-sized domains of low-
and high-density amorphous "phases", with a certain proposed "fuzziness" associated
with the transformations. The recent result on liquid phosphorous [32] suggests that
true density-driven L-L phase transitions may in fact occur in some of these systems.
However, it is also possible that the large changes observed in liquid state properties
occur in the one-phase liquid regime, above the thermodynamic critical point (Tc), i.e.,
within a one-phase liquid that might be described by a 2-state model. There is much
room for future experimentation to be carried out, with modern techniques for liquid
structure and thermodynamic properties determination.

7. - The relationship with glassy state polyamorphism, PIA, and the negative
slope of the melting curve: the general nature of L-L phase transitions

In the case of glassy systems that exhibit polyamorphism, such as H2O, SiO2 and
GeC>2, the rapid changes in structure and properties with applied pressure at low tem-
perature may be indicative of an underlying liquid-liquid transition, expressed within
the non-ergodic system. These systems have now become classic for studies of their
"fragility", or their degree of departure from Arrhenian rheology in the glass-forming liq-
uid: the relationship between the liquid state rheology and polyamorphism is discussed
below. In general, a L-L transition might be expected to occur in the supercooled liquid
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state for these systems, between liquids with structures that are representative of the
LDA and HDA forms described for the solid amorphous materials. Such a correlation
between (LDA, HDA) and (LDL, HDL) forms has been proposed in H2O [7]: however,
in this case, the "bridges" between non-ergodic and ergodic states are hidden from ex-
perimental study by the rapid competing kinetics of recrystallisation phenomena. The
case of SiO2 is similar: the LDA-HDA transformation is observed at ambient tempera-
ture, but this has the properties of a "smooth" structural transition between non-ergodic
amorphous forms. If the temperature is raised in an attempt to study the supercooled
liquid state, rapid nucleation and growth of low- or high-density crystalline polymorphs
intervenes. The volume behaviour of GeO2 glass at high pressure has been studied in
situ and modelled quantitatively by a 2-state model, and the simultaneous presence of
LDA (4-coordinated) and HDA (6-coordinated) states was determined and followed by
spectroscopic techniques [12–14]. However, the transition has not yet been studied at
high temperature in the supercooled liquid state.

Fig. 15. - Photomicrographs of ¥2(1)3-AbOa glasses containing ~ 24mol% YaOs, prepared by
supercooling the liquid to ~ 1400 °C, then quenching, (a) Glass inside the hole drilled in an
Ir wire heater, prepared by "rapid" quenching (~ 500°/s), in inert gas (N2 or Ar) (ref. [33]).
A cooling crack is visible traversing the sample. Careful examination shows the presence of
"beads" throughout the sample, formed by a first-order liquid-liquid transition, (b) Glass pre-
pared at a slightly lower cooling rate (~ 250°/ s). The "beads" have grown in size and in number.
(c) Polished section of a sample removed from the wire heater, and prepared for electron mi-
croprobe analysis. Both beads and matrix are almost entirely glassy. The texture of the beads
indicate that they formed in the liquid state. Chemical analysis via electron microprobe indi-
cates that beads and matrix have identical chemical composition, within analytical error (see
ref. [33]). (d) Free-standing beads and pieces of matrix glass obtained by mechanical separation
from a sample prepared (in Ar) in a roller-quench apparatus (C. T. Ho and P. F. McMillan,
unpublished).
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Direct visual evidence for the occurrence of a density-driven phase transition between
two supercooled liquids was first observed in the system Y2O3-Al2O3 [33] (fig. 15). This
is an unusual example of a system that is chemically multi-component and that could un-
mix in response to compositional fluctuations, but that does not appear to do so (although
the presence of a compositional thermodynamic parameter requires deeper consideration
of the density-driven L-L transformation behaviour: see below). The L-L transition
in this system was observed to occur for a range of Y2O3:Al2O3 compositions, and it
was concluded that the dominant thermodynamic parameters driving the transition were
density and entropy differences between the low- (LDL) and high- (HDL) density super-
cooled liquid phases. The transition was observed to occur below the equilibrium solidus
during rapid cooling of liquids with bulk compositions between 24–32 mol% Y2O3- The
L-L phase transition resulted in separation of a second liquid phase as "droplets" within
a "matrix" of the high temperature liquid, before both were quenched to metastably co-
existing glasses [33]. The compositions of "droplet" and "matrix" were determined by
electron microprobe analysis to be identical, for the entire suite of samples with different
bulk compositions. A difference in density between the two phases was originally inferred
from contrast in back-scattered electron images in the scanning electron microprobe ex-
periment. This has now been verified by direct density measurements on physically
separated LDA and HDA glasses: the coexisting glasses differ by 3-4% in density at
ambient T [34]. In the original study, an entropy difference between the two phases was
inferred from the observation of different degrees of structural order indicated by Raman
and IR spectra of the LDA and HDA glasses [33]. Subsequent calorimetric investiga-
tions have confirmed the entropy difference, and showed that the glass transitions for the
two liquid phases differ by 200-300° C [34], and also that the two liquids have different
rheological behaviour as expected for a polyamorphic transition [19].

To summarise this section, the potential existence of structural domains with different
local packing or coordination schemes to give low- and high-density regions within the
liquid state can result in pressure regimes in which the liquid density exceeds that of
the corresponding crystal. The result is a melting curve that has a negative slope. This
negative melting slope can be extrapolated metastably below the liquidus into the super-
cooled liquid regime, and to below the glass transition into a non-ergodic region. If the
crystal is compressed metastably at low temperature, it will encounter the metastable
extension of the melting curve at some P and T, and has the opportunity to undergo a
metastable first-order phase transition into the metastable liquid state. If the experiment
is carried out below Tg, the result will be a crystal-amorphous transition, or PIA. Be-
cause this latter case is not an equilibrium solution and can be influenced by kinetics, the
transition can be extended to higher pressure until a crystal instability is encountered:
the result is a "one-phase" melting event or a spinodal, in the appropriate strain (P-V,
non-hydrostatic, or internal) parameters. Kinetics can also intervene at lower pressures,
if there is sufficient thermal energy in the system for the metastably compressed crystal
to leave its free energy G(P) curve, but not to nucleate the stable high-density crystalline
phase. If crystallisation processes are ignored, thermodynamic treatment of the 2-state
liquid will result in development of a critical point at low temperature, that then results
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in a line of density-driven liquid-liquid phase transitions between LDA and HDA phases
in P-T space. If the system could be cooled sufficiently without intervention of crystalli-
sation, a first-order L-L transition would be observed. However, in most experiments
to date, this is not the case and the presence of underlying L-L transitions must be in-
ferred from indirect measurements and observations. It is predicted that this situation
will change in the near future, and that such L-L transitions will be recognised as quite
general. The case of liquid phosphorus is the first of these to be established [33].

8. - Extensions of the two-state model, and its implications for rheology

The two-state model as formulated above implies the simultaneous presence of two
structural states, that may be modelled upon local configurations present in crystalline
phases of comparable density, that vary in relative proportion as the pressure is increased.
The true situation is probably less clear-cut than this. The crystalline phases sample only
a very small fraction of the possible available atomic configurations, that result in the
lowest free energy minima possible within the system. Viewed in this way, it is a gross
oversimplification to use crystalline states as a model for the 2-state liquid parameters.
The fact that the model is successful in reproducing observed behaviour partly reflects
the fact that these configurations likely dominate the amorphous, as well as the crys-
talline, energetics, and also that significant cancellation between other states with lower
and higher energies must occur in the free energy expression. To obtain a more accu-
rate picture of 2-state liquid state behaviour and resulting polyamorphism, other more
advanced models have been developed to give a more general description of the thermo-
dynamics, structure and properties. One of these is the "bond excitation model" [35]. In
this formulation, a liquid "lattice" is constructed to model the liquid at low pressure, with
a bonding pattern determined by that prevalent within low-density crystalline materials.
As the density is increased, bonds are broken ("excited") and re-formed into patterns
consistent with higher local coordination: the concept is left sufficiently general to be
consistent with covalent, ionic, metallic or H-bonding schemes. The thermodynamic for-
mulation yields the same results as the original 2-state model: however, the concept
is more satisfying in that no specific local structures based upon crystalline states are
implied. Within the framework of the "bond excitation" model, the configurational en-
tropy is readily obtained: this is then used to derive the viscosity of the corresponding
supercooled liquid through the relations derived by ADAM and GIBBS for cooperative
relaxation [36].

We have recently applied this model to the case of liquid silicon. In our experiments,
we compressed a sample of "porous" Si, prepared by hydrofluoric acid etching under
electrochemical conditions, to pressures above 10-15 GPa. The crystalline structure was
lost, as determined by synchrotron X-ray diffraction and micro-Raman spectroscopy [37]
(fig. 16). The result was an amorphous form of silicon. The phenomenon of PIA had never
been observed previously for silicon, even in experiments at low temperature, because
crystallisation kinetics were always too rapid. In our study, however, the nanocrystalline
nature of the porous silicon precluded nucleation and growth of high-density crystalline
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Porous silicon compression.
X-ray diffraction
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Fig. 16. - X-ray diffraction (left) and Raman scattering (right) results for a porous (nanocrys-
talline) form of silicon, demonstrating pressure-induced amorphisation (S. K. Deb et al.:
ref. [37]). The energy dispersive X-ray diffraction experiments were conducted at the National
Synchrotron Light Source (Brookhaven, USA). The ambient pressure spectrum shows the (111)
reflection of silicon, broadened by the nanocrystalline nature of the sample (average particle
dimension ~ 5nm). Other peaks are due to Re gasket, ruby, and fluorescence. Above 6-7 GPa,
a broad amorphous signal is observed, 'and the crystalline peak is no longer observed above 10-
12 GPa. Above 6-7 GPa, the crystalline peak in the Raman spectra is broadened and becomes
weaker, indicating structural disorder, and disappears by ~ 15 GPa. The results indicate PI A in
the porous nanocrystalline silicon. The amorphous material formed has a different spectrum to
that of "normal" tetrahedral amorphous Si, and is due to an HDA from with silicon in high coor-
dination. During decompression only the weak, broad Raman band at 200-400 cm""1 was visible
initially. Below ~ 8-9 GPa, this feature was joined by a second broad band at 400-500 cm"1,
indicative of the tetrahedrally-coordinated LDA form of a-Si. Below 4 Gpa, the signal-to-noise
ratio of the spectra improved dramatically, and the spectral features in the 250–400 cm"1 re-
gion became considerably reduced in intensity, signalling the complete return of the amorphous
material from HDA to LDA (ref. [37]).

phases. The PIA event occurred within the stability regime of metallic high-density
crystalline polymorphs. The amorphous silicon formed by PIA was in a high-density
form with a structure dominated by high-coordinate Si species, different from the 4-
coordinated Si present in the usual (low-density) amorphous semiconductor (fig. 16).
During decompression, it was observed that the HDA-Si transformed back to the "normal"
LDA form beginning at ~ 10 GPa, in agreement with the prediction of the 2-state model
for the liquid extended to the low P-T range [4, 37] (figs. 17, 18).

Within each model for liquid state behaviour, the ADAM-GIBBS theory of coopera-
tive relaxation [36] is expected to apply. In this description, the configurational entropy
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Fig. 17. - On top is shown a portion of the P-T phase diagram of silicon, showing the transition
between the diamond-structured semiconductor and the metallic /3-Sn structured phase. The
melting slope of the diamond structured phase is negative. This observation has long been
used to suggest a two-state model for liquid silicon, and the possible underlying presence of a
liquid-liquid phase transition (bottom) (see ref. [14]).

of the liquid (Sc) is related to the viscosity by the structural relaxation time r:

(10) r = T0e
c/TS-,

C is a constant for the system, and TO is the minimal relaxation time in the system,
usually determined by the vibrational timescale (10-14-10-12s). The relaxation time is
related to the viscosity by the Maxwell relation

(11) 77 =
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Fig. 18. - Calculated T-P diagrams of Si in stable and metastable crystalline and amorphous
states, using the bond exitation approach to model the liquid behaviour (Wilding in ref. [37]).
In (a) we show the negative melting slope for bulk diamond-structured Si and its metastable
extrapolation into the phase field of the metallic /3-Su (Si-II) phase, as well as the depressed
melting line calculated for 5 nm particles of nanocrystaline Si. PIA is expected to occur at
~ 14 GPa during metastable compression at 300 K, which is in reasonable agreement with ex-
periment (fig. 16). In (b) we show the calculated phase relations in the supercooled liquid, using
the bond excitation model. Model thermodynamic parameters used were AH — 40 kJ/mol,
AS = 24.9 J/mol.K and AV = -0.91 cm - 3 (ref. [37]), and W = 26604 J/mol reproduced the
measured negative melting slope. The predicted maximum lies at —3 GPa, the critical point for
the liquid-liquid transition at —0.5 GPa and 1600 K. The stippled band shows the approximate
glass transitions estimated for HDA and LDA forms of silicon. In our experiments, HDA-Si
was formed by PIA (fig. 16). During decompression, the HDA-LDA transition is encountered
at 300 K at 10–11 GPa.

in units of Pas or poise (1 poise = 0.1 Pas), where G^ is the "infinite frequency" modu-
lus (usually the shear modulus) that represents the intrinsic resistance of the system to
deformation: usually GOQ ~ 1010 Pa. These considerations imply that the low temper-
ature liquid (SLDA < SHDA) has a more Arrhenian viscosity-temperature relationship:
the result is that the HDA-LDA liquid-liquid transition is expected to be associated with
a large increase in the viscosity [19, 29] (fig. 19).

9. - Revisiting Y2O3-A12O3: the effects of the compositional variable and the
evolution towards "normal" liquid-liquid immiscibility

In the case of liquid Y2O3-Al2O3, the presence of a possible compositional fluctua-
tion accompanying or perhaps driving the L-L transition must also be considered [38].
For each Y2O3:A12O3 ratio, the HDA-LDA transition is observed, with a compositional



540 P. F. MCMILLAN

12

8-

£4

BUB art Onto. 2000

.>....!«

5 6 7 8
1000/T (K)

10

Fig. 19. - Calculated viscosities of low- and high-density silicon liquids (Wilding in ref. [37]). The
configurations! entropies obtained from the bond-lattice excitation model for HDA and LDA
phases was used to predict the viscosity (17) via the Adam-Gibbs relation. Two values of the
interaction parameter W were used to model the hypothetical liquids over the full temperature
range. The smaller value (13350 J/mol) gives a calculated viscosity consistent with measure-
ments (solid line), and would reach a value of 1012 Pas at 1070 K, suggested as an estimate for
Tg. The rheology of this liquid is that expected for the HDA form of liquid Si, in the absence
of any transition occurring to the LDA phase. The larger value of W (26600 J/mol) results in
a first-order HDA-LDA liquid-liquid phase transition (T = 1600 K and P = 1 atm) (fig. 18).
Below the transition temperature, the Ida viscosity-temperature relation is less strongly curved
than the predicted log 77 vs. 1/T relation for the extrapolated HDA liquid, due to the lowered
entropy.

dependence to the transition temperature (TL-L) [33, 34]. We presume that the Y2O3

and Al2O3 chemical components are fully mixed within the HDA and LDA liquid phases,
respectively. The situation then becomes analogous to the T-X phase diagram of, for
example, hexane and heptane which form mutually soluble gas and liquid phases with
different boiling points for the end members. Here, the "end members" correspond to
the limiting Y2O3:Al2O3 ratios over which the L-L transition occurs in the system. We
then expect a "gap" to open in the T-X relations describing the coexisting HDA and
LDA liquids, corresponding to different solubilities of Y2O3 and Al2O3 in the HDA and
LDA liquids, at the transition temperature [38]. If a multicomponent liquid with a given
bulk chemical composition undergoes a density-driven L-L transition, it is expected that
the initial LDA liquid formed will be richer in certain components, and that the com-
positions of both HDA and LDA will evolve as the temperature is decreased within the
phase transformation range. When the lower boundary of the T-X coexistence region is
encountered as the transition is completed, the LDA phase will have recovered the initial
bulk composition of the starting liquid. In the case of Y2O3-Al2O3, no such composi-
tional differences between metastably coexisting HDA and LDA glasses recovered after
quenching have been recorded in any of our studies to date: we presume that the ex-
pected compositional fluctuations have been obscured by the kinetic conditions required
to obtain glass.

The above analysis raises the possibility of a certain "competition" between the vari-
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ables of chemical composition vs. the density (or the entropy), corresponding to the
thermodynamic driving parameters of chemical potential, pressure and temperature, in
determining the occurrence of liquid-liquid phase transitions in multicomponent systems.
Compositionally driven L-L unmixing has been known in glass-forming liquids for a very
long time, but it is only recently that density-, entropy-driven phase transitions have
been recognised to occur at constant composition. It is clear that a more complete de-
scription of liquid behaviour must include the contribution of all three thermodynamic
driving forces in determining the onset of liquid-liquid phase transitions and unmixing.
In systems such as silica-alkali oxide systems (SiO2-Na2O) and chalcogenides (Ge-GeSe2),
the compositionally driven unmixing is very well known. However, it also appears that
density- or entropy-driven polyamorphism is, to be expected for the pure glass-forming
end member (SiO2, or both Ge and GeSe2 for the chalcogenide system). The evolution
of the behaviour of the system from density-driven polyamorphism to compositionally
driven unmixing as the bulk composition is varied is an important aspect of liquid state
behaviour that constitutes an exciting new area for further work [19].

10. - Summary

In conclusion, it now appears that density- or entropy-driven liquid-liquid phase tran-
sitions occurring at constant composition are not only possible, but they may be a quite
general aspect of liquid behaviour in many types of system. The behaviour has now been
observed or proposed to occur in many elements (S, Se, Te, I, P, C, Si, Ge, Eu, Ba, Cs,
...) and simple systems (H2O, SiO2, GeO2, GeS2, GeSe2, AlCl3, ...), and in more com-
plex liquids Y2O3-Al2O3, triphenyl phosphite). These systems represent a wide range of
bonding types, packing schemes and chemistry, which leads to our belief in the generality
of the phenomenon. In at least some of these systems, the behaviour observed to date
is likely to constitute large changes in physical properties in the one-phase regime (i.e.,
above the critical point), rather than associated with a true liquid-liquid phase transi-
tion, or occurs in the non-ergodic glassy regime: however, the existence of such large
properties changes points to the existence of a density-driven transition at some lower
temperature, that may be experimentally inaccessible with current techniques. In several
systems studied to date (S, SiO2, Si), the evidence points to the possible existence of
multiple L-L transitions: it is readily envisaged that the phase diagram of a pure sub-
stance may contain a series of polyamorphic transitions as the density is decreased, and
that the one that occurs at lowest density is simply the liquid-gas transition. (In fact,
it is interesting to speculate that a first-order gas-gas transition might even be possible
at sufficiently low temperature, for example, in molecular systems with double minima
in their potential energy function.) The reason why such density-driven transitions have
not been more widely recognised is because they are most likely to occur below the liq-
uidus, in the metastable supercooled liquid regime. This is a consequence of the fact
that the thermodynamic energy that drives the transition, that appears as the mixing
energy (W) in the regular solution formulation of the 2-state liquid model, is generally
smaller than the enthalpy of fusion: the result is that the L-L critical temperature lies
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below the melting point [29]. The other reason is that, in order to observe and char-
acterise a density-driven transition, it is necessary to explore the liquid behaviour over
a wide pressure-temperature range. The techniques for this type of study are only now
becoming generally available [32]. Now that such techniques exist, the first example of a
density-driven L-L transition has been observed above the liquidus, in liquid phosphorus
at high pressure [32],

The existence of such L-L phase transitions driven by density (pressure) and entropy
(temperature) differences between the two liquid phases constitutes a new field for ex-
ploration in the physical chemistry of the liquid state. For each system for which the
phenomenon is described, a major challenge will be understanding the differences in liq-
uid structural configurations that distinguish the two phases, and the factors responsible
for the energetic barrier between the two "landscapes" [19]. It will be necessary to explore
the occurrence of multiple L-L transitions within a given pure system, and the variation
of the critical temperature as a function of the nature of the density-driven transition. It
will also be essential to explore the evolution of unmixing as the onset of "normal" compo-
sitionally driven (chemical potential) transitions is encountered in multicomponent liquid
systems.

I take this opportunity to acknowledge the contribution of Martin Wilding (currently
at the University of California at Davis), who has been my collaborator in the field of
density-driven liquid-liquid transitions. I also acknowledge support from the Wolfson-
Royal Society Research Merit Award scheme.
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Pressure-induced amorphization

A. K. ARORA

Materials Science Division, Indira Gandhi Centre for Atomic Research
Kalpakkam, T.N. 603 102 India

1. — Introduction

There are numerous examples of solid-solid phase transitions from one crystalline state
to another that are driven by pressure and temperature. The phase transitions take place
because the free energy of the new phase becomes lower than that of the phase stable at
ambient conditions. At first instance a crystalline phase turning amorphous under the
application of pressure appears surprising or anomalous because amorphous solids are
usually found to crystallize when subjected to high pressure [1]. This is because common
amorphous solids and glasses have lower bulk densities than their crystalline counterparts
and hence have excess free volume, which is distributed [2]. This excess free volume is
released during crystallization and the system acquires a stable equilibrium structure [3].
Although amorphization under static compression was first found in gadolinium molyb-
date at 6.5GPa and at temperatures less than 673 K [4] while investigating the 0'-a
transition, the report of pressure-induced amorphization (PIA) in ice at 1 GPa and 77 K
by Mishima and coworkers [5] generated considerable interest in this phenomenon. Sub-
sequently, a large number of compounds such as quartz [6] and GeO2 [7], molecular
solids [8,9], phosphates [10,11], double sulphates [12, 13], silicates [14,15] and other min-
erals [16] have been reported to exhibit PIA. By now nearly a hundred compounds with
widely different bonding natures have been found to amorphize under pressure [17]. Out
of these, ice and various polymorphs of quartz have been investigated in maximum detail.
In addition, very curious results such as memory glass [10], anisotropic amorphous ma-
terial [18] and sublattice amorphization [19] have also been reported. These generated
considerable current interest in the phenomenon also from theoretical points of view.

© Societa Italians di Fisica 545
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Fig. 1. - Compression of ice-Ih as a function of nominal pressure, which is ~ 0.9 of the actual
pressure. The sudden drop in volume at about 10 kbar is due to transformation to hda-ice.
Upon release of pressure the original volume is not regained. Adapted from Mishima et al. [5].

Several models/criteria for the occurrence of PIA have also been examined [12, 20–22].
This lecture reviews the recent results and presents the current understanding of the
phenomenon.

2. - Ice

Mishima et al. [5] found that the normal hexagonal phase of ice (Ice-Ih), when pres-
surized to about iGPa at 77 K, underwent an irreversible compression to an amor-
phous phase with density 1.17g cm~3 at ambient pressure (1.31 g cm~3 at IGPa). This
phase was identified as high-density amorphous (hda) ice, quite different from low-density
amorphous (Ida) ice of density 0.94 g cm~3 conventionally obtained by condensing wa-
ter vapour on cold substrates. Figure 1 shows the displacement of the piston, which
is proportional to the change in volume, as a function of pressure. The amorphous
nature of the ice was confirmed from the X-ray diffraction patterns. The hda-ice was
shown to successively transform to Ida-ice and ice-Ih during a heating cycle involving
exothermic processes at 117 and 152 K, respectively. Subsequently, they also showed
that hda-ice could also be obtained by compressing Ida-ice at 77 K to 0.6 GPa [20] via an
apparently first-order transition. This transformation was also irreversible. The oxygen
pair correlation functions obtained from the analysis of diffraction data showed that the
nearest-neighbour coordination number remained about four in hda-ice [23]; however, the
next nearest-neighbour distance was much smaller (3.5 A) than that in Ida-ice (4.5 A).
Molecular dynamics simulations [24] confirmed these results and suggested that the oxy-
gen radial distribution function of hda-ice resembled closely that of ice-VIII. In situ
Raman spectroscopic studies of the OH stretching vibration exhibited the broadening of
the bands across amorphization pressure [25]. Due to coupling of OH vibrations with
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Fig. 2, - (a) Raman spectra of different forms of ice at 77 K as a function of pressure. The
coupling of OH oscillators leads to splitting of the spectrum even in ice-Ih. Adapted from
Hemley et al. [25]. (b) Raman spectrum of OH uncoupled oscillators in hda-ice at 77K, in
Ida-ice at 140 K and in ice-Ih at 170 K. Adapted from Klug et al. [26].

the neighboring OH units, the stretching mode splits into several components (fig. 2a).
In order to eliminate coupling of OH oscillators and to study the effect of amorphization
on uncoupled oscillators, Klug et al. [26] mixed 5% H2O in D2O and measured the Ra-
man spectra of hda- and Ida-ice. Prom this the broadening of a single uncoupled O-H
oscillator was uniquely established (fig. 2b). Prom the analysis of the results they esti-
mated the distribution of O-O bond-distances in different phases of amorphous ice. The
bond-length distribution becomes narrower as hda-ice transforms successively to Ida-ice
and ice-Ih (fig. 3).

In order to understand the phenomenon of PIA, Mishima argued, based on the ex-
trapolated melting curve of ice-Ih, that the ice melted into an amorphous solid as the
operating temperature was below the apparent glass transition temperature [5]. Slow
kinetics prevented the transformation to another crystalline structure. In order to cor-
relate melting and amorphization of ice, Mishima recently conducted experiments on
ice emulsions to prevent the influence of crystal-crystal transformation on the melting
process [27]. Prom these measurements, a smooth crossover from pressure-induced equi-
librium melting to sluggish amorphization at around 140–165 K was found. This was
also the range of maximum temperatures observed previously for the amorphization to
take place [25]. The P-T diagram thus obtained (fig. 4) gives further insight into the
phenomenon. This sequence of transitions can be viewed as a crossover from a conven-
tional two-phase equilibrium melting process to a one-phase amorphization process. The
amorphization appears to be also associated with the mechanical stability limit of the
solid.
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Fig. 4. - The phase diagram of ice exhibiting crossover from two-phase equilibrium melting to
one-phase metastable amorphization at Tam. Tc is the crystallization temperature of hda-ice.
Adapted from Mishima [27].
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Fig. 5. - Energy dispersive X-ray diffraction pattern of quartz at different pressures. The
calculated pattern corresponds to the compressed quartz phase assuming no transition. From
Hemley et al. [6].

3. - Quartz and other polymorphs

Quartz and coesite were found to amorphize at 30 and 34GPa, respectively, as in-
ferred from the disappearance of X-ray diffraction peaks [6] (fig. 5). The amorphization
was also found to be irreversible. Although stishovite is the thermodynamically stable
high pressure phase of SiO2 [28], at 21 GPa an intermediate metastable phase (quartz-
II) has been found to precede amorphization [29]. Possible structures of the quartz-II
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Fig. 6. - Phase diagram of SiO2- The dotted lines are extrapolations of melting curves of quartz
and coesite. From Hemley et al. [28].

phase have been discussed in a recent review [30]. Figure 6 shows the phase diagram
of quartz [28]. Molecular dynamics simulations exhibited disordering and an increase of
oxygen coordination of Si from 4 to 6 [31] similar to that in the stishovite phase. In a
first-principle pseudopotential calculation study of amorphization one of the mechanical
stability conditions (Born criterion) B3 > 0 was found to be violated [21],

(1) .63 = — 2C14.

BZ = 0 corresponds to a transverse acoustic mode with propagation and polarization
vectors along one of the three equivalent directions in a-quartz becoming soft. The
existence of an elastic instability or a soft mode does not necessarily imply amorphization;
it only suggests a possible structural transition. In view of this it was conjectured that
amorphization occurred because a phase transition to a new equilibrium structure is
kinetically hindered. Softening of B3 has indeed been confirmed in a recent single-crystal
Brillouin scattering study [32], although the value of B3 does not go to zero because
an intervening metastable transition to quartz-II occurs at 2lGPa. The evolution of
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a-quartz structure up to the amorphization pressure was examined by Hazen et al. [33]
by carrying out in situ single-crystal X-ray diffraction. The average Si—O bond-length
and the SiO4 tetrahedral volume were found to remain constant as a function of pressure;
however, the Si—O—Si bond angle decreased dramatically from 144 degrees at ambient
pressure to 124 degrees at 12GPa resulting in a flattening of the tetrahedra. With
increasing pressure the oxygen atoms approached a close-packed configuration in which
the Si—O—Si angle was close to 120 degrees. It was argued that the bending of Si—O—Si
bonds beyond their elastic limit led to the snapping of the bonds and reformation of
bonds in a disordered manner.

In most instances the conclusion of amorphization is drawn from either X-ray diffrac-
tion [6,34] or Raman spectroscopy [8,35]. The internal modes of molecular units/ions in
the compound are expected to broaden significantly across amorphization as the bond-
lengths and bond-angles now have a distribution rather than being unique as in the
crystalline case. In addition, the lattice modes can disappear as the amorphous phase
lacks periodicity. The disappearance of lattice modes and broadening of internal modes
by a factor more than four have indeed been confirmed to be associated with the amor-
phization [12,36].

Similarly, the disappearance of X-ray diffraction peaks has been routinely used for
claiming the sample to be X-ray amorphous. It is known that significant broadening of
the diffraction peak can take place if the grain size reduces to about 20 A or less. Hence
a distinction between amorphous and nanocrystalline sample may be difficult based on
X-ray diffraction alone. In order to examine the length scale over which the sample got
disordered as a result of pressure cycling of quartz, high resolution transmission electron
microscopy was carried out by Winters et al. [37]. The pressure amorphized quartz
recovered after the release of pressure was found to lack periodicity at the atomic level
(fig. 7).

One would generally expect the amorphous phase to be isotropic. On the other hand,
McNeil and Grimsditch reported a very curious result from their Brillouin scattering
study on oriented quartz crystals [18]. The recovered pressure-amorphized state was
found to be anisotropic. About 20% anisotropy was found in the sound velocities in
the samples with crystal orientations parallel and perpendicular to the c-axis. These
results implied a memory effect similar to that reported in the case of aluminum phos-
phate [10]. As the original crystalline structure has anisotropy in the form of helical
chains of corner-shared SiO4 tetrahedra running parallel to the c-axis, the authors ar-
gued that the amorphization probably corresponded mainly to changes in the stacking
of helices and less to changes in chains themselves. This could result in little change in
the acoustic wave velocity for propagation parallel to the c-axis but a substantial change
in the perpendicular direction. Subsequent molecular dynamics simulation has provided
some insight into the possible causes of anisotropy [38]. It was shown that anisotropy
arises because of unequal densification along the a- and c-axis. The helical chains were
found to recover upon depressurizing. In view of this the anisotropy was argued to be
a general property of pressure-amorphized solids and the pressure-amorphized states to
be different from glass. However, later Kingma et al. [29] pointed out that anisotropy
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Fig. 7. - High resolution transmission electron micrograph of quartz amorphized at 30.5 GPa.
Inset shows the diffraction pattern. From Winters et al. [37].

results from incomplete amorphization at 25 GPa.
Coesite, the high pressure polymorph of SiO2, was found to turn amorphous during

isothermal annealing below the glass transition temperature Tg (1480 K) at ambient pres-
sure [39]. Transmission electron microscopy studies have shown that the transformation
is dominated by heterogeneous nucleation and growth process above the thermodynamic
melting temperature Tm (875 K) and below Tg. The amorphous grains nucleated at free
surfaces and grain boundaries. Based on the thermodynamic, microstructural and mech-
anistic aspects of the transformation, this interface-mediated amorphization was argued
to be same as interface-mediated melting.

Molecular dynamics study on /3-cristobalite show that during amorphization breaking
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Fig. 8. - Raman spectrum of LiKSO4 in the region of symmetric stretching mode of sulphate
ion in the crystalline and the pressure-amorphized phases. Multiple peaks at 6.8 GPa represent
orientation disorder. From Arora [48].

of Si—O bonds takes place and new bonds of length 1.9-2.5 A emerge. The bond break-
ing is also accompanied by large atomic displacements [40]. The relative stability of
different polymorphs of silica has also been examined in another molecular dynamics in-
vestigation [41]. Among quartz, moganite and orthorhombic-silica, moganite and its high
pressure forms are reported to be most stable up to 30GPa and 1100 K. Amorphization
of quartz at 21 GPa was also reproduced.
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O Oxygen
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fl| Aluminium

Fig. 9. — One-eighth of the unit cell of potash alum showing two distinct orientations of sulphate
ions. a) S—O bonds point towards Al, (b) S—O bonds point towards K (misoriented configura-
tion). From Sakuntala et al, [49].
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Fig. 10. - Raman spectra of potash alum samples with (a) low initial OD and (b) high initial
OD. Samples with low initial OD exhibit irreversible structural transition to the /3-phase (a),
while those with high initial disorder undergo reversible amorphization at 6 GPa (b). From
Sakuntala et al. [13].

4. — Other systems

There are a large number of other compounds [42] and minerals [43] which have been
reported to exhibit PIA. A few selected systems are discussed in this section. Several dou-
ble sulphates with a general formula ABSO4, where A and B are monovalent alkali ions,
have been investigated for possible amorphization and phase transitions. Among these,
lithium-based double-sulphates have been studied in maximum detail, where LiNaSO4
alone is found to exhibit a sequence of structural transitions [44] while other members
such as LiKSO4 [45], LiRbSO4 [46] and LiCsSO4 [47] exhibit amorphization at pres-
sure higher than 10 GPa. The double-sulphates that exhibit amorphization are also
found to have disorder in the orientations of sulphate ions in the lattice. This orienta-
tional disorder (OD) is inferred from the presence of more Raman lines in the region of
non-degenerate symmetric stretching mode of sulphate ions than is permitted by group
theoretical considerations for the crystal symmetry (fig. 8) [48]. This OD is essentially a
static frozen-in disorder [12], which depends on pressure and is quite different from the
dynamic disorder at elevated temperatures where molecular ions behave like free rotors.
Raman studies in several double-sulphates revealed that the high pressure phases prior
to amorphization have OD that grows with pressure. These results suggested that the
orientational disorder of polyatomic ions may eventually cause amorphization [12]. Re-
cent Raman spectroscopic studies on potash alum (KA1(SO4)2 • 12H2O) crystals, which
are also double-sulphates, with different initial orientational disorder have unambigu-
ously shown that OD of sulphate ions indeed drives amorphization [13] in this system
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at 6 GPa. Orientational disorder in potash alum corresponds to S—O bonds of sulphate
ion misoriented towards potassium rather than the energetically more favourable con-
figuration of S—O bonds pointing towards aluminum (fig. 9). These two configurations
lead to two distinct frequencies of the symmetric stretching mode of the sulphate ion and
the relative intensities can be used for estimating the degree of Orientational disorder.
Orientational disorder, which increased with increasing pressure, resulted in the loss of
long-range order beyond a critical value (fig. 10); this was independently confirmed from
X-ray diffraction studies [49].

Another curious result reported by Kruger and Jeanloz [10] was that pressure-
amorphized A1P04 reverted back to a single crystal with original crystallographic ori-
entation upon the release of pressure. They used X-ray diffraction, infrared absorption
and polarized microscopy to demonstrate the reversibility of the PIA. The original crys-
tal orientation was inferred from the complete reversibility of the magnitude of optical
birefringence. This was termed as "memory-glass". Subsequent more detailed X-ray and
Raman spectroscopic studies by Gillet et al. [50] have shown that the amorphization
and the memory-glass effect are actually due to crystal-crystal transition, occurring on
compression between 14 and 15 GPa in a hydrostatic medium, which is reversible on
decompression.

Pressure-induced amorphization was identified in cobalt hydroxide at 11.2 GPa from
infrared absorption and Raman spectroscopy [19]. The excessive broadening of the OH
band was used as the criterion for amorphization similar to that in calcium hydroxide [36].
However, X-ray diffraction up to 30 GPa showed that the Co—O sublattice retains long-
range order, while the position of hydrogen could not be uniquely ascertained from X-ray
diffraction. This led to the conclusion that the disordering involved only the hydrogen
sublattice. This sublattice amorphization indicates that the total amorphization can be
staged through successive disordering of these lattices [19].

There are also a large number of systems that exhibit amorphization upon heating
a pressure-quenched metastable phase [51]. A compound is first transformed to a high
pressure phase and the pressure is released by maintaining the sample at low temperature
including ambient temperature and below. In this manner, a metastable high pressure
phase is quenched. Slow heating can lead to the appearance of an amorphous phase prior
to crystallization of the original ambient pressure structure. This procedure has been used
for forming amorphous phases from stoichiometric compounds such as GaAs and InAs [52]
and GaSb [53] and also from random alloys of Zn—Sb [54] and Gex(GaSb)1_x [55]. A
lattice instability model has been proposed to explain amorphization in these cases [56].
A few systems also exhibit amorphization during decompression of high pressure phases
without any heating, for example, ice-VIII at 77 K [57] and calcium silicate perovskite [58]
at ambient temperature. This is understood in terms of fusion below the glass transition
temperature [59] similar to what was found for ice-Ih at 77 K.

Pressure-induced amorphization is also found to occur in solid C60 [60] and C70 [61]
at 22 and 31 GPa, respectively. Under suitable high pressure high temperature conditions
diamond is also found to form via an intermediate polymerized phase while under high
shear stresses a transparent amorphous phase, at least as hard as diamond, is reported
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Fig. 11. — Linewidth of the symmetric stretching mode of sulphate ion in LiKSO4 as a function
of pressure under hydrostatic (•) and under nonhydrostatic (o) compression. From Arora [67j.

to form [62]. In a recent novel experiment a scanning tunneling microscope tip has been
used for applying pressure on C60 and for observing the structure. The structure is found
to turn to an amorphous phase consisting of carbon rings [63]. A mechanism of diamond
formation from C60 has also been proposed [64].

5. - Effect of nonhydrostatic pressure

There are a number of studies that examine the role of nonhydrostatic stress on the
process of amorphization. Molecular dynamics studies of quartz under unequal stresses
along different crystallographic directions suggest that the amorphization threshold is not
modified if the stress along the c-axis is lowered [65]. On the other hand, the increase of
stress along the c-axis leads to new crystalline phases where all silicon atoms have fivefold
coordination. Compression of a-quartz in a diamond-anvil cell without any pressure-
transmitting medium exhibited the coexistence of two crystalline phases along with an
amorphous phase between 21 and 43 GPa [66]. The crystalline phases were identified
as quartz-II and a new high pressure silica phase, which persisted up to 213 GPa. The
crystalline and the amorphous phase could be quenched to ambient pressure from 43 GPa.

The effect of nonhydrostatic pressure on the internal mode broadening was examined
using Raman spectroscopy in lithium potassium sulphate [67]. Compression was carried
out in a DAC using 4:1 methanol:ethanol mixture and another pressure-transmitting
medium that solidified at 2.5 GPa. Analysis of the sulphate internal mode broadening
showed that the spectrum broadens much more rapidly under nonhydrostatic conditions
(fig. 11), suggesting that the nonhydrostatic conditions may significantly reduce the
amorphization pressure.

The grain size of crystallites also seems to influence the behaviour at high pres-
sure. Fine grain Ca(OH)2 powder (size < 50 nm) was found to exhibit amorphization at
11 GPa, while single crystals underwent a phase transition to another crystalline phase at
6 GPa [68]. The Raman spectrum of the new phase resembled that of Sr(OH)2. The new
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phase exhibited amorphization at 20 GPa and both amorphization and the structural
transition were found to be completely reversible. These results suggested that a small
grain size could stabilize the ambient pressure phase bypassing the structural transition.

6. — Criterion for PIA

Several criteria/models/causes for the occurrence of PIA have been proposed in the
literature.

a) Metastable melting: Mishima suggested that amorphization was a consequence of
a so-called "melting" below the glass transition temperature. For this the melting curve
must have a negative slope in the P-T phase diagram. Ice, quartz and coesite indeed
satisfy this condition (some in the range of metastable melting).

b) Lattice/elastic instability: It is intuitively understandable that a lattice instability
may drive a structural change. However, if the kinetics of transformation is insufficient,
the system may end up in a disordered state. Thus kinetic hindrance of equilibrium
phase transition is the most widely believed cause of PIA.

c) Polytetrahedral packing: Many molecular solids and other compounds with poly-
atomic ions have corner linked tetrahedra as the building block. Due to the inability of
the tetrahedra to fill space, a dense noncrystallographic (random) packing of tetrahedra
can reduce the volume leading to amorphization [22].

d) Steric hindrance: It has been argued that the destabilization point of a crystal
structure is reached when nonbonded contacts in it become close to the minimum per-
missible distance [17].

e) Orientational disorder: In several double-sulphates orientational disorder beyond a
critical value is found to lead to eventual loss of long-range order [13]. If the cation size
ratio is small, as in LiNaSO4, neither the OD nor the amorphization is found to occur.
In addition, the di-sulphates such as Li2SO4 also do not amorphize [69].

f) Cation-anion size ratio: From the tendencies of amorphization in RbZnBr4 and
related compounds, Serghiou et al. suggested that a monovalent cation-to-anion (ZnBr4)
size ratio of more than 1.45 may lead to amorphization [70].

g) Negative thermal expansion: Several compounds having negative thermal expan-
sion (NTE) over different range of temperatures have also been found to exhibit PIA [71].
This led to the suggestion that NTE may have a role to play in amorphization [72].
Negative thermal expansion necessarily requires negative Gruneisen parameter for some
phonon modes (soft modes) suggesting an instability of the structure.

All the criterion/features discussed above are not necessarily distinct. It is likely
that more than one may be simultaneously applicable in some cases and hence could be
related.

7. — The final equilibrium state

The final equilibrium structure/state to which the system should have ideally evolved
has been identified in a few compounds. In some cases it may also be possible to reach
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the equilibrium phase by increasing the pressure much beyond the amorphization pres-
sure, i.e., by overdriving the structural transition. For example, hda-ice is found to
"transform to ice-VII" when pressurized to 4 GPa at 77 K [25]. Similarly, molecular
dynamics simulations suggested that pressure-amorphized quartz would transform to a
disordered structure with 6-fold coordination similar to that in stishovite [73]. Heating
of pressure-amorphized quartz has been found to produce stishovite [28]. Tetra-cyano-
ethylene (C2(CN)4) is an interesting example which exhibits monoclinic —>• amorphous —>
cubic transition at 2.1 GPa over the time scales easily accessible in the laboratory [9,74].
These examples indeed provide evidence in support of the conjecture of "kinetic hin-
drance of the equilibrium phase transition" for the occurence of PIA. On the other hand,
the final phase/structure for many systems that exhibit PIA remains speculative or un-
known. While investigating the structural stability of KHSO4 (also a double-sulphate)
for a possible PIA, Sakuntala and Arora [75] accidentally discovered a decomposition
of this compound into K3H(SO4)2 and H2SO4 at 0.4 GPa and at ambient temperature
according to the reaction

(2) 3KHSO4 —>• K3H(SO4)2 + H2SO4.

The decomposition products were identified from in situ Raman spectroscopy (fig. 12).
Pressure-induced solid-solid decomposition typically occurs only at elevated tempera-
tures [76] because the growth kinetics of the phases of daughter compounds is diffusion
controlled. The occurrence of decomposition at ambient temperature was explained on
the basis of one of the decomposition products being liquid [77]. The possibility of other
hydrogen-based double-sulphates exhibiting decomposition has also been examined [78].

8. — Criterion for pressure-induced decomposition

Pressure-induced decomposition (PID) is expected to occur when the daughter com-
pounds occupy less volume than the parent material. The reaction given by eq. (2)
indeed satisfies this criterion. In addition to eq. (2) other possible decomposition routes
for double sulphates such as

(3) 2ABSO4 — >• A2SO4 + B2SO4

can also be examined. The volume change upon decomposition can be defined as [78]

(4)

where Vp = n0Vp. Vp is the volume of the crystalline phase per formula unit of the
parent compound (crystal volume) and
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Fig. 12. — Comparison of Raman spectrum of KHSO4 and K3H(SO4)2 showing perfect agreement
between the two at elevated pressure, suggesting a decomposition of the former. The 1 bar
spectrum of KHSO4 was not recovered upon release of pressure. From Arora and Sakuntala [77].

is the total crystal volume of the daughter compounds. n0 is the number of moles of the
parent compound participating in the reaction, and nj and Vj are the number of moles
and the volumes per formula unit, respectively, of the j-th daughter compound emerging
from the reaction. It is evident from eq. (4) that a decomposition will be favourable
at high pressure if AV is negative. Calculations show that for reactions represented by
eqs. (2) and (3) for KHSO4 the changes in volume are —6.0% and —5.4% of the original
volume, respectively [78].

In order to understand the difference in the behaviour of double-sulphates at high
pressure (i.e., amorphization in some while decomposition in others), one can re-examine
the lithium-based double sulphate from the point of view of a possible PID. Figure 13
shows the crystal volumes (Vp and VD) for lithium-based double-sulphates. Note that ex-
cept LiNaSO4, all other double-sulphates are expected to decompose when subjected to
suitable high temperature high pressure (HP-HT) conditions. However, all of these dou-
ble sulphates except LiNaSO4 underwent PIA at ambient temperature, while LiNaSO4

alone exhibited only structural transitions. These results raise the question as to whether
these compounds exhibit PIA because an equilibrium decomposition was kinetically con-
strained [79]! This is examined in more detail in the next section.



560 A. K. ARORA

230

£210

190

K170

150
8 12 16

IONIC VOLUME (A3)
20

Fig. 13. - Crystal volumes of the parent (Vp) and the daughter compounds (Vb) for Li-based
double-sulphates LiMSO4 as a function of the volume of cation M. The decomposition reaction
represented by eq. (3) was used in the calculation. From Arora [79].

9. — PIA as kinetically constrained PID

In addition to the family of double-sulphates, a large number of compounds and
minerals that exhibit PIA at ambient temperature have also been shown to be good
candidates for a possible decomposition at HP-HT conditions [78]. These results led to
an additional model/mechanism of PIA: Amorphization occurred in these systems because
equilibrium decomposition was kinetically hindered. In other words, while the metastable
parent compound began to decompose at high-pressure, insufficient kinetics prevents
sufficient crystallization and the system ends up in a disordered (amorphous) state. In
some cases the system may become nano- or micro-crystalline. The process of evolution
of disordered assemblage of daughter compounds during solid-solid decomposition is also
known as disproportionation.

The kinetics of decomposition at any temperature is governed by the activation energy
A# for the decomposition process and the difference in the free energies of the two states
AG, the thermodynamic driving force (fig. 14). The nucleation and growth process of
the decomposed fraction x can be described by the Avrami equation [80]

(6) x = 1 – exp [ – ktn],

where k is the rate constant and n the exponent of time t. The temperature dependence
of k can be written as

(7) k = k0 exp —
kBT
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Fig. 14. — Schematic diagram of the free energy of the parent phase (P) and the total free
energy of the decomposition products (D). The activation barrier <\g determines the kinetics of
decomposition. From Arora [79].

where kB is the Boltzmann constant and T the temperature. The decomposition pres-
sure has been estimated in a few alkaline-earth chromates by applying the condition
—A6? = GD — Gp < 0 [81]. However, according to eq. (7) the decomposition at moderate
temperatures is mainly governed by the activation barrier Ag.

As mentioned earlier, PID of minerals with complex structures such as olivine, garnets
and silicates was thought to occur under the high P-T conditions of the lower mantle into
mixture of simple oxides [82]. It is now known that the silicate component typically forms
dense perovskite structures [83]. In addition, there are a few high P-T laboratory experi-
ments which give evidence of decomposition in Fe2SiO4 [76], CuGeO3 [84], Mg(OH)2 [85]
and naphthalene (C10H8) [86]. Table I gives the list of compounds which undergo PIA
at ambient temperature and have been found to exhibit PID under high P-T condition.
Thus these results provide further support to the new model of amorphization.

It may be pointed out that it is not essential that the condition AF < 0 for PID be
satisfied at ambient pressure. It is likely that at ambient pressure AV may be positive
for some systems, while it may change sign at elevated pressure P, i.e., AV(P) < 0

TABLE I. — The systems which exhibit both amorphization and decomposition under different
thermodynamic conditions. RT: Room (ambient) temperature.

Compound

Fe2SiO4

CaAl2Si2O8

CuGeO3

Mg2SiO4

ZrW2O8

Amorphization

39 GPa, RT [14]

25 GPa, RT [16]

15 GPa, RT [35]

40 GPa, RT [88]

2.2 GPa, RT [71]

Decomposition

20 GPa, 800 C [76]

15 GPa, 1200 C [87]

4 GPa, 900 C [84]

26 GPa, 1200 C [89]

0.6 GPa, 800 C [90]

Products

FeO, SiO2

CaSiO3, SiO2, A12O3

Cu2GeO4, GeO2

MgO, MgSiO3

ZrO2, WO3
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a)

pressure

Fig. 15. - Schematic representation of the P-V isotherm for the parent compound (Vp) and the
total volume of daughter compounds (VD). (a) Vb < VP at all pressures, (b) VD < Vp only at
elevated pressure.

(fig. 15). This is possible if one of the daughter compounds undergoes a phase transition
to a more dense-packed structure at high pressure. For example, in Ca(OH)2 VD < Vp

only above 5 GPa because oxygen is densely packed in oxides and in the high pressure
phases of ice [91]. In such cases the decomposition is expected to occur at much higher
pressure. One can carry out a more detailed analysis involving pressure dependencies of
Vp and VD (the equation of state) from the knowledge of corresponding compressibilities
and their derivatives. The complete P-T phase diagram for the dehydration of Mg(OH)2

has been obtained theoretically based on such considerations [85].

The new model of PIA-PID has other implications: a) For most of the systems the
final equilibrium phase/state, which could have remained unknown or speculative, can be
identified as a mixture of daughter compounds. b) The existence of negative A V associ-
ated with a possible decomposition emerges as new criterion for the occurrence of PIA at
ambient temperature. Systems, such as Ei2Ge3O9 and Bi4Si3O12, where decomposition
is predicted [78], can now be investigated for possible pressure-induced amorphization at
ambient or sufficiently low temperature. c) The predicted decomposition in the system,
which exhibits amorphization, can be confirmed by carrying out suitable high P-T lab-
oratory experiments. d) Theoretical investigations of P-T phase diagram, free energies,
activation energies and mechanical stability are required to throw further insight of the
phenomenon of PIA/PID.

It is important to point out that every system that exhibits PIA should not be viewed
from the point of view of a possible decomposition, e.g., for ice, quartz and tetra-cyano-
ethylene the undissociated high pressure equilibrium phases have been identified. Thus
one can consider a generalized picture that kinetic hindrance of the formation of ei-
ther an equilibrium phase (during a phase transition) or a phase assemblage (during a
decomposition) is responsible for PIA.

* * *

It is a pleasure to acknowledge Dr. T. SAKUNTALA for a very fruitful collaboration.
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1. - Introduction

The field of carbon nanotubes has seen a tremendous increase in the number of pub-
lications and patents since the discovery of multi-wallet nanotubes in 1991. Carbon
nanotubes are unique one-dimensional (1D) molecular structures that possess unusual
mechanical, thermal, electrical, and phonon properties [1–6]. Their nanometer size, low
mass density combined with high mechanical strength and flexibility, metallic or semi-
conducting electrical conduction behavior, and electric-field-induced electron emission,
render them suitable for a wide variety of applications. Carbon nanotubes have been
used as high-strength composite materials, tips in electron probe microscopes, electrodes
in batteries, nanoscale transistors, and field emission devices for use in flat panel dis-
plays, etc. Because of the hollow structure of the nanotubes, atoms and small molecules
can be encapsulated within the tube. Carbon nanotubes may then be used as molds for
fabricating nanoscale 1D structures. The large surface area available for gas adsorption
combined with the light weight of carbon nanotubes has triggered much interest in this
material for hydrogen storage in fuel cells. Exciting applications aside, carbon nanotubes
present unique geometry, symmetry, electronic, and phonon properties, which make them
interesting for fundamental physical studies. For more details, readers are referred to re-
cent books [1-5] and a review [6], where extensive references to the available literature
can be found.

© Societa Italiana di Fisica 567
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Fig. 1. - Schematic sketch of (a) an armchair, (b) a zigzag, and (c) a chiral carbon nanotube [1].

In this lecture, we focus on the phonon properties that can be probed by Raman
scattering, particularly the effects of hydrostatic pressure on the Raman modes in pris-
tine (undoped) and iodine-doped single-walled carbon nanotube (SWNT) bundles. The
experimental results on undoped SWNT and an analysis based on generalized tight-
binding molecular dynamics (GTBMD) simulations have been published previously [7].
Results on iodine-doped SWNT (I-SWNT) bundles presented here will be published else-
where [8]. This paper is organized as follows: A brief introduction to the structure and
electronic properties of carbon nanotubes that forms the background for the discussion
of phonon modes and Raman scattering in SWNTs is given in sect. 2. Experimental re-
sults and theoretical analysis on the pressure dependence of the Raman scattering from
as-prepared SWNT bundles are described in sect. 3. The pressure dependence of the
Raman scattering from I-SWNT samples is presented in sect. 4, where we address the
question of possible locations for polyiodide chain dopants in the SWNT rope lattice. In
sect. 5, the paper concludes with some thoughts on further studies of carbon nanotubes
and related materials under pressure.

2. — Structure and symmetry, electronic, and vibrational properties

An ideal SWNT is built from a single layer of a graphite crystal, called a graphene
sheet. The sheet, when rolled into a long seamless cylinder and capped at both ends by
half a fullerene molecule, forms a single-walled carbon nanotube. The planar dimensions
of the sheet determine the length and the diameter of the tube. Different types of carbon
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Fig. 2. - The unrolled nanotube, which is the 2D honeycomb lattice of a graphene sheet [6]. The
rectangle OAB'B represents the unit cell of a (4, 2) chiral nanotube, which is obtained when A
and B' superpose on O and B, respectively.

nanotubes can be built by rolling the graphene sheet into tubes of various diameters
and also with different orientation of the hexagons relative to the tube axis. Figure 1
shows three possible symmetry structures for carbon nanotubes, depending upon the
orientation of the hexagons. A detailed discussion of the relationship of the structure
and symmetry with the electronic and phonon properties of nanotubes can be found in
refs. [1–6]. We present here a brief description, for completeness.

Consider a small patch of the "unrolled" graphene sheet (fig. 2) which is a hexagonal,
two-dimensional (2D) honeycomb lattice where a carbon atom is located at every vertex
of the hexagons. If we roll this particular sheet, such that points A and B' superpose
onto O and B, respectively, we will obtain a nanotube with a diameter of 0.293 nm, and
a symmetry similar to that shown in fig. 1(c). We specify the structure of an individual
nanotube in terms of the vector OA, called the chiral vector, which is labeled as Ch in
fig. 2. This vector joins two carbon sites that are crystallographically equivalent and its
length is equal to the wrap-around distance between two equivalent points that can be
reached by going around the circumference of the tube once. Ch can be expressed as

(1) Ch = na1 + ma2 = (n, m),

where a1 and a2 are the unit cell basis vectors of the graphene sheet. As shown in fig. 2,
Ch makes an angle 0, called the chiral angle, with the basis vector a1. Nanotubes whose
axis is along a1, i.e., the "zigzag" direction, will correspond to 9 — 0°, and are called
the "zigzag" tubes. The cross-section of the zigzag tubes when cut along a direction
perpendicular to the tube axis will contain the corners of the hexagons forming a zigzag
line, as shown in fig. 1(b). When B = 30°, the cross-section perpendicular to the tube axis
will contain the edges of the hexagons, as shown in fig. 1(a). Because this edge resembles
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an "armchair", these tubes are classified as "armchair" type. Tubes for which 0° < 9 < 30°
are called chiral tubes and the hexagons in these tubes are arranged helically around the
tube axis, as shown in fig. l(c). It can be shown that all possible nanotube structures
are contained in the wedge defined by 0° < 9 < 30°. The diameter of the tube is given
by

(2) d = |Ch|/7T = |V3ac-c(n + m + nm)1/2] /TT,

where aC-C is the nearest-neighbor C-C distance (= 0.142 nm in graphite). The chiral
angle

(3) 9 = tan'
(m + 2n)

Carbon nanotubes can, therefore, be specified by d and 0, or equivalently by the indices
(n,m); the latter is more common in the literature.

The nanotube obtained by superposing A on O and B' on B in fig. 2 is specified as
a (4, 2) tube and its unit cell is defined by the quadrilateral OBB'A. The 1D nanotube
unit cell is much larger than the real-space unit cell of the 2D honeycomb lattice, which
is a rhombus connecting the centers of the four neighboring hexagons indicated by the
dashed line in fig. 2. Because of the small size of the 1D nanotube Brillouin zone and
the fact that the local structure of the nanotube is very close to that of graphite, zone-
folding methods, which neglect curvature effects in the tube wall, have been used to
obtain approximate electron and phonon dispersion relations for (n,m) nanotubes [2,6].
The electronic structure and vibrational frequencies determined by ab initio calculations
compare well with the results of zone-folding methods.

The electronic structure calculations show that carbon nanotubes can exhibit metallic
or semiconducting electrical conduction behavior, depending on their (n, m) values. It
can be shown that metallic conduction is achieved when 2n + m = 3q, where q is an
integer. Tubes with other (n, m) values are semiconductors. This generalization based
on (n, m) means that all armchair carbon nanotubes are metallic; zigzag and chiral tubes
can be metallic or semiconducting. Furthermore, roughly 1/3 of the possible nanotubes
are metallic, and 2/3 are semiconducting. If "real" nanotubes are created with random
chirality, then 1/3 of these tubes should be metallic. The 1D electronic density of states
(DOS) calculated for metallic and semiconducting nanotubes shows a series of sharp
spikes associated with the (E — E0)

1/2 van Hove singularities that are due to parabolic
band maxima and minima in 1D reciprocal space. These singularities were first observed
via resonant Raman scattering [9]. They were later verified by low temperature scanning
tunneling microscopy/spectroscopy (STM/STS) experiments on isolated SWNTs [10].
Resonant Raman scattering has also provided considerable information about the elec-
tronic states in the SWNTs. The resonance occurs when the incident photon energy
nearly matches the energy separation between filled and empty DOS singularities (see
refs. [2] and [6] for details).
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The phonon dispersion relations and the frequencies of the Raman- and infrared-
active vibrational modes of carbon nanotubes have been calculated using zone folding
and other techniques. A review of the phonon modes in carbon nanotubes, covering
significant theoretical and experimental investigations, is given in ref. [6]. The use of
Raman spectroscopy in examining the mode frequencies and testing the predictions of
theoretical models for the 1D phonon dispersion relations of SWNTs has been extensive.
Interesting resonance Raman effects due to diameter and chirality selection [9, 11] and
the metallic or semiconducting nature of the tubes [12-16] have been reported.

SWNT samples synthesized using pulsed laser vaporization (PLV) or arc discharge
(AD) (and other) methods, are in the form of bundles of 10–20 nm diameter and several
/xm or more in length. These bundles usually consist of 30-500 SWNTs. Transmission
electron microscopy images show that the bundles consist of SWNTs that are mostly
aligned along a common axis and arranged in a 2D triangular lattice. For the growth
conditions used in the early work on PLV samples, the diameter distribution was found to
peak near 1.4 nm and the triangular lattice constant was 1.7 nm. Separation of SWNT
bundles into isolated tubes using chemical methods [17, 18], and growth of individual
SWNTs from Fe particles on a Si substrate [19] have been reported. Raman spectra of
individual SWNTs have also been measured [20, 21].

Figure 3 shows the Raman spectra of SWNT bundles synthesized using AD method
and recorded using different laser (Ar+: 488 and 514.5 nm, Kr+: 647.1 nm, and Nd:YAG:
1064 nm) excitations. The spectra are normalized to some arbitrary value of the tangen-
tial band peak intensity. Three main points are illustrated in this figure. 1) The dominant
features in these spectra are a low-frequency band in the region between 120–200 cm–1,
and a high frequency (1500-1600 cm–1) band. The low-frequency band is identified with
the .A1g symmetric radial (R) breathing mode and the high-frequency band corresponds
to the tangential (T) C-C stretch vibrations belonging to A1g, E1g, and E2g mode symme-
tries. Usually, both these bands are inhomogeneously broadened and show fine structure
due to the presence of a distribution in the tube diameters and chiralities. 2) Shifts in the
radial band frequency and the dependence of its intensity on the laser excitation energy.
These observations were first reported by Rao et al. [9]. They also correctly explained
these effects as due to a diameter-selective resonance between the "energy gap" (spacing
between the first pair of E – 1 / 2 singularities on either side of the Fermi energy in the 1D
electronic DOS) of the nanotube and the exciting laser energy. 3) Changes in the spectral
lineshape of the T-band when excited with different laser energies. This effect was stud-
ied in detail by Pimenta et al. [12], and has been attributed to the selective excitation
of resonances in metallic vs. semiconducting nanotubes, the difference being attributed
to the electron-phonon interaction in the metallic tubes. Thus, Raman spectroscopy of
carbon nanotubes offers exciting opportunities to explore electronic resonances in the
SWNTs.
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Fig. 3. - Room temperature Raman spectra of an SWNT bundle, recorded with different laser
excitations. Notice the relative intensity changes between the radial (R) and tangential (T)
bands, which is due to a diameter-selective resonance [9].

3. — Pressure dependence of the Raman bands in pristine SWNT bundles

"As-prepared" SWNTs are bundles of individual tubes packed in closest contact as al-
lowed by the IT electron clouds. Therefore, external pressure is a sensitive probe to study
the effects of inter-tube interactions. Furthermore, pressure-dependent measurements are
useful in evaluating the structural stability and possible pressure-induced phase transi-
tions in the bundles (i.e., rope lattice) and in the carbon nanotubes themselves. It is also
interesting to see if pressure can tune the electronic states of SWNTs and thus modify
the resonances seen in the Raman spectra at ambient pressure.

We have studied the pressure dependence of the R and T bands in PLV produced
SWNT bundles using 514.5 nm excitation [7]. Measurements were made up to 5.2 GPa in
a gasketed diamond anvil cell with 4:1 methanol-ethanol pressure transmitting medium,
using standard ruby fluorescence for pressure calibration. Raman spectra were recorded
in the backscattering geometry using a commercial grating spectrometer (JY-Horiba
HR 460) equipped with a liquid-nitrogen-cooled charge-coupled device for detecting the
scattered light.



HIGH PRESSURE RAMAN STUDIES OP CARBON NANOTUBES 573

0.2 GPa (down)
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Fig. 4. - The pressure dependence of the room temperature Raman spectra of SWNT bundle
for (a) the radial and (b) the tangential bands [7].

The Raman spectra in the R and T band regions are presented in figs. 4(a) and (b),
respectively. For both these bands, we observe a blue shift in frequency, an increase in
linewidth, and a decrease in scattering intensity, as pressure increases. The intensity
decrease for the R-band is quite significant. As seen in fig. 4(a), this band becomes
too weak to be detected above 1.9 GPa. Upon decompression, the Raman spectra are
largely recovered, although the intensity of the Raman bands is found to be much less
during the down-cycle when compared to that during the up-cycle of pressure. The peak
frequencies (a;) of the T bands were fit to a quadratic function of pressure, P, i.e.,

(4) u;(P) = u;(0) + aP +

The R-band shows a predominantly linear dependence, giving a value of 7 ± 1 cm–1/GPa
for the pressure coefficient "a" (= dw/dP). The strongest T band, marked T3 in fig. 4(b),
shows a small bowing in its frequency shift at high pressure; i.e., its frequency shift is fit
best with a = 7.1 ± 0.8 cm–1/Gpa and b = –0.4 ± 0.2cm–1/GPa2. One can also fit two
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Fig. 5. - The pressure dependence of the frequencies of (a) the radial and (b) the tangential
bands in SWNT bundle [7]. The points are experimental data and the curves are calculated
using the different models described in the text.

segmented straight lines, one between 0 and 2 GPa and another between 2 and 5.2 GPa,
for the data of T3. This fit yields 7.5 and 4.9 cm–1/GPa, respectively, for the slopes in
the low and high pressure regions.

To understand the effects of pressure on R and T bands in more detail, model calcu-
lations based on a generalized tight-binding molecular dynamics (GTBMD) simulations
were performed on (9,9) SWNTs [7]. Three models for the SWNT bundles were con-
sidered: In model I, the entire bundle of SWNTs arranged in a triangular lattice was
subjected to uniform external radial compression. In model II, the individual tubes
were compressed symmetrically and the inter-tube coupling was ignored. In model III,
the pressure medium was allowed to penetrate into the interstitial channels between the
SWNTs giving an angular dependence for the compressive force. Models I and III in-
cluded the van der Waals force between the tubes in the bundle, and model II ignored
this force. The results obtained from these model calculations for the pressure shift of
the R and T modes are compared with our experimental data in fig. 5. In the case of
T-bands (fig. 5(b)), all three models predict similar pressure dependence, which agrees
reasonably well with the experiment. However, for the R-band, predictions of the three
models are different. Only the result of model I is in good agreement with the experiment
(see fig. 5(a)).

Figure 5 (a) further shows that the R-mode frequency at atmospheric pressure pre-
dicted by model II is 14cm–1 (~ 8%) lower than the corresponding values given by
models I and III, which included the inter-tube coupling. Other calculations [22, 23]
also confirmed the upshift in R-mode frequency due to the van der Waals coupling in
SWNT bundles. However, later experiments [24] on SWNT samples containing small
bundles of 2-3 tubes per bundle showed an upshift of ~ 10cm–1 for the R-mode in the
unbundled tubes. This result seemed to contradict the predictions based on calculations
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Fig. 6. - Pressure dependence of (a) the lattice constants and (b) the hexagonal distortion of
the cross-section of an individual nanotube in the bundle [7]. The lattice constants in (a) are
normalized to the corresponding values at ambient pressure. The ratio r^/r^ in (b) is a
measure of the distortion of the nanotube.

that included the inter-tube van der Waals interactions only. However, it was shown
in ref. [24] that the experimental observation can be explained if the changes in the
electronic band dispersion in isolated and bundled tubes are also taken into account.
These studies have shown that the tube diameter dependence of the electronic energy
gap (Eg ~ 1/d), resonant coupling with the exciting laser energy, and the spacing be-
tween the van Hove singularities in the 1D electronic DOS, are all very important in
understanding the Raman scattering processes in carbon nanotubes.

The model calculations of ref. [7] also addressed the possible hexagonal distortion
of the nanotube cross-section when packed in a triangular lattice in the bundle and
under pressure. Figure 6(a) shows the pressure dependence of the lattice constants of
the SWNT bundle. In this figure, the lattice constant along the tube axis is denoted as
"a" and the inter-tube separation along the two axes in the 2D triangular lattice of the
SWNT bundle is denoted as £ and £'. The change in the cross-section of the tube under
external pressure is depicted in fig. 6(b). As shown in the inset, the effect of pressure is
to increase the inter-tube interaction within a nanotube bundle and to cause faceting and
departures from the original circular cross-section. The reduction in the T-band intensity
and the disappearance of the R-band above 1.9 GPa (see fig. 4) were attributed to a loss of
resonance in the Raman scattering cross-section due to this hexagonal distortion created
under pressure.

Other high pressure Raman experiments on SWNT bundles synthesized using AD [25-
27] and PLV [28] methods were reported later. These measurements are in qualitative
agreement with the pressure dependence discussed above. Peters et al. [28] focused on the
bowing in the T-band frequency shift above 2 GPa and fitted two straight lines (above
and below 2 GPa) to their data. They also presented calculations based on empirical
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force constant model and showed that there is an abrupt decrease in the lattice constant
of the SWNT bundle near 1.7GPa. Thus, the discontinuity in the slope of the T-band
frequency shift with pressure and the total loss of intensity for the R-band above 1.7 GPa
were interpreted as a structural phase transition at 1.7GPa occurring in the SWNT rope
lattice. A discontinuous slope for the T-band frequency shift, or an abrupt decrease in
its intensity near 2 GPa, and a continuous reduction in the R-band intensity leading to
its eventual disappearance are observed in all high pressure Raman experiments. These
changes in the Raman bands are indicative of a structural rearrangement in the SWNT
lattice. However, high pressure X-ray [29,30] and optical absorption [31] measurements
did not provide any supporting evidence for a structural phase transition occurring near
2 GPa. It should be noted that the changes observed in the T-bands in the Raman
spectra near 2 GPa are associated with a distortion of the cross-section of individual
tubes. Although there is no strong X-ray signature belonging to the individual tubes in
the SWNT bundle, one would expect that faceting of the tubes at ~ 2 GPa should lead
to a structure in the diffraction lines due to the 2D rope lattice when followed under
pressure.

4. - Iodine-doped SWNT bundles

Doping SWNT bundles to modify their electrical characteristics [32] and filling the
inside of the tubes to produce nanowires [33] or to produce interesting new materials [34]
have been successful. Charge transfer compounds of SWNTs with alkali metals (donors)
and halogens (acceptors) have been prepared and studied using Raman spectroscopy [35].
These compounds show characteristic, charge-transfer-induced blue- or red-shifts in the
T-band frequency, similar to graphite intercalation compounds. The cylindrical structure
of the nanotubes may lead to different charge transfer chemistry between the dopant and
the carbon network, as was demonstrated with iodine [36]. Although graphite cannot
be doped with iodine, an air-stable charge transfer compound of SWNT with iodine was
obtained by treating SWNT bundles with molten iodine. A factor of ~ 40 decrease
in the electrical resistivity of SWNT mats at room temperature and the observation of
charged polyiodide (I~) chain modes in the Raman spectrum were identified with iodine
doping [30]. High resolution Z-contrast imaging in a scanning transmission electron
microscope (HRTEM) found evidence for the incorporation of iodine in the form of double
helical polyiodide chains inside SWNTs [37]. We have used the pressure dependence of
the Raman spectrum of the iodine-doped SWNT (I-SWNT) [8] to show that polyiodide
chains reside both in the interstitial channels in the SWNT bundles and also inside the
pores of the nanotubes.

When using 514.5 nm excitation, it was seen that the Raman modes identified with
I3 and I5 chains resonantly scatter and dominate the low frequency region between 100
and 400cm -1, masking the radial modes of SWNTs [36]. The room temperature Raman
spectra of I-SWNT between 100 and 400cm-1, excited with 514.5 nm and measured at
elevated pressures, are shown in fig. 7(a). The main features of this Raman spectra are
the peaks at ~ 113, 179, and 354cm-1, labeled A, B, and C, respectively, in fig. 7(a).
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Fig. 7. - (a) Raman spectra of iodine-doped SWNT (I-SWNT) in the low frequency region at
room temperature and elevated pressures [8]. (b) Bottom panel: Raman spectra of different I-
SWNT samples recorded at ambient pressure (1 bar) before and after pressurization. Top panel:
Pressure dependence of the Raman spectra in an I-SWNT sample in which the I3 intensity is
larger than that of I3 during the first cycle of compression up to 1 GPa.

Previous Raman study on I-SWNT at atmospheric pressure [36] has shown that peaks A
and B are due, respectively, to I3 and I5 chain vibrations. Based on the frequency and
the observation of several higher harmonics in their work, peak C was originally assigned
to the second harmonic of peak B [36]. However, later work on the pressure dependence
of these iodine modes [8] showed this assignment to be incorrect.

It can be seen from fig. 7(a) that the Raman scattering intensity in I-SWNT decreases
as the applied pressure is increased. The most intense I5 peak (B) is followed up to
7.2 GPa; it shows very little change in its frequency and is significantly broadened at
high pressure (> 2GPa). Peaks A and C shift to higher frequency with pressure and
become too weak to be detected beyond 1.5 GPa. During the down-cycle of pressure
(indicated with a down-arrow beside the pressure value), A and C peaks recover, but
with diminished intensity.

Peak B is distinctly asymmetric, exhibiting additional intensity on the low frequency
side. To check if this is due to a Fano or Breit-Wigner resonance in doped SWNTs, or due
to the presence of more than a single peak, we measured the Raman spectra of several
small pieces of I-SWNT placed in the gasket hole (without the top diamond). Up to three
peaks are observed in the region between 125 and 200cm-1 at ambient pressure, whose
relative intensities varied from sample to sample. The lower part of fig. 7(b) portrays
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Fig. 8. - The area under the profile of the I3 and I5 modes in sample 3 as a function of pressure.
The growth of 1^" at the expense of I5 indicates that some of the 1^ molecules in this sample
get converted to I5 under pressure.

the 1 bar spectra from two additional samples to illustrate these points.
The pressure evolution of the Raman spectra in sample 2 (not shown) is the same as

that of sample 1 displayed in fig. 7(a). In sample 3, the I3 peak is stronger than the I5

peak at 0.1 GPa, unlike the case in sample 1. (See fig. 7(b), top panel.) These differences
between samples are attributed to the differences in the I3 to I5 ratio in these samples.
The integrated intensities (area under the curve) of the I3 and I5 modes in sample 3 are
plotted as a function of pressure in fig. 8. The I3 intensity decreases rapidly at first (by a
factor of 5 at 0.5 GPa) and then gradually until it disappears near 1.5 GPa. The intensity
of I5, on the other hand, shows a modest increase up to 1.5 GPa, which suggests that
I3 molecules are getting converted to I5 under pressure. Samples 1 and 2 did not show
any systematic variation in the I3 I5 ratio. Therefore, it is difficult to be certain that a
pressure-induced reaction of nearby chains occurs in I-SWNT, converting I3 and/or I5

into 10
2.

The observed frequencies of A, B, and C peaks are plotted as a function of pressure
in fig. 9. Peaks A and C shift linearly at a rate of ~ 3.5 cm-1 /GPa, and peak B has
a weak and non-linear pressure dependence. Interestingly, this pressure dependence is
very similar to that reported for the in-plane stretching vibrations of iodine atoms in
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Fig. 9. - Plot of the frequency positions of the Raman modes observed in I-SWNT as a function
of pressure. The solid straight lines are linear least-squares fit to the data. The solid curved line
through the data of B mode is a guide to the eye. The pressure shift of the R-mode in undoped
SWNT is shown as the dashed line, for comparison. The insert shows the two-dimensional
triangular lattice of an SWNT bundle showing the interstitial channels and the pores inside the
tube where iodine molecules can reside. Solid and dotted circles denote the diameters of the
nanotubes and the TT electron clouds.

crystalline I2-2 [38], although it is unlikely that in the SWNT ropes molecular crystals of
iodine are formed.

The results shown in fig. 9 lead to the following conclusions: (1) A, B, and C are
iodine-specific modes, since their pressure shifts (dw/dP) are clearly smaller than that
of the R-bands in undoped SWNT bundles (shown as dashed line in fig. 9). (2) If C
were the second harmonic of B, its pressure coefficient would be twice that of B, which is
clearly not the case. (3) Two distinct pressure dependence (linear dependence for modes
A and C, and a weak nonlinear dependence for B) can be observed for the poly iodide
chain molecules. This difference in (3) suggests that there are two possible locations, viz.
the interstitial channels and the central pore within the tubes, where charged polyiodide
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Fig. 10. - Pressure dependence of the frequency of the most intense tangential band peak in
I-SWNT. The discontinuity in the slope of the data is due to a structural rearrangement believed
to be a distortion in the cross-section of the nanotubes in the bundle.

chains can reside in the SWNT bundle. The inset in fig. 9 shows the hexagonal lattice
of the SWNT bundle, where the channel and pore are marked. The interstitial size of
~ 0.3 nm is just sufficient to accommodate straight iodine chains at ambient pressure.
As the bundles are subjected to pressure of ~ 2 GPa, structural distortions (as seen by
the change in the T-band frequency shift) occur in the SWNT rope lattice as described
previously in sect. 3. It is, therefore, possible that the channels become so small as to
very strongly interact with the polyiodide chains. The disappearance of A and C modes
near 1.5 GPa is consistent with the suggestion that they originate from iodine chains
in the interstitial channels and their vibrations are strongly altered when the interstitial
space is further constricted by the pressure-induced distortions in the SWNT rope lattice.
Peak B, which persists up to (and beyond) 7 GPa, on the other hand, should be assigned
to iodine chains residing in the pores of the nanotubes.

We present the pressure dependence of the most intense T-band peak in I-SWNT
bundles in fig. 10 up to 7.2 GPa and compare it to that of pristine SWNT bundles



HIGH PRESSURE RAMAN STUDIES OF CARBON NANOTUBES 581

measured up to 5.2 GPa, shown previously in fig. 5(b). Both data are remarkably similar;
however, the addition of data points up to ~ 7 GPa makes the discontinuity in the
slope near 2 GPa more perceptible. We note that the data of the T-band frequency
on decompression (open symbols in fig. 10) fall on a single straight line with a slightly
smaller slope than the compression data (solid symbols). This might explain the reason
for not observing the discontinuity in the T-band pressure shift in a few studies [25–27].
However, the implication of the differences in the increasing and decreasing pressure
cycle data in understanding the nature of the phase transition, which occurs near 2 GPa
in SWNT bundles, needs to be explored in further studies on SWNT bundles prepared
using different methods.

5. — Summary and conclusions

Raman scattering studies on SWNTs have contributed a great deal of information to
the rapid progress seen in the field of carbon nanotubes. High pressure experiments have
shown that the Raman spectra are largely reversible upon cycling the pressure, confirming
the remarkable resilience of the carbon nanotubes predicted by theoretical simulations.
On the basis of pressure-dependent Raman studies, a structural phase transition has been
identified and assigned to tube faceting, ie., the departure from the original circular
cross-section of the tubes in the SWNT bundles. This structural phase transition is
yet to be confirmed by other direct experiments, such as X-ray diffraction or electron
microscopy. In the case of iodine-doped SWNT bundles, from the pressure dependence of
the iodine-specific Raman modes, two locations for the polyiodide chains in the SWNT
rope lattice are inferred: within the internal pore, and in the interstitial channel. This
result may be extrapolated to other dopants depending on their size constraints and may
provide useful insights for theoretical simulations.

Attempting to predict the future of nanotube research might be futile, considering
the numerous avenues in materials preparation and the possibilities of fabricating and
manipulating devices at the molecular level. Carbon nanotubes hold much promise for
nanotechnolgy in electronics industry as well as in biotechnology. Fundamental science,
and certainly high pressure research, will continue to contribute to the understanding of
the physical phenomena and to the advancements in the field of carbon nanotubes.
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Introduction to planetary interiors

D. J. STEVENSON

Division of Geological and Planetary Sciences, California Institute of Technology
Pasadena, CA 91125, USA

1. — The relevance of planetary interiors

In the context of this volume, planetary interiors provide a testing ground for funda-
mental physics (theory and laboratory) under "extreme" conditions. For example, much
of the interest in metallic hydrogen stems from its inferred presence in Jupiter (and the
implication that it is the most common metal in the Universe). The melting properties
of iron at megabar pressures are likewise "tested" in the deepest Earth through their
relevance to the presence of a solid inner core. There are also a small number of people
who study planetary interiors for reasons that are not primarily motivated by the desire
to understand materials under extreme conditions. They do so for three reasons:

1) An explanatory basis for many phenomena that arise within a planet (but have external
manifestation). You cannot understand why certain planets have volcanoes, why some
planets have magnetic fields (and others do not), and why Jupiter emits as much heat
as it does without an understanding of the insides of these bodies.

2) An essential part of the understanding of phenomena and processes that are not intrin-
sically internal to the planet. For example, you cannot claim any understanding of the
history of Mars' atmosphere if you are ignorant of likely outgassing rates or of how the
sputtering of the atmosphere is affected by a magnetic field that varies through geologic
time.
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3) The search for a unifying story. If you want to build a story of how the planet formed
and evolved to the present state, this will depend mainly on understanding the interior.

2. - How does a planet differ from a rock or a cloud of gas?

The answer lies not in the composition, but in the conditions the material is subjected
to. A planet differs from small amounts of the same material for two reasons: 1) Effect of
gravity, leading to high pressures and a change in material properties. 2) Inability of the
planet to eliminate heat except by becoming very hot internally (close to or at melting
point in the case of solid planets; hotter still in gaseous planets because of adiabatic
heating alone).

Gravity does work on planet-forming materials. This changes their internal energy
(by compressing them). The gravitational energy per particle is ~ GMn/R (where G is
the gravitational constant, M is the planet mass, // is the mass of the atom in question,
and R is the planet radius). If we replace M by 47iy>av#

3/3, where pav is the average
density of the planet, then the gravitational energy is of order 4wG^p&vR

2/3. A typical
electronic energy is ~ 1 eV. For rocky materials (like Earth) the gravitational energy per
atom exceeds 1 eV for a body exceeding about 3000 km (about the size of Mars). Less
dense, lower molecular weight materials may require larger bodies but, as we shall see,
smaller energies than those needed to break bonds can be important. In practice, any
object exceeding of order 1000 km in radius has interesting internal physics.

Planets differ fundamentally from stars because their internal energy is not primarily
thermal energy. Suppose we equated the gravitational energy to thermal energy (as
we would for a star). The predicted temperature would then be ~ 104 K for a Mars
sized body and 4 x 104 K for Earth. The actual temperature is smaller by a factor of
~ ten, at least for Earth. Another way of saying this is that aT < 0.1, where a is the
coefficient of thermal expansion. Most of the electrons are in the ground state (valence
bands or core states or a degenerate electron gas). In this sense, planets are degenerate.
Indeed, this is part of the definition of a planet [1]: Bodies less massive than 0.08 solar
masses never achieve hydrogen burning and cool to a degenerate state (a brown dwarf or
giant planet). Planets may be "cold" in the sense that their thermal energies are small
compared to electronic energies, but they are not cold in the sense of being well below
the melting point or Debye temperature of relevant materials.

3. — What are planets made of?

The best way to answer this question is to "ask the planet"; which means deducing
planetary composition from its observed properties. In practice, this often does not work
that well even for Earth. We do not have direct observational evidence that Earth's
core is mostly iron; it could be an alloy of niobium (which can have similar density and
compression properties). We must appeal at least in part to cosmochemical arguments:
What is abundant as a planet-forming material? These arguments are necessarily plausi-
ble rather than rigorous but strong nonetheless, because of the large differences in cosmic
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TABLE I. - Solar system abundances.
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Element

H

He

O

C

Ne

N

Mg

Si

Fe

Number fraction

0.92

0.08

7x 10-4

4 x 10-4

1.2 x 10-4

1 x 10-4

4 x 10-5

4 x 10-5

3 x 10-5

Mass fraction

0.71

0.27

0.011

0.005

0.002

0.0015

0.001

0.0011

0.0016

abundance among material of similar chemistry.
Cosmic abundances of elements are determined by nuclear physics. Solar system

abundances [2,3] are very closely related to cosmic abundances and are shown in ta-
ble I. Hydrogen overwhelmingly dominates because it is an elementary particle; helium
is also abundant because it is stable and can be formed in the Big Bang era. Heavier
elements (what astronomers call "metals") are formed in stars and then ejected into the
interstellar medium, where the material then becomes available to form our solar system.
Combinations of alpha particles (i.e. multiples of 4 mass units with proton number equal
to neutron number) are very favorable at low mass and 4 alphas (oxygen) is especially
favorable because of nuclear shell structure. So oxygen is the next most abundant el-
ement followed closely by carbon. Neon (five alphas) and nitrogen (not a combination
of alphas) follow somewhat behind. Things get more complicated as one goes to larger
masses, but magnesium, silicon and iron are particularly favored by nuclear physics. Iron
is the "endpoint" of equilibrium nucleosynthesis in the sense that heavier nuclei are less
stable than it.

Cosmic abundances can be estimated by observations of the interstellar medium and
other stars. Solar system abundances are determined from the solar photosphere. They
correlate well with the relative abundances in meteorites of all but the most volatile
elements [2,3]. CI chondrites ("type-one carbonaceous chondrites"), the most primitive
rocks in space, provide a guide to materials in the nebula from which the planets formed.
Of course, elemental abundances do not tell you all you want to know; one also needs to
know the chemical form that the materials take.

4. - "Rocks", "ices" and "gases"

The cosmically most abundant elements can be divided into three chemical groups:
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TABLE II. - Classes of planetary materials.

D. J. STEVENSON

Type of

bonding(a)

Van der Waals

Hydrogen

bonding

Ionic and

covalent

(including

metallic)

Examples

Hydrogen,

helium,

methane, N2

Water,

ammonia

"Rocks",

metallic iron

Solid densities

at low P

e.g., hydrogen is

~0.07g/cc

Around unity

Rocks are

around 3g/cc;

iron is near

8g/cc

Bulk modulus

of solid

e.g., hydrogen is

a few kilobars

Ten kilobar

(roughly)

Typically of

order one

megabar

Locations

found

Giant planets

(also methane

and nitrogen in

satellites)

Giant planets,

icy satellites

Terrestrial

planets, cores

of giant

planets?, icy

satellites

(a) The type of bonding refers to the low pressure behavior; everything presumably becomes a
metal at sufficiently high pressure.

"gases": those that do not condense (i.e. form solids or liquids) under conditions
plausibly reached when planets formed;

"ices": those that form volatile compounds and condense but only at low temperatures
(beyond the asteroid belt);

"rocks": those that condense at high temperatures and provide the building blocks for
the terrestrial planets.

It is important to understand that these are labels of convenience; nothing is ever
so simple that you could so easily subdivide materials. The quotation marks are there
to remind you that what we call an ice is sometimes in the gas phase, etc. But the
subdivision proves nonetheless of great usefulness because of the large differences in
behavior and abundances among these groups. The differences in behavior arise from
the differences in bonding (table II).

The gases are hydrogen, helium and (to a much lesser extent) the noble gases. (Note:
noble gases on Earth are tiny quantities carried to Earth adsorbed on solid particles or
dissolved into molten rock; thus neon is of low abundance on Earth despite having much
higher cosmic abundance than silicon.) The gases are thus overwhelmingly what the
universe is made of, and what the Sun is made of and what Jupiter is made of. The
hydrogen molecule H2 is the low pressure thermodynamic state of H and it interacts
with other hydrogen molecules and with helium by a van der Waals interaction, meaning
that it is a very weak force except when the molecules are pushed very close together.
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Ashcroft (this volume, p. 151) describes the properties of hydrogen.

The ices are mostly hydrides of the next set of light elements: 0, C and N (i.e.
H2O, CH4, and NH3; water, methane and ammonia, respectively). But they also include
other combinations among themselves (e.g., N2, CO, CO2, HCN, . . .) . Hydrides do
not necessarily dominate (they do not seem to in the interstellar medium) but they are
thermodynamically favored at the "high" hydrogen pressures in giant planet atmospheres
(meaning ~ one bar or more) and will thus form if temperature or pressure permits
reactions to occur. Water is the least volatile of this set because of hydrogen bonding
(which you can think of loosely as a weak form of ionic bonding arising from the very non-
uniform charge distribution around the water molecule). Loveday (this volume, p. 357)
discusses water and water-based molecular systems. Ammonia also has some hydrogen
bonding. Methane and molecular nitrogen rely on van der Waals bonding. CO has a
small dipole moment but also interacts mostly by van der Waals bonding. Ulivi (this
volume, p. 337) discusses some of these materials.

"Rocks" include both metallic materials (iron and iron-nickel alloys) as well as what
we might usually call rock (oxides and silicates). Here one has strong ionic and covalent
bonding. Metallic bonding can be thought of as a special case of ionic bonding (with
the electrons providing a spatially distributed charge rather than the discrete charges of
an ionic material such as NaCl). These materials are much more tightly bound, hence
involatile and stiffer. The main constituents are Fe, MgSiOs, Mg2SiO4, "FeO" (quotation
marks refer to several different oxidation states), but of course Fe can substitute for Mg
to a limited extent and form solid solutions, e.g., (Mg, Fe)2SiO4. These are discussed by
Boehler and Yagi (this volume, pages 627 and 643).

The bulk modulus is an important material property: The adiabatic bulk modulus is
defined as K$ = p(dp/dp)s and the isothermal bulk modulus is KT = p(dp/dp)T, where
p is the density, p is the pressure, and 5 is the specific entropy. (Reminder: One bar
is 106 dynes/cm2 or 105 Pascals; and it is roughly the pressure at Earth's surface.) See
Poirier (this volume, p. 619).

5. — What are the pressures inside planets?

Clearly the bulk modulus is a measure of the strength of interaction within the mate-
rial: soft (weakly bound, volatile) materials compress easily while tightly bound materials
are stiff. It is also a guide as to how much density change might arise in a planet due
to internal pressure. From the definition of K,Ap/p ~ p/K (i.e., the fractional change
in density between surface and deep interior is roughly the pressure divided by the bulk
modulus). If the actual pressure is comparable to the bulk modulus then you might
expect the density inside the planet to be considerably larger than at the surface. We
can estimate the pressure by assuming that the density is roughly constant: Hydrostatic
equilibrium tells us that dp/dr = —p(r)g(r), where g is the local gravitational accelera-
tion. In the case where the density is constant, g(r) — AnGpr/S and the solution for p
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subject to p(R) = 0 (where R is the outer radius) is accordingly

a^y-^

For the Moon this predicts about the true central pressure (not surprisingly). For Earth,
it predicts around 2 Mbar (true value about 3.6). For Jupiter, it predicts around 10 Mbar
(actual is 40 or more). This crude formula underpredicts the central pressure of differen-
tiated bodies (i.e. those where the central region is occupied by intrinsically more dense
matter—which is all planets).

6. — How do we figure out the behavior of materials at high pressure?

If we want to figure out what goes on in a planet then we need to know how the
materials listed above behave at planetary pressures. One approach is experiment. How-
ever, experimental data alone are not enough for two reasons: 1) Experiments do not
usually get to the full range of conditions encountered in planets. For example, pressures
deep within Jupiter are unattainable by conventional techniques. 2) Even when exper-
iments reach relevant conditions, they seldom map out enough of the thermodynamic
phase space (T, P and composition) to be sufficient for planetary modeling (where one
needs a fine grid of parameter values). So it helps greatly to have a theoretical framework
to incorporate experimental results and to extrapolate and interpolate. Here are the
theoretical frameworks one can use:

1) Parameterizations of convenience. These are non-physics based, simple recipes, fit-
ted to data. Because they are not based on a real theory they are dangerous. They
are extensively used because they are convenient. An example is the Birch-Murnaghan
equation of state [4], heavily used in geophysics. See Poirier, this volume, p. 619.

2) Asymptotic theories. Here one appeals to the simplifications that arise at very high
pressure. The electron gas approach and Thomas-Fermi-Dirac theory are examples [5].
This is an excellent approach for metallic hydrogen, for example (and for brown and
white dwarfs in general).

3) Brute force solution of Schroedinger's equation. Often you will find this referred to as
ab initio calculations. Immense advances in computer power have made this possible for
quite complex systems. It is still only really practical for systems that have periodicity
(crystals) or for small numbers of atoms (much less than Avogadro's number!) This is
now being extensively done for complex earth materials as well as for more complicated
systems. See Cohen, this volume, p. 215.
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Fig. 1. - Densities as a function of radius. The solid lines are theoretical for the composition indi-
cated. The two ice-rich "giants" Uranus and Neptune do not lie close to any simple composition.
Mercury lies off the terrestrial planet trend (it is iron rich).

4) Pair potentials. This is the time-honored physical chemist's approach of identifying
species (atoms, molecules, clusters) and representing the energy as the sum of pairwise in-
teractions among them. This is often carried out in a Monte Carlo or molecular dynamics
simulation on a computer. Appropriate pair potentials are obtained from experimental
data or from first-principles computation. Some of the most recent work uses ab initio
calculations to construct reliable effective pair potentials. See Scandolo, this volume,
p. 195.

A first approximation of composition can be easily made simply from the very dif-
ferent densities among the planets. For example, densities of order 1 g/cc for objects
~ 100 Earth masses or more are only possible for a hydrogen-rich composition. Figure 1
shows the relationship between observed mean density and radius for three end-member
compositions discussed above.

7. - How can external measurements tell us about what's inside a planet?

Typically, we are looking at something that emanates from inside (e.g., gravity field
of some anomalous structure, magnetic field from a core) or at the response of the
structure to some perturbation (e.g., propagation of seismic waves, changes in length
of day due to tides). In all cases, the information obtained is not point by point, but
some kind of average or some "moment" of the body. For example, the moment of inertia
of a body is not a point-by-point description of the density structure but a particular
kind of average. In a few cases, most notably in seismology, a well-posed inversion of
planetary structure may exist (though even then there are caveats). In most cases,
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the "Inversion" is highly non-unique, even when the quantity being inverted is precisely
related to what is being measured (e.g., the size of a density anomaly responsible for
a gravity anomaly). The non-uniqueness is even greater if one goes the next step to
temperature or composition or whatever. The best inversion work makes use of physical
constraints and multiple (unrelated) data sets rather than treating the problem as merely
a mathematical challenge.

7'1. Gravity. - Planetary gravity fields can be measured to exquisite accuracy by
spacecraft [6, 7]. This is done by detecting the Doppler shift on the communication
(tracking) signals sent by the spacecraft to Earth. There are three rather distinct pieces
that make up the observed gravity field: a) The dominant term is indistinguishable from
that due to a point mass. This tells us the planetary mass, from which we can get
the mean density, an essential parameter constraining composition, b) In most cases
(excluding only very slowly rotating bodies), the next largest effect is the response of
the planet to its own rotation. Subject to some caveats about the validity of hydrostatic
equilibrium, this tells us moment of inertia of the planet, and sometimes (with giant
planets) even higher moments of the mass distribution, c) Smaller terms, including non-
axisymmetric terms, tell us about the dynamic structure of the planet: convection or
zonal flows. Lithospheric structure (the ability of the planet to support loads) or crustal
structure (thickness from place to place) are also constrained (using topography as well);
in a sense these are also part of the dynamics of a planet.

7'2. Topography. - This can be measured by altimetry (solid planets) or occultation
(gaseous planets). Altimetry is often done with a laser. A recent example is the MOLA
experiment on MGS, the spacecraft orbiting Mars [8]. It can also be done with radar.
Occultation can be done with a spacecraft or with natural sources (i.e. stars being oc-
culted by a planet). Topography is a natural complement to gravity studies. In a purely
hydrostatic system, it is overdetermined because then the physical surface will be exactly
coincident with a surface of constant gravitational potential (i.e. topography is deter-
mined by gravity and vice versa). In that case (really only relevant to gaseous planets)
no new information emerges but you can test whether hydrostaticity was a correct as-
sumption. In the non-hydrostatic case, topography can tell you about the mantle and
lithosphere. Of course, topography (in the sense of an image or radar) can also tell you
about tectonic and volcanic processes.

7'3. Rotational state and tidal response. - The response of a planet to external forces
or torques or to angular momentum redistribution among internal reservoirs (core and
mantle, mantle and atmosphere/ocean) can tell you about the moment of inertia, the
fluidity or otherwise of a core, etc. Examples include: forced precession of a planet (which
is part of the method used to get the moment of inertia of Earth, Moon and Mars), and
amplitude of the daily solid body tide (essential for deciding whether Europa has an
ocean). Tidal response may also tell you the anelasticity (the Q) of the body, which is
related to the viscosity, etc. This can come from observing the out-of-phase component
of the response or from observing the consequences of net torque (as in the movement
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Fig. 2. - Approximate temperature conditions within planets ("giant" includes Uranus and Nep-
tune). The origin of these temperature estimates is discussed later in this paper.

of Moon away from Earth). The recent precise determination of the Martian moment of
inertia came from determining Mars' precession [9].

7'4. Seismicity and seismology (broadly defined). - The sources of wave generation
tell you about the dynamics of the planet (e.g., plate tectonics, volcanic events, turbulent
excitation in giant planets, etc.) The propagation characteristics of these waves can be
inverted to infer planetary structure (e.g., sound speed as a function of depth or even
as a function of latitude and longitude on a constant pressure surface, as in seismic to-
mography) . In practice this has not yet had a major pay-off except for Earth (and to a
very limited extent for the Moon). An interesting and new possible approach to plan-
etary seismology arises from consideration of possible atmospheric excitation of normal
modes [10].

7'5. Heat flow. - This is essential for characterizing the internal state (thermal struc-
ture) of a planet. Most bodies have their outgoing radiation dominated by absorbed
sunlight, making the determination of heat flow difficult by remote means. The excep-
tions are the giant planets, which are distant enough and energetic enough to have a
measurable excess luminosity [6], and Io which is so energetic that you can see the IR
excess directly as hot spots on the surface. Otherwise, you need in situ measurements of
surface conductive heat flow, which have only been done for Earth and (rather poorly)
for the Moon. Heat flow considerations lead to the temperature estimates shown in fig. 2.
This is discussed further in sects. 10 and 11.

7'6. Surface thermodynamic and chemical state. - This is very important for giant
planets, where we believe the atmosphere also tells us something about the interior. The
atmosphere is actually used as a boundary condition on interior models. On solid planets,
the inferences are much less direct, but still useful.
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7'7. Intrinsic magnetic field and paleomagnetism. - The magnetic field, like gravity,
can be mapped externally, sometimes even at least partly by flyby. When it is large
enough and dominated by long- wavelength structure (low-order harmonics), it is at-
tributable to core dynamics and thus tells us about the deep interior of the planet, e.g.,
composition, fluidity and dynamic state [11]. The field may have time variability, which
tells us about the fluid motion amplitude. When the field is attributable to crustal fields
(usually smaller spatial scales), it tells us about past dynamo action (maybe) but more
importantly can be used to constrain geologic history. On Earth, it was essential for
telling us about plate tectonics; on Mars it has told us about early crustal history.

7'8. Electromagnetic response. - Electromagnetic induction is the generation of eddy
currents within a planet arising from a time-variable external field. It has told us about
high temperatures (and possibly the presence of a core) inside the Moon [6] and about the
likely presence of a salty water ocean inside Europa and Callisto [12]. Long- wavelength
radio emission can tell us about subsurface temperature structure. Before Galileo probe,
we already knew that Jupiter's atmosphere was very hot deep down because of thermal
radio emissions from 400 K to even 700 K temperature levels [6].

8. — The gravity field and moments of inertia

External to a planet (in a region where there is negligible mass), the gravitational
potential V satisfies Laplace's equation

(2) V2F = 0.

In the special case where the planet is a rotating hydrostatic fluid, symmetry arguments
alone dictate that the potential is axisymmetric if we choose our polar axis to be coinci-
dent with the rotation axis. Moreover, there is no physical distinction between north and
south hemispheres, so odd t values are excluded (assuming we have chosen the origin of
coordinates to be the center of mass). The potential then has the form

(3) V = -- J2P2(cos0) -- ^- + higher order,
r r*

where P2 is the relevant Legendre polynomial, 6 is colatitude and J2 is the degree-
two gravitational moment. There are higher-order terms (J4, J6, etc.), but J2 can be
approximately related to the moment of inertia and the rotation rate:

3

(4) J2«A2<7;. 9=

where Q is the spin angular velocity of the planet and a is the mean radius. The pa-
rameter A2 varies with moment of inertia or equivalently with the planetary equation
of state. For example, A2 = 0.5 for a Maclaurin spheroid (the technical name for the
uniform-density oblate spheroid). Another example is A2 = 0.173 for the case where
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TABLE III. - Gravitational moment and moments of inertia.

Body

Mercury

Venus

Earth

Moon

Mars

Jupiter

Saturn

Uranus

Neptune

IoO

Europa(c)

Ganymede(°)

Callisto(c)

Measured J2

(8 ±6) x 10-5

(6 ±3) x 10-6

1.0826 x 10-3

2.024 x 10-4

1.959 x 10-3

1.4733 x 10-2

1.646 x 10-2

3.352 x 10-3

3.538 x 10-3

0.745 x 10-3

0.175 x 10-3

0.051 x 10-3

0.013 x 10-3

Measured q

1 x 10-6

6.1 x 10-8

3.5 x 10-3

7.6 x 10-6

4.6 x 10-3

0.089

0.153

0.035

0.028

1.712 x 10-3

0.505 x 10-3

0.190 x 10-3

0.037 x 10-3

J2/q

-|

~102

0.31

~30

0.43

0.166

0.107

0.096

0.125

0.435

0.346

0.268

0.35

Inferred C/Ma2

n
(a)

0.33

n
0.365

(b)

(b)

(b)

(b)

0.375

0.346

0.311

0.35

(a) Non-hydrostatic (at this low level of rotation), so method does not work.
(b) Hydrostatic but Radau-Darwin does not work. More complex theory can, however, constrain
moment of inertia. Note that the result for Jupiter does agree quite well with the exact prediction
of A2 = 0.173 for P oc p2. J4 and even J6 are used for these planets to improve the estimates of
internal structure. See [6].
(°) In the case of the Galilean satellites, there are tidal and rotational bulges. The inversion of
the Galileo spacecraft data assumes that these are related hydrostatically. See [13].

P — Kp2 (a model that is often used for giant planets). This is discussed more fully by
Hubbard [6]. There is an approximate solution, called the Radau-Darwin approximation,
which predicts that A2 « 2.5(C/Ma2) — 0.5, where C is the polar moment of inertia.
For a uniform-density body, C/Ma2 = 2/5 and A2 = 0.5, while for C/Ma2 = 0.3 (very
strong central concentration), A2 = 0.25.

Bodies fall into two classes: those for which hydrostatic effects dominate (i.e., "rapid
rotators") and those for which the rotational bulge is no bigger than the other effects
on topography and gravity. The rapid rotators further subdivide into those for which
Radau-Darwin is roughly valid (terrestrial bodies and icy satellites) and the gaseous
bodies (in which the density variations are too large, and a more complex and detailed
theory has been devised —one example is the solution given above for P a p2). Table III
provides gravity data at degree 2, and table IV provides inferences for moments of inertia
based on these data and other information.
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TABLE IV. - Observational moments of inertia.

Body Observed I/MR2 Comments

Earth(a)

Moon(a)

Mars(a)

Jupiter

Io(b)

Europa(b)

Ganymede(b)

Callisto(b)

Saturn(c)

Uranus(c)

Neptune(c)

0.3308

0.391

0.366

~0.26

0.378

0.346

0.3105

0.359 ± 0.005

0.24

~0.20

~0.22

Large core, but also action of

pressure on constituents

Does not demand an iron core

(but there probably is one;

maybe 500 km in radius)

Requires iron core, about same

mass fraction as for Earth

Need for dense core is

marginal

Substantial Fe core

layer on rock

Ice mantle on rock

Partially differentiated

Dense core needed (radius

alone argues for this)

Interior much denser, but

interpretation non-unique

Denser body but less densely

concentrated than Uranus?

(a) Determined by precession combined with gravity. Mars value now better known using
Pathfinder tracking [9].
(b) Uses both the rotational and permanent tidal deformation effect on gravity field, so one can
(in principle) test for hydrostatic equilibrium. In practice, some ambiguities arise in flybys (i.e.
C22 and J2 are not always independently determined). See [13].
(c) In these bodies, and to some extent Saturn, the constraints provided by J2 and J4 are quite
strong, but they cannot be inverted into a sharply defined value for the moment of inertia.
See [6,14].
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TABLE V. - Heat flows.

Body

Sun

240 K Earth

(black body)

Earth

Moon

Io(a)

Jupiter

Saturn

Uranus

Neptune

Heat flux

(erg/cm2s)

6.3 x 1010

1.9 x 105

80

~ 17

~2500

5400

2000

< 180

285

Luminosity

(erg/s)

4 x 1033

1 x 1024

4.3 x 1020

~ 7 x 1018

~ 1 x 1021

3 x 1024

8 x 1023

< 1.5 x 1022

2.2 x 1022

Luminosity

per unit mass

(erg/g s)

2

1.7 x 10-4

7 x 10-8

~ 9 x 10-8

~ 1 x 10-5

1.7 x 10-6

1.5 x 10-6

< 1.7 x 10-7

2.2 x 10-7

(a) lo has a highly uncertain heat flow. See [15].

9. - Observed heat flows

These are listed in table V and are only available when the surface has been in-
strumented (Earth, Moon) or the heatflow is so high that it can be detected by excess
IR output (giant planets and lo). The Sun is included for comparison purposes as is
reradiation of sunlight at Earth (a blackbody at 240K). Values from [6].

10. - Expected heat flows

101. Radioactivity. - By moss, the cosmic abundances of K, U, and Th are in the
ratios 6 x 104 : 4 : 1. For those ratios (close to those observed in CI carbonaceous
chondrites) the expected present-day heat production of carbonaceous chondritic material
is ~ 6 or 7 x 10-8 erg/gs [16]. This comes roughly one half from 40K, and one quarter each
from 238U and 232Th. The CI value looks roughly Earthlike but that is a fallacy because
Earth's mantle is depleted in K by about an order of magnitude relative to CI. There is
currently no reason to suppose that Earth's core contains large amounts of potassium;
the depletion is more reasonably attributable to volatility. Consequently, Earth's energy
output is believed to be roughly a factor of two larger than that due to radioactivity
alone [16]. Moon's heat flow is too poorly determined to yield to any useful analysis. It
may be anomalously high in the places measured (or just very poorly measured). Note
two important things about radioactive heating; first, that it will scale as the mass of
the planet (which means that the surface heat flux will scale roughly as mass over area
or, equivalently, radius). Second, radioactive heat decays with time, so the heat flow
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should be much larger in the early history of the planet. For Earth, radioactive heating
should be about four times larger in early history (with K and U playing the major roles).
Clearly, none of the heat flows measured in the outer solar system can be attributed to
radioactivity, especially when you consider that the mass of these bodies (except lo) is
dominated by material (H, He, C, N, O) that contains no radioactive elements.

10'2. Secular cooling . - Suppose a planet has cooled by an amount AT over 4.5
billion years. If it has a mean specific heat Cv, then the expected luminosity per unit
mass, L/M, is obviously CvAT/(4.5 x 109y) which is

(5) = ( 7 x l 0

For Earth, this will be significant, or even dominant for cooling rates of ~
200 K/billion years. For Jupiter and Saturn where the specific heat is ~ 2 x 108 cgs
(because of the low molecular weight), the observed luminosity can be explained for
total cooling of a few thousand degrees (though, as we shall see, the cooling may be
fast early on). See Hubbard [6] and Guillot [14]. Neptune could also be explained with
~ 1 000-2000 K cooling and an ice-dominated specific heat (Cv ~ 2 x 107).

10'3. Differentiation . - If some fraction x of a planet settled to the bottom and was
almost twice as dense as mean density then you might expect the total energy release
to be ~ xGM2/R. Averaged over 4.5 x 109y, one then has L/M ~ 1 x I 0 - 4 x for
Jupiter and ~ 3 x 10-5 x for Saturn, so this could easily be important. For Earth, one
gets ~ 4 x 106x, which could be important but there is no current differentiation that
would yield significant x (core formation was early in Earth's history). Helium rainout
in Jupiter and Saturn are possibly important sources of luminosity [14, 17].

10 '4. Tides . - This is special to lo and Europa (and maybe for part of Ganymede's
history) but has to be evaluated on an individual basis because it is sensitive to orbital
parameters as well as material properties. See [15].

11. — The conductive (or radiative) state

We can use our knowledge of plausible planetary materials to pose the following
question: What would the thermal state be inside a planet, were the heat to be carried by
microscopic (i.e. conductive or radiative) processes alone?

ll'l. Terrestrial planets. - The typical thermal conductivity of mantle rocks and
crust is around 3 x 105 erg/cmsK [4]. This means that for a heat flow F, the increase of
temperature with depth z is given by

dT F e r c m - 2 s-1

(6) _
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which implies a temperature gradient of 20 K / km or even more with depth for Earth.
Even on the Moon, one gets 5 or so K / km. On Earth, this temperature gradient leads to
a temperature at depth D (in km) of around 300 + 20.D, which exceeds the melting point
(about 1600 K) at about 65 km. But we know that Earth is not pervasively molten at this
(or any mantle) depth! We know this from seismology. You can reduce but not eliminate
the problem by arguing that the heat sources are concentrated near the surface (so that
the temperature profile is not linear) but this cannot solve the problem because we know
the radioactivity of mantle rocks (from xenoliths) and it provides a large fraction of the
heat flow. So the conclusion for Earth (and by plausible extension other large terrestrial
bodies) is that the heat cannot get out entirely by conduction. It is less clear for the Moon.

In lo, the implied temperature gradient is even greater, but clearly most of the heat
gets out volcanically (i.e. by magmatic eruptions and lava flows). For example, you can
explain 2500 erg / cm2s, by the delivery of ~ 3 x 1010 erg/cm3 (the expected heat content
of magma) at a mean "velocity" (i.e., resurfacing rate) of ~ 2 cm/y (= 7 x 10--8 cm / s).

11.2. Giant planets. - The situation here is far less straightforward. First, consider the
deep atmosphere. These bodies are dominated by molecular hydrogen, which also usually
provides the dominant opacity source through pressure-induced absorption [18]. The
property of pressure-induced absorption is that the opacity is proportional to pressure.
Now the heat flow carried by radiation can be written in the form

d(crT4)
(7) F r adr- l ;

dr '

where the increment in optical depth is dT = — Kp dr (and thus increases as you go
downward). Here, K is the opacity, p is the density and dr is an increment in radius.
(This equation should be intuitively obvious to order of magnitude since the photons
go one optical depth before being absorbed.) This predicts that if radiative transport
dominates, then T ~ TeT

1/4, where Te is the temperature at optical depth unity. In
molecular hydrogen, the opacity is roughly proportional to pressure and so (using hy-
drostatic equilibrium which requires dp /d T = g / K) p ~ T1/2 and T ~ p1/2. This is a
stronger dependence than the increase of temperature along an adiabat. This leads to a
convective state. There is some doubt about this in the region where T ~ 103 K [14, 18].

Deep within the planet, the highest thermal conductivity you can find is that at-
tributable to metallic hydrogen. This is certainly less than 109 erg / cmsK. Even for this
upper bound, the observed heat flow would lead to a temperature gradient of 0.3 K / km,
implying a temperature increase of around 20000 K for a radial range of 60000 km. This is
also convectively unstable. The situation in dense molecular hydrogen is much worse...
a thermal conductivity of perhaps 107 erg / cmsK and a conductive gradient of around
30 K / km, implying a temperature gradient far in excess of adiabatic and hence very
unstable to convection.

In all planets, the conductive profiles are usually convectively unstable. An exception
might be the iron cores of terrestrial planets. This is relevant for understanding whether
a magnetic field might be generated.
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12. — Why are planetary magnetic fields interesting?

There are four reasons:

1) When a planet has a large field, this requires a dynamic process (called a dynamo)
deep within the planet. Thus the observed field provides us with insight into the state
of matter and the dynamics deep within a planet. There is no other way at present to
do this.

2) When a planet has a paleofield (i.e. remanent magnetism of near surface rocks)
the pattern of this magnetization may tell us about many things: The past behavior
of the field (e.g., this is how we know about geomagnetic reversals), the mobility of
the lithosphere (plate tectonics was deduced primarily from paleomagnetism) and per-
haps something about volcanic history (since paleomagnetism in igneous rocks may well
dominate).

3) When a body has an induced field, caused by the time variation of an external
field, the magnitude and phase of this induction tells us about the conductivity structure
within the body.

4) Field generation is a non-linear chaotic process whose dynamics are of interest in
their own right (as a fundamental and very difficult problem in complex systems).

13. — What fields are observed?

Except for the special case of Jupiter, which is a synchrotron source of radio waves,
we learn about planetary magnetic fields by the direct detection of the field (the magne-
tosphere) in a flyby or orbiter spacecraft [19]. This is usually done with a magnetometer,
which is an instrument that detects change in flux through a coil. Spacecraft often have
booms on which a magnetometer is placed (to keep it well away from spacecraft electrical
currents). In the case of MGS, magnetometers were placed on the solar panels, either side
of the main body of the spacecraft. Electron reflectometers can also provide information
on field strength and field gradients by measuring the trajectories of electrons. It is not
usually as useful to place magnetic field observatories on the ground; orbital data are
preferred—provided you can measure (or get below) the effects of an ionosphere. The
observations, with likely interpretations, are given in table VI, based on [15, 19, 20].

14. — What is the geometry of large fields?

For Earth, Jupiter and Saturn (and probably Ganymede), the field is predominantly
dipolar but with detected higher harmonics (except for Ganymede). The tilt of the dipole
relative to the rotation axis is of order 10 degrees (Jupiter and Earth) and zero (Saturn).
For Uranus and Neptune, the field is about equally dipole and quadrupole and the tilt
of the dipole is 40–60 degrees.
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TABLE VI. - Magnetic fields.

Planet or satellite Observed surface field

(in Gauss, approx.)

Comments and

interpretation

Mercury

Venus

Earth

Moon

Mars

Jupiter

lo

Europa

Ganymede

Callisto

Saturn

Titan

Uranus

Neptune

0.002

Unmeasurably small

0.5

Patchy; no global

field

Patchy but locally

strong; no global

field

4.2

~ 0.01?

~0.01

0.02

0.005

0.2

< 0.001

0.2

0.2

Not well known or

understood

No dynamo. High

surface tempreture =>• no remanence

Dynamo needed

Impact generated?

Ancient dynamo?

Ancient dynamo,

Remanent magnetization

Lineations

Dynamo (extends

to near surface)

Complex (deeply

imbedded in

Jovian field)

Induction response

=> Ocean

Dynamo likely

Induction response

= - Ocean

Dynamo

Need more data

Dynamo

Dynamo
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15. — Where do magnetic fields come from?

This general discussion is based on Stevenson [21], see also [20]. Magnetic fields,
unlike electric fields, do not come from monopoles, i.e. there is no evidence for free
magnetic poles (analogous to free electric charges). Instead, the fields come from the
movement of charges, or from the fundamental magnetic moments (i.e. dipoles) of ele-
mentary particles (which can often be thought of quasiclassically as rotating or orbiting
electric charges, but which are sometimes unavoidably quantum-mechanical effects). In
everyday experience, substantial fields arise either from permanent magnets where the
magnetism arises at the microscopic level and is a thermodynamic property of the mate-
rial, or through macroscopic currents (e.g., Helmholtz coil). Permanent magnetism is a
satisfactory explanation for modest amounts of observed magnetism (e.g., Moon, Mars,
maybe Mercury), but it requires low temperature (outer regions only of a planet) and
it requires an adequate abundance of the minerals which exhibit permanent magnetiza-
tion (e.g., magnetite, metallic iron). On Earth, permanent magnetization (in the crust)
accounts for typically 1 part in ten thousand or 1 part in one thousand of the observed
field. Localized fields of up to 1 Gauss or more are possible from permanently magne-
tized materials; this happens very rarely on Earth but may be common in the Southern
Hemisphere of Mars [20]. It is likely (but we do not know for sure) that global fields of
around 0.0001 G or 0.001 G are about the most one can expect from permanently mag-
netized shells. On Earth, we have a much stronger argument for something else other
than permanent magnetization: The field is dynamic (time varying on all time scales
from years to billions of years).

TABLE VII. - Magnetic diffusivities in planets.

Material Relevant planet Magnetic diffusivity

(m2/s)

Liquid iron All terrestrial planet 2

cores; putative cores

of satellites

Salty water (low P) Icy Satellites ~ 104 to 106

Conducting hydrogen Jupiter at 0.9 x radius ~ 50–100

at ~ 1.5 Mbar Saturn at 0.7 x radius

Monatomic metallic Jupiter at 0.7 x radius? ~ 1–10?

hydrogen Saturn at 0.4 x radius?

Water, ammonia and Uranus and Neptune at ~ 100

methane at 0.1 Mbar 0.7 x radius?

and 1000 K or more
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By Faraday's law, a planetary body can also have an "internal" field that is induced by
a time- variable external field. These eddy currents and associated fields can be identified
by their distinctive time variability and phase and amplitude. On Earth, these are called
magnetotelluric currents and fields.

Once induced effects are removed, one is still often left with a large field which can only
be due to macroscopic electrical currents deep within the planet. But unlike permanent
magnetism (which never goes away provided the material stays cold), these currents
dissipate energy and must thus be replenished. This process of regeneration is called a
dynamo.

The dynamo equation takes the form

&B
(8) — = AV2B + Vx(uxB),

Cs v

where B is the magnetic field, u is the fluid motion and A = l/u0
7 is known as the

magnetic diffusivity (because it has the physical effect of allowing field to diffuse and
because it has the right dimensions). If there is no fluid motion then the field will
undergo free decay on a timescale r ~ I2 / 7r2 A ~ (3000y) (L / 1000 km)2 (lm2s–1/A).
This is less than the age of the solar system for any planetary body and plausible values
of magnetic diffusivity. For Earth's core, this timescale is ten thousand years or so.

In table VII are some estimates of the magnetic diffusivity relevant to planets.
The conductivities for giant planets are based on the experimental work discussed

by Nellis (this volume, p. 607). The fact that free decay times are generally geologically
short means that if a planet has a large field now then it must have a means of generating
the field now.

16. - Why do some planets have dynamos while others do not?

Dimensional analysis of the dynamo equation tells us that fluid motions are important
provided the magnetic Reynolds number Rm = uL / X is sufficiently large. It is also likely
that rotation is important and this is expressed by the requirement that the Rossby
number Ro = u /2Q,L is sufficiently small. It is not difficult to satisfy the conditions for
a dynamo, provided there are convective fluid motions in the core. In terrestrial planets,
the difficulty arises that convection may not exist, because the heat can be carried by
conduction alone. The tentative conclusion is that

Core convection ^=4> dynamo.

17. — Concluding comments

This paper is intended as only a general introduction to the problems of planetary
interiors. However, it demonstrates the important role played by condensed matter
physics in determining the origin, evolution and structure of planets.
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Planetary interiors: Experimental constraints

W. J. NELLIS

University of California, Lawrence Livermore National Laboratory
Livermore, CA, 94550, USA

1. — Jovian planets

Jupiter and Saturn together contain over 400 Earth masses, most of which is hydrogen.
The interiors of these giant planets are at high pressures and temperatures because of
their large masses and low thermal conductivities [1,2]. Pressure and temperature in the
mantle of Jupiter range up to a 300 GPa and several 1000 K and are about 4 TPa and
20000 K at the center [3]. Hydrogen is fluid at these conditions [4]. Magnetic fields of
giant planets are produced by the convective motion of electrically conducting fluid by
dynamo action [5]. The magnetic field of Jupiter is that of an eccentric, tilted dipole
with an admixture of higher-order multipoles. This field varies from 14 G at the north
magnetic pole to 11 G at the south magnetic pole. Thus, while the Jovian magnetic field
appears to be only slightly more irregular than that of the Earth, its magnitude and
variation are ~ 20 and 6 times, respectively, greater than that of the Earth's field. These
observations raise some interesting questions about Jupiter. For example, why is the
magnitude of the Jovian magnetic field so large and asymmetric relative to that of Earth
and is there a relatively sharp core-mantle boundary in Jupiter between a molecular
mantle and monatomic core, analogous to the boundary in the Earth between the rocky
mantle and Fe core?

In addition to giant hydrogen planets in this solar system, about 50 extrasolar giant
planets (EGP) and Brown Dwarfs have now been discovered. EGP masses are about
that of Jupiter, although they range from 0.5 to l0Mj, where Mj is the mass of Jupiter.
Masses of Brown Dwarfs range up to ~ 80Mj. Since hydrogen has a cosmological abun-
dance of more than 90 at .%, it is quite likely that these objects are composed almost
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entirely of hydrogen. The radius of EGP HD209458b has been determined from the pe-
riodic occultation of light emitted from its nearby star; its mass has been determined by
interferometry. Its radius, mass, central pressure, and central temperature are 1.35Rj,
0 .7 .Mj , 1 TPa, and 30000 K, respectively, where Rj is the radius of Jupiter [6]. For com-
parison, the mass of Saturn is 0.85Mj, and its central pressure and temperature are
2 TPa and 10000 K. Thus, the universe has a substantial amount of mass in the form of
"hot" and "cold" Jupiters.

The most important material to study with respect to giant planets is hydrogen be-
cause it has by far the greatest cosmological abundance. The most important pressures
and temperatures for hydrogen experiments are pressures of 50 GPa to 1 TPa and tem-
peratures of 1000 to 30000 K [7]. This is the region in which fluid hydrogen undergoes a
transition from a molecular insulator to a monatomic metal.

The purpose of this section is to. review the current experimental situation for hy-
drogen at high pressures and to describe the nature of observed metallic fluid hydrogen.
Implications for Jupiter and Saturn will be discussed. Similar statements could be made
about giant hydrogen planets now being discovered in other solar systems.

1.1. Laboratory experiments. — Shock-compression experiments on liquid hydrogen
access the high pressures and temperatures in Jupiter and Saturn [4]. Single- and double-
shock Hugoniot equation of state and temperature data have been obtained up to 20 and
80 GPa using a two-stage light-gas gun [8,9] and up to 300 GPa and a few 10000 K using
a large laser [10, 11]. The gas-gun experiments access states in the Jovian mantle; the
laser experiments access higher temperatures representative of states deeper in the Jovian
core. These experimental data are a basis for deriving theoretical equations of state for
hydrogen at conditions in the Jovian planets.

A reverberating shock wave was used to measure electrical conductivities of fluid
hydrogen up to 180 GPa and 3000 K [12, 13]. Fluid hydrogen achieves the minimum
conductivity of a metal at 140 GPa, ninefold the initial liquid-H2 density, and 2600 K.
Metallization density is defined to be that at which the electronic mobility gap Eg is
reduced by pressure to Eg ~ kBT, where kB is Boltzmann's constant and T is temper-
ature, at which point Eg is filled in by fluid disorder to produce a metallic density of
states with a Fermi surface and the minimum conductivity of a metal.

The high pressures and temperatures were obtained with a two-stage gun, which
accelerates an impactor up to 7 km / s. A strong shock wave is generated on impact with
a holder containing liquid hydrogen at 20 K. The impact shock is split into a shock
wave reverberating in hydrogen between two stiff Al2O3 anvils. This compression heats
hydrogen quasi-isentropically to about twice its melting temperature and lasts ~ 100ns,
sufficiently long to achieve equilibrium and sufficiently short to preclude loss of hydrogen
by diffusion and chemical reactions.

The measured conductivity increases four orders of magnitude in the range 93 to
140 GPa and is constant at 2000 (17 cm)–1 from 140 to 180 GPa. This conductivity is
that of fluid monatomic Cs and Rb undergoing the same transition at 2000 K [14]. This
measured value is also within a factor of 5 or less of hydrogen conductivities calculated
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with: i) minimum conductivity of a metal [15], ii) Ziman model of a liquid metal [16],
and iii) tight-binding molecular dynamics [17]. Based on phenomenological modeling [9],
at metallization this fluid is ~ 90 at. % H2 and 10at.% H with a Fermi energy of ~
19 eV. On the other hand, tight-binding molecular dynamics calculations [18] indicate
that protons are paired transiently and exchange on a timescale of a few molecular
vibrational periods, ~ 10–14s. Also, the kinetic, vibrational, and rotational energies
of the dynamically paired protons are comparable. In this picture the dimer lifetime
is extremely short (~ 10–14s) and the fluid is essentially monatomic, the most likely
nature of fluid metallic hydrogen. Fluid hydrogen at finite temperature undergoes a
Mott transition at Dm1/3a* = 0.30 or 0.38, depending on whether hydrogen is assumed
to be diatomic or monatomic, respectively, where Dm is the metallization density and
a* is the Bohr radius of the molecule or atom. Thus, this Mott criterion is not very
sensitive to whether the metallic fluid is monatomic or diatomic. Metallization occurs
at a lower pressure in the fluid than predicted for the solid probably because crystalline
and orientational phase transitions in the ordered solid, which prevent metallization, do
not occur in the fluid and because of many-body and structural effects.

These measurements show that electronic conduction is thermally activated in the
semiconducting fluid and that the minimum conductivity of a metal, 2000 (0 cm)–1, is
reached at 140 GPa, 0.6g / cm3 (rs = 1.6), and 2600 K. That is, the Drude conductivity of
free electrons in the strong-scattering loffe-Regel limit, in which the mean free path of an
electron is the distance between nearest neighbors, is sufficient to explain the measured
metallic conductivity. Within the experimental resolution, electrical conductivity is con-
tinuous, which suggests that density is also continuous through this transition. However,
it is not yet possible to measure density in these experiments.

Metallic fluid hydrogen is quantum in nature because the temperature (T) is much less
than the Fermi temperature (Tp), T / TF ~ 0.01, and because a temperature of 3000 K is
comparable to the ground-state vibrational energy of the H2 molecule [13, 16]. Electrical
conductivities in the semiconducting fluid provide electron excitation energies, which
affect the equation of state via the absorption of internal energy at densities somewhat
lower than required for metallization. Electrical conductivities of the nonmetallic fluid
were measured under single-shock compression up to 20 GPa and 4600 K [19]. All the
measured electrical conductivities (metallic and nonmetallic) were scaled to estimate the
conductivities in Jupiter. It is these conductivities which cause the Jovian magnetic field.

At high shock pressures (> 15 GPa) and temperatures, no first-order phase transition
has ever been observed in any fluid. In particular, all dissociative transitions observed
with equation-of-state measurements under shock compression are continuous in density.
This is true for both hydrogen [10] and nitrogen [20].

The pressure of the insulator-metal (IM) transition in solid hydrogen is yet to be
measured. Static high pressure experiments in a diamond anvil cell indicate that, to
reach the metallic state requires an estimated pressure greater than 340 GPa [21] and
the pressure required might be as large as 620 GPa [22]. These pressures exceed recent
theoretical estimates of 300 to 400 GPa for a first-order transition from the diatomic to
the monatomic solid with an associated IM transition [23, 24]. The metallic solid has
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not been observed in optical spectroscopy experiments in the range 190 to 290 [2–27].
Thus, there is no evidence for a first-order phase transition to a metallic state in solid
hydrogen at static pressures up to ~ 300 GPa. The question still remains as to whether
metallization at 0 K occurs by band overlap within an ordered diatomic solid or whether
hydrogen undergoes a first-order phase transition from a diatomic to a monatomic solid,
as suggested by Wigner and Huntington [28].

He is the elemental constituent of Jupiter with the second largest abundance
(~ 6 at .%) after hydrogen. The Hugoniot EOS of fluid He has been measured [29].

1.2. Implications for Jupiter. - Implications for Jupiter of recent gas-gun experiments
have been discussed [30-32] and are summarized here.

1'2.1. Nature of the interior. The transition from diatomic insulating H2 to
monatomic metallic H has been an important issue in Jovian modeling for decades. Some
theoretical work suggested that this transition at high pressures and temperatures in the
fluid, often called the plasma phase transition (PPT), is first order [33–35]. Other work
suggested that this transition is continuous in pressure and temperature [36]. Depending
on the model, the radius in Jupiter at which metallization occurs has ranged between 0.75
and 0.90.Rj, where Rj is the radius of Jupiter. As discussed below, shock experiments
suggest that this transition is continuous and in Jupiter the minimum conductivity of a
disordered fluid metal is reached at 0.90.Rj.

For purposes of discussion, we assume that the path of P-T states in Jupiter is an
isentrope. It has been proposed that hydrogen in Jupiter in a certain P-T range is
optically transparent to thermal radiation and, thus, interior states are not on an isen-
trope [37]. Nevertheless, recognizing this possibility and recognizing also that impurities
might maintain the interior opaque to thermal radiation, for purposes of discussion we
assume Jupiter is on an isentrope.

Assuming a continuous dissociative phase transition and using a fluid model based
on our equation-of-state data, the isentrope of pure hydrogen was calculated from the
surface temperature of Jupiter (165 K) and is shown in fig. 1 [30]. The fluid model in-
cludes molecular dissociation, as suggested by measured double-shock temperatures at
80 GPa [9]. Since He is a small species as hydrogen, the equation of state of a mixture
containing ~ 10 at.% He is not expected to be substantially different from that of pure
hydrogen. In fig. 1 temperature rises steeply with increasing pressure (depth in Jupiter)
until molecular dissociation begins at ~ 40 GPa. At higher pressures up to ~ 200 GPa
the temperature varies slowly because the internal energy is absorbed in dissociation.
Metallization probably occurs in Jupiter at 140 GPa and 4000 K, as it does in our lab-
oratory experiments at 140 GPa and 3000 K, because electrical conductivity is generally
slowly varying with temperature in a disordered liquid metal.

A principal conclusion of shock-compression experiments is that it is very unlikely
that a first-order phase transition at finite temperatures separates a molecular mantle
from a monatomic core in Jupiter with an associated density discontinuity and nonmetal-
metal transition. Rather, on the Jovian isentrope molecular hydrogen probably begins
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Fig. 1. - The solid curve is the isentrope of hydrogen calculated from surface conditions of
Jupiter plotted as temperature versus pressure [30]. Circles and squares represent temperatures
and pressures at which electrical conductivities were measured under single-shock and multiple-
shock compression, respectively [12, 19]. These pressures and temperatures are representative of
conditions in Jupiter. Metallization of hydrogen in Jupiter occurs at 140 GPa.

to dissociate at ~ 40 GPa and dissociation continues to completion at an estimated
~ 100 GPa. Metallization in Jupiter occurs at 140 GPa and ~ 4000 K.

In general, the first-order plasma phase transition with its discontinuity in density
probably does not exist. This statement is based simply on experience with dense flu-
ids at extreme pressures and temperatures. Experiments to measure high densities at
high temperatures in the fluid at a nonmetal-metal transition are yet to be performed.
Theoretical predictions of the existence of the PPT are based on pair potentials for an
assumed number of well-defined chemical species [34]. However, in this model the state at
higher density is electrically conducting and, thus, many-body correlated electron effects
must be taken into account, which is not done with pair potentials. Thus, while chemical
equilibrium calculations suggest the PPT and quantum Monte Carlo calculations provide
evidence for its existence [35], the fact that no first-order phase transition has ever been
observed experimentally at 100 GPa pressures and several 1000 K suggests that the PPT
does not exist. In addition Monte Carlo calculations are yet to be performed at the high
density (rs = 1.6) and relatively low temperature (2600 K) at which we have observed
the minimum conductivity of metallic fluid hydrogen. This regime is difficult computa-
tionally because the electrons are degenerate and protons are paired into dimers, which
means both electrons and protons must be treated quantum mechanically.

Given that thermodynamic transitions have been observed to be continuous, it is likely
that many changes in chemical composition are also continuous. Thus, representing a
planetary interior with a relatively large number of layers is, in principle, reasonable if
justified by experimental data.
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Fig. 2. - Electrical conductivities of hydrogen plotted versus pressure along isentropes of hydro-
gen with an initial temperature of 165 K calculated along the solid curve in fig. 1 and with energy
gaps FA [40] and M [41] along the isentrope of Saumon et al. [42]. Theoretical conductivity of
monatomic metallic core S calculated by Stevenson and Salpeter [33].

1.2.2. Magnetic field. Since the Jovian magnetic field is produced by convection
of conducting hydrogen, we assume that the magnitude of the field at a given radius
is roughly proportional to the magnitude of the electrical conductivity at that radius.
The magnitude of the electrical conductivity along the Jovian isentrope in fig. 1 was
calculated by treating hydrogen as a semiconductor below 140 GPa and as having the
minimum conductivity of a metal, in this case 2000 (H cm)–1, above 140 GPa [31]. The
electrical conductivity of He is expected to be negligible compared to that of hydrogen
in this regime. Thus, He acts as an electrically inert ~ 10% volume fraction and a 10%
uncertainty in conductivity is negligible for this purpose. The results of this scaling in-
dicate that electrical conductivity is much larger at larger planetary radii than thought
previously, as illustrated in fig. 2. The electrical conductivity reaches the minimum con-
ductivity of a metal, 2000 (fi cm)–1 at 0.90 Rj, as suggested by Smoluchowski [38] based
on the first measurement of the magnetic field of Jupiter by a spacecraft. Jupiter had
been thought to become metallic at a radius as small as 0.75Rj. Assuming that material
with a conductivity as low as that in Uranus, 20 (fi cm)–1, contributes to the Jovian sur-
face field, then radii out to 95% Rj contribute to the surface magnetic field. Although
surface magnetic fields decrease with distance from where they are produced [39], the
Jovian surface magnetic field is probably not significantly lower than where the field is
produced because it is generated close to the surface of the planet. Also, the asymmetry
in the surface magnetic field of Jupiter might be readily observed because the magnetic
field is generated close to the surface [38]. That is, planetary magnetic fields are typically
composed of dipolar and higher-order components. These multipole components are pro-
portional to r–n, where n = 3, 4 ,5, . . . . The deeper the magnetic field is produced, the
smaller the components of the surface magnetic field caused by higher-order multipole
components.
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Fig. 3. —Schematics of our picture of Jovian interior before (a) and after (b) recent hydrogen
experiments at high dynamic pressures and temperatures comparable to those in Jupiter. Pre-
vious picture in (a) has insulating molecular mantle with transition to monatomic metallic core
via first-order phase transition at 0.75.Rj. Picture in (b) shows that H2 is molecular down to
~ 40GPa at ~ 0.95RJ (long dashes), at which depth dissociation commences and is completed
by metallization at a depth of ~ 0.90 Rj (dot dashes).

For comparison with our experimental shock-compression data, electrical conductivi-
ties of molecular semiconducting hydrogen were calculated [31] using theoretical results
available prior to our experiments; namely, the density-dependent electronic bandgaps of
Friedli and Ashcroft [40] and of Min et al. [41] and an isentrope of hydrogen of Saumon
et al. [42]. The results are curves FA and M in fig. 2. The electrical conductivity of
monatomic metallic hydrogen was calculated [33,43] at what was thought to be the core-
mantle boundary of Jupiter at 300 GPa and is indicated as S in fig. 2. The electrical
conductivity is essentially constant above 140 GPa in a disordered fluid because once
all the carriers and scattering mechanisms are excited and the mean free path becomes
the distance between neighboring particles supplying conducting electrons, then electri-
cal conductivity is relatively insensitive to further increase in density and temperature.
That is to say, since the mean free path is the cube root of density and the density can
increase by a factor of ~ 2 when all the molecules dissociate, electrical conductivity can
increase only a factor of ~ 2 as the metallic fluid changes from essentially molecular to an
electron-proton dense degenerate plasma. Figure 3 illustrates the change in our picture
of the Jovian interior based on recent laboratory experiments.

In contrast with Jupiter, in Saturn the metallic phase of hydrogen is reached at
~ 0.5 cRs, where RS is the radius of Saturn [2], much deeper in the planet than in Jupiter.
The equatorial surface magnetic field of Saturn is 0.21 G [44], substantially smaller than
the equatorial surface magnetic field of Jupiter. Thus, the fact that the magnetic field
of Jupiter is generated close to the surface and in Saturn it is generated much deeper is
consistent with the relative magnitudes of their magnetic fields. Similarly, the magnetic
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field of the Earth is generated in the conducting Fe core, which extends only to about
O.SS.RE, where RE is the Earth's radius. The Earth surface magnetic field (0.5 G) is
about ~ 1/20 the field at the core-mantle boundary, ~ 1 mT [45]. Thus, for both Saturn
and Earth a surface magnetic field of a few 0.1 G is generated at ~ 0.5 planet's radius.
The fact that the magnetic field of the Earth is a factor of ~ 2 larger than that of
Saturn might be caused by the fact that the electrical conductivity of Fe and its alloys at
130 GPa and ~ 3000 [46–48], conditions at the Earth's core-mantle boundary, is a factor
of ~ 5 larger than the minimum conductivity of metallic fluid hydrogen at 140 GPa.

The details of magnetic field generation in Jupiter can, in principle, be calculated
with a three-dimensional magnetohydrodynamics computer code [49]. Our conductivity
data have been used to derive a scaling relation for electrical conductivity as a simple
function of density and temperature [31] for use in such calculations. However, this
relationship does not describe the entire range of densities and temperatures needed and
additional electrical conductivity data are needed before a complete scaling relationship
will be available for the wide range of densities and temperatures in the outer portion of
Jupiter in which the major contribution to the surface magnetic field is generated.

While the He content has little effect on the magnitude of the magnetic field, the
hydrogen isentrope in fig. 1 suggests the possibility that He has an important effect on
convection and, thus, on the existence of the magnetic field. The criterion for convection
to occur is (dT / dP)s(dT/dP) > [(dT / dP)s]

2, where (cdT / dP) is the actual variation
of temperature with pressure in the planet. If (cdT / dP)s > 0, this becomes the usual
Schwarzschild criterion. Since Jupiter has a magnetic field, (dT /dP) > 0 and thus
(dT / dP)s > 0, as well. Since for pure hydrogen (dT / dP)s ~ 0 and might actually be
slightly negative in the region of metallization, He might be necessary to make these
derivatives positive for the Jovian hydrogen-He mixture. That is, the hydrogen curve in
fig. 1 has a small negative slope over an appreciable pressure range; temperature needs
to increase only a few percent for the curve in fig. 1 to have a positive slope everywhere.
Unlike hydrogen, He has no internal degrees of freedom at the densities and temperatures
in the envelop of Jupiter. Thus, He has a higher temperature than hydrogen at the
same pressure and density. As a result, a relatively small and uniform concentration
of He might make these derivatives positive for the hydrogen-He mixture. Higher-order
components of Jupiter's magnetic field might be affected by inhibition of convection due
to properties, including the isentropic T-P curve, of the continuous dissociative phase
transition of hydrogen.

The hydrogen T-P curve in fig. 1 suggests the speculation that relatively small fluctu-
ations in He content over such a giant planet might have a significant effect on convection.
The Schoemaker-Levy 9 comet debris that impacted Jupiter indicated that while mixing
is rapid, it occurs azimuthally rather than spherically. This suggests the possibility that
small fluctuations in chemical composition might be expected because of Jupiter's huge
size. However, recent modeling calculations indicate that debris from these comets spread
rapidly in both the equator and polar directions [50], which suggests that such mixing
becomes spherically symmetrical relatively quickly. The effects of interior dynamics on
the magnetic field need to be explored.
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2. — Icy giant planets

The planets Uranus and Neptune are thought to have evolved from the accretion of
water, ammonia, and methane [1,2]. At high pressures and temperatures these molecules
react chemically to form complex mixtures. The EOSs of these mixtures are responsible
for mass distributions and, hence, gravitational moments and their electrical conductivi-
ties are responsible for magnetic fields of the icy planets. This section briefly summarizes
dynamic high pressure measurements of the EOSs and electrical conductivities of repre-
sentative planetary fluids at representative pressures and temperatures.

Water is one of the most studied fluids at high shock pressures. Recent work includes
Hugoniot EOS [51], shock temperatures [52], Raman spectroscopy [53], and electrical
conductivities [51, 54]. The Hugoniot [51], shock temperatures [55], and electrical con-
ductivities [51] of ammonia have been measured. The Hugoniot EOS [56-58], shock
temperatures [55], and electrical conductivities [59] of methane and other hydrocarbons
have been measured. Additional details are also given in another article by myself in this
volume [60].

The mixture "Synthetic Uranus" (SU) is composed of water, ammonia, and iso-
propanol in proportions which give near-cosmological abundance ratios of H, 0, C, and
N. Hugoniot data and conductivity data [61–63] and shock temperatures [55] have been
measured. Hugoniot EOS data for SU are shown in fig. 4.
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Earth materials at high pressures and temperatures:
The case of the Earth's core

J.-P. POIRIER

Institut de Physique du Globe de Paris - BP 89, 4, Place Jussieu
75252 Paris Cedex 05, France

1. — Introduction

Prom a depth of 2890 km to the center of the Earth, encased in the rocky mantle, lies
the metallic core. It is the remotest, least known region, yet it plays a very important
role in the energetics and dynamics of our planet; in recent years, it has become the focus
of attention of geophysicists of various persuasions [1, 2]. The information we have on the
core is indirect, provided mostly by the study of seismic waves and of the geomagnetic
field, subject to geochemical constraints.

We know that between 2890 km (core-mantle boundary, or CMB) and 5150 km (inner
core boundary, or ICB), i.e., at pressures between 136 and 329 GPa, the fluid outer core is
a molten alloy of iron with some lighter elements. It is in the outer core that the Earth's
magnetic field is generated. As pressure increases with depth faster than the melting
point, the molten core alloy crystallizes when pressure reaches 329 GPa, and forms the
solid inner core, which extends down to the center of the Earth, at a pressure of 364 GPa.

There are, however, many things we do not know well enough about the core, which
it would be important to know for understanding the formation and the thermal and
dynamic evolution of the core. Theoretical and experimental physics and chemistry of
materials (especially iron) at high pressure can contribute in providing answers to some
of the questions geophysicists are asking about the core [3].

I shall briefly address here a few of these questions:

- What are the principal light elements which enter the fluid core alloy?

© Societa Italiana di Fisica 619
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- How does the molten metal of the outer core react with the silicate mantle?

- What is the viscosity of the fluid core?

- What are the energetics and the cooling history of the core?

- What is the crystal structure of the iron phase of the inner core?

- What is the temperature of crystallization of the inner core?

- What are the deformation mechanisms of the inner core?

2. — Composition of the outer core

The density of the outer core is known from seismology and lies between about
10 • 103 kg / m3 at the CMB and 12 • 103 kg / m3 at the ICB. Extrapolations of experimental
equations of state of pure iron to core pressure show that the outer core is between 6
and 10% less dense than pure iron. It follows that the core iron must be alloyed with
lighter elements. The exact nature and proportions of these elements are still largely a
matter of conjecture and controversy [3–5]. However, there is agreement on the following
constraints: the alloying elements must be of sufficient abundance in the accreting Earth
and they must be soluble in liquid iron under the pressure conditions of core formation,
i.e., at rather low pressures, since it is thought that the core formed, by decantation
of molten iron, early in the Earth's history. They must also remain soluble in iron at
current pressures in the core. The major candidates are sulfur, silicon and oxygen, and
possibly hydrogen.

The depression of the melting point of the alloy at the pressure of the inner core
boundary controls the temperature at the ICB, and the enrichment of the liquid in light
elements during crystallization of the inner core is essential to compositional convection,
thought to power the geodynamo. Both depend on the nature and concentration of
alloying elements. In addition to iron and light elements, the core contains about 5 wt%
nickel, so it would be necessary to know ternary or more probably quaternary phase
diagrams at high pressures... which are unfortunately unavailable at the present time.

Using experiments at relatively high pressures of about 25 GPa, thermodynamic anal-
ysis and ab initio molecular dynamics calculations, it is nevertheless possible to make
educated guesses (although sometimes conflicting ones) as to the possibility for a given
element to be present in the core in significant proportion.

Oxygen becomes soluble in iron only at very high pressure, due to "metallization"
of FeO [6], but is insoluble at pressures at which the core is thought to have formed.
Although some oxygen may enter the core by reaction with the mantle oxides, it is
unlikely to be the major light element.

Sulfur is depleted in the Earth's mantle relative to other volatile elements and could
thus be hidden in the core. Furthermore, it easily partitions into iron and forms with
it a low melting point eutectic which might have been instrumental in core formation.
However, from ab initio calculations of the chemical potentials of sulfur dissolved in solid
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and liquid iron, it is found that sulfur would concentrate in the solid at the pressure
of the ICB, yielding a density of the inner core too low to be compatible with seismic
data [7]. According to these results, a high proportion of sulfur in the inventory of light
elements is unlikely.

Silicon does not enter liquid iron at low pressure and high oxygen partial pressure.
However, the results of high pressure experiments [8] show that the solubility of silicon
in iron increases with pressure, so that if the liquid metal equilibrated with silicates at a
pressure of about 25 GPa (for instance at the bottom of a 700 km deep magma ocean),
the core might contain up to 6% Si. Above this pressure, the solubility of silicon in iron
starts to decrease, due to its coordination changing from 4 to 6 in solid silicates. Thus,
the core in its present state might be supersaturated in silicon.

Hydrogen is generally thought to have been mostly lost during Earth's accretion, but
recent experimental results suggest that water might have reacted with iron in a primitive
magma ocean forming iron hydride [9]. Thus, hydrogen might have partitioned into the
core.

3. — Reactions at the core-mantle boundary

The molten metal of the core is contained in a refractory crucible: the silicate mantle.
Does the metal corrode the crucible?

Experiments at high pressure in diamond-anvil cell have given evidence of chemical
reaction between molten iron and solid silicate [10]. In another series of experiments
in laser-heated diamond-anvil cell [11], olivine and iron were brought to the pressure of
the CMB; the olivine was transformed into silicate perovskite (Mg, Fe)SiO3 and magne-
siowiistite (Mg, Fe)O representative of the lower mantle, and the iron was molten. The
recovered samples were examined in analytical transmission electron microscopy. It was
found that the iron dissolved FeO from magnesiowustite and that it wetted the grain
boundaries of the solid mineral assemblage. The liquid core may therefore infiltrate the
lower mantle at the CMB, but it is unlikely that the fluid can rise by more than a few tens
of meters into the mantle [12]. Thus, the infiltrated zone would be seismically invisible
and cannot be identified with the ultra-low velocity zone (ULVZ) at the bottom of the
mantle [13, 14], and even less with the thicker, seismically anomalous, D" layer.

4. — Viscosity of the outer core

From the study of the secular variation of the Earth's magnetic field, linked with the
fluid currents at the top of the core, geomagneticians estimate that the velocity of the
fluid is of the order of 1 m / h. They therefore assume that its viscosity is quite low and can
safely be neglected in calculations of the geodynamo. Indeed, from an empirical scaling
relation between the apparent activation energy of viscosity of liquid metals and the
melting temperature, it follows that the viscosity of liquid metals right at their melting
point stays constant along the melting curve, equal to the viscosity at the melting point
under atmospheric pressure. Thus, the viscosity of liquid iron in the core would range
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between 3 and 6 • 10–3 Pa s, close to the viscosity of water [15]. Ab initio calculations
yield a comparable value of the order of 10–2 Pa s [16, 17]. Ab initio calculations [18] and
experimental determinations [19, 20] of the viscosity of liquid Fe-S give similar results,
pointing to a very slight effect of sulfur on viscosity.

5. — Energetics and cooling of the core

The energetics of the Earth depend in large measure on the energetics of the core.
The energy produced in the outer core is used to power the geodynamo which creates
the Earth's magnetic field, and is partly converted to heat. It is currently accepted,
but not entirely certain, that the core contains very little of the lithophile radioactive
elements, potassium, thorium, and uranium. The energy is then thought to be essentially
produced at the ICB as a by-product of the crystallization of the inner core. It consists
of the latent heat of freezing of iron and of the gravitational energy corresponding to the
upward motion of the buoyant liquid enriched in light elements released during freezing
(compositional convection currents). The secular cooling of the core must also be included
in the energy balance [21, 22].

The heat is evacuated at the CMB. Although the heat flux from the core into the
mantle is one of the least known quantities, it is generally assumed to be of the order of
10% of the heat flux measured at the surface of the Earth (42 TW over the whole surface).
As the core is metallic, its thermal conductivity, mostly electronic, is possibly as high as
60 W / mK [1, 2] and a substantial part of the heat must be conducted upward along the
adiabatic temperature gradient. In the case of a low enough value of the heat flux at the
CMB, the totality of the heat might be transported by conduction near the CMB and a
shell a few hundred kilometers thick, stable against thermal convection, might exist at
the top of the core [22].

A strong constraint on cooling rate is given by the present day size of the inner core,
which leads to the conclusion that the inner core is much younger than the Earth and
could not have started crystallizing more than about 2 billion years ago.

6. — The phase of iron in the inner core

The inner core is essentially solid iron, at pressures between 330 and 360 GPa. While
there have been recent experimental investigations of the phases of iron stable at high
pressure and high temperature, they all are limited to pressures smaller than 250 GPa.
Thus, conclusions about the stable phase of iron at inner core pressures must, perforce,
rely on extrapolations [1, 3, 23, 24].

Four phases of iron are known in different P and T domains: a-Fe, at low temperature
and pressure, and 6-Fe close to the melting point, both body-centered cubic (bcc); 7-Fe,
face-centered cubic (fcc), at high temperature and pressure; e-Fe, hexagonal close-packed
(hcp) at high pressure and at temperatures lower than those for which 7-Fe is stable.

In principle, there could exist a bcc phase at very high temperatures and pressures;
also, the slope of the boundary between the fcc and hcp phases in the P-T plane is
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ill-constrained, so that there is no a priori reason to believe that the phase of the inner
core is a, 7, or e. There are even reports of observation of a new phase in diamond
anvil cell experiments, but its structure is controversial and its stability questioned.
Ab initio calculations predict that the bcc phase would be elastically unstable at inner
core pressures and that e-Fe is more stable than 7-Fe [24, 25], which is compatible with
experimental observations, by X-ray diffraction, of e-Fe at the highest pressures and
temperatures for which iron has been investigated in the diamond anvil cell [3, c26]. At
the present time, the phase of the inner core is generally believed to be hcp e-Fe [3].

7. - Crystallization temperature of the inner core

If the temperature at the ICB were known, it would provide a secure anchoring point
for the adiabat through the outer core, hence a reliable estimate of the temperature on
the core side of the CMB. Now, we know that the temperature at the ICB is the freezing
temperature of the outer core alloy, which is lower than the melting temperature of iron
at 330 GPa by a quantity AT representing the freezing point depression due to light
elements in solution. The value of the freezing point depression is unknown, although it
is often assumed that AT = 1000 K.

The melting point of iron at the pressure of the ICB is therefore an upper bound to
the actual temperature at the ICB, and it has been the object of a hot debate in the
mineral physics community in recent years. Static experiments in laser-heated diamond
anvil cells and shock wave experiments more or less agree in finding a value of the iron
melting point near 3000 K at 100 GPa [1, 23, 25], but extrapolations to 330 GPa still give
somewhat different values, from 4850±200 K [20] to 5500±500 K [1] and 5800 ±200 K [27].
The results of ab initio calculations range from 5400 ± 400 K [28] to 6700 ± 600 K [29],
while an estimate using dislocation melting theory, and assuming AT = 1000 K, gives
6100 ± 250 K [30].

8. — Anisotropy and deformation of the inner core

Seismologists have found that the inner core is elastically anisotropic, with the seismic
waves propagating slightly faster (about 3%) along the spin axis [31]. This anisotropy
can be ascribed to preferred orientation of the elastically anisotropic crystals of e-Fe
believed to constitute the inner core. The anisotropy might arise from texturing during
crystallization [32], but it is also well known that plastic shear deformation produces a
lattice preferred orientation which depends on the active slip systems. It is not possible to
perform plastic deformation experiments at atmospheric pressure on e-Fe, which reverts
to o;-Fe under decompression. The primary active slip system in hexagonal metals cannot
be found from simple criteria (e.g., from the value of the c / a ratio). However, it is possible
to predict it, using a criterion depending on the ratio of the stacking fault energies on
basal and prism planes, which can be calculated from first principles. It is then found
that e-Fe should glide principally on the basal plane (like cobalt, its close neighbor in
the periodic table) [33]. The lattice preferred orientation of e-Fe compressed uniaxially
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in a diamond-anvil cell was determined by synchrotron X-ray diffraction and found to
be compatible with slip predominantly occurring on the basal plane, in agreement with
the theoretical prediction [34]. Whether the resulting elastic anisotropy may account
for the inner core anisotropy depends on the sign of the difference between the elastic
constants CH-GSS at high temperature and on the stress orientation [35]. The existence
and nature of a stress that would cause shear strain is still debated. It was recently
proposed that the inner core anisotropy might result from plastic deformation of iron
under electromagnetic (Maxwell) shear stresses [36].
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Earth's core and lower mantle: Phase behavior
melting, and chemical interactions
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Max-Planck Institut fur Chemie - Postfach 3060, D- 55020 Mainz, Germany

1. - Introduction

The understanding of the structure and dynamics of the Earth's deep interior has
improved significantly through advances in seismology, computer modeling, and high
pressure mineral physics. Seismic data now provide high-resolution pictures of both radial
and lateral velocity profiles throughout the Earth, revealing a much higher complexity of
the Earth's structure than previously assumed. The rapid development of computational
methods combined with and a better knowledge of input parameters at high pressure
such as compressibility, thermal expansivity, and thermal conductivity of minerals has
resulted in detailed dynamical models relevant to mantle convection and the dynamo in
the Earth's core. Next to classic shock compression experiments, laser-heated diamond
cells have been developed to a point to producing accurate data of material properties
at high pressures and high temperatures such as phase diagrams, equations of state, and
melting (see also the lecture by Poirier, this volume, p. 619).

Because temperatures within the Earth can only be derived by combining seismic
observations with laboratory data on phase transitions and melting at high pressure, we
describe measurements of the melting temperatures and phase behavior of iron and of
the major lower mantle silicates and oxides, which have contributed to our knowledge of
the temperature distribution in the deep Earth.

© Societa Italiana di Fisica 627
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2. — Seismic velocity discontinuities in the Earth's mantle

The most suitable observations to derive the temperature in the Earth's mantle are
the sharp jumps in seismic velocities at 400 and 660 km depth in the mantle and the inner-
outer core boundary at a depth of about 5150km representing, to a first approximation,
the transition from liquid to solid iron. The pressures at these depths are well known
but estimates of the temperatures require the assumptions that the seismic jumps are
due to phase transitions, and that the chemical compositions of both mantle and core are
known. From the relevant measured phase diagrams temperatures can then be derived.

With respect to the 400 and 660km discontinuities there is still an intensive debate
going on whether their causes are phase transitions or a change in the mineral composition
(see also the lecture by Yagi, this volume, p. 643). If the seismic discontinuities are due
to phase transitions, measurements of the phase boundaries of the (Mgo.88, ̂ 60.12)28104-
olivine system in both multianvil work [1,2] and laser-heating experiments in the diamond
cell [3] yield temperatures at a depth of 400 km of about 1800 K and at 660 km of about
1900 K. The phase boundary between 7-Mg2SiC>4 and perovskite+MgO seems not to be
significantly affected by iron contents of up to 20% or whether the low pressure phase
is of Mg2SiO4 or MgSiO3 composition [2]. It is plausible that the very sharp and large
jump of the seismic velocity at that depth is due to a general, pressure-induced change in
the silicon to oxygen coordination from 4 to 6 in minerals. Thus, temperature estimates
are insensitive to different mineralogical models of the mantle. This mineral model was
well accepted until recent multianvil X-ray studies [4] showed a phase boundary of the
latter transition which is over 2 GPa lower than in the earlier studies. The consequence of
such a lower phase boundary would require that the mineral composition in the Earth's
mantle is different from the one previously assumed and the seismic signal from 660km
depth could only be due to a change in the chemical composition between the upper
and the lower mantle. This restriction would have severe geochemical and geophysical
consequences.

However, very recent studies in laser-heated diamond cells [5,6] have shown that the
high pressure polymorph of olivine, 7-Mg2SiO4, is stable up to pressure and temperature
conditions that are well accepted for 660km depth in the Earth's mantle (24 GPa and
1900 K) and then breaks down into MgSiO3-perovskite and MgO (periclase). In these
measurements special attention was paid to the accuracy in the measurements of the
pressures which could not easily be determined at high temperatures in multianvil X-ray
studies.

Because of the significance of this phase boundary for the chemical composition of
the mantle, the most significant differences in the measurement of pressure and temper-
ature in the different high pressure experiments shall be described. The main argument
for higher accuracy in the pressure and temperature measurements in the diamond cell
comes from the use of the ruby scale and Planck's radiation law, respectively. In mul-
tianvil presses pressures were obtained by extrapolating pressures from lower pressure
phase transitions and temperatures were measured from thermocouples, which are not
calibrated at high pressures. In a diamond cell, soft, nearly hydrostatic pressure media
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Fig. 1. — Forsterite sample after heating. The heated portion (outlined) showed full conversion
to 7-Mg2SiO<4. Thermal pressure increase was measured from two adjacent grains of ruby and
strontium borate.

such as noble gases can be used and pressures can be measured accurately from un-
heated rubies by the well-calibrated ruby fluorescence method. The absolute accuracy
of the room temperature ruby scale has been tested recently by simultaneous ruby flu-
orescence and Brillouin and X-ray measurements on MgO [7]. During laser-heating a
sample in an argon pressure medium it has been shown that pressure gradients in the
pressure chamber are significantly reduced [8]. Thus, thermal pressure increases in the
pressure chamber may be measured during heating from unheated rubies at the edge of
the pressure chamber. For typical diamond cells used for the phase boundary study the
thermal pressure increases were typically 1.0 ± 0.2GPa at pressures around 22GPa and
sample temperatures around 2000 K. Additional measurements of the thermal pressure
in the closer vicinity of the heated sample have been carried out from chips of strontium
borate (SrB4O7 : Sm2+). An example is shown in fig. 1. In contrast to the large tem-
perature shift of the ruby line [9,10], the temperature shift of strontium borate is nearly
zero at ambient and slightly elevated pressures [11,12], thus the measured shift of the
fluorescence line during heating is mainly due to the thermal pressure increase. These
measurements yield similar thermal pressure increases as the ones from unheated rubies
at the edge of the pressure chamber.

Pressure measurements in the multianvil X-ray press rely on a high temperature equa-
tion of state of a calibrant such as gold [4] added to the sample (see also the lecture by
Yagi, this volume, p. 643). Gold, however, shows large variations in the compression
measured by X-rays even at room temperature [13-15] and at high temperature uncer-
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Fig. 2. - Phase diagram of Mg2SiC>4. Triangles are 0-phase, open squares are 7-phase, and solid
squares are MgSiO3-perovskite. Mixed symbols represent mixed run products. Previous esti-
mates on the 7-/? transition are from Katsura and Ito (K&I) [1], and on the 7 to perovskite+MgO
transition from Ito and Takahashi (I&T) [2], Boehler and Chopelas (B&C) [16], and Irifune et
al. (Irif.) [4]. The circle represents pressure and temperature conditions for which all three phase
have been identified in different runs.

tainties in the equations of state used in multianvil X-ray studies may easily explain a
large part of the discrepancy in the measured phase boundaries. Another source of error
may lay in the temperature measurement, because the pressure effect on the emfs of
thermocouples is quite large even at much lower pressures and temperatures [17].

The new results on the phase boundary between 0- and 7-Mg2SiO4 and the MgSiO3-
perovskite-MgO assemblage are shown in fig. 2 in comparison with previous measure-
ments. The uncertainty in the pressures is ±0.2 GPa. Temperature fluctuations and
precision of the measurements were ±100K. In most measurements argon was used
as a pressure medium. The samples were either heated directly with a 150 W CO2-
laser (A = 10.5 /zm) or the samples were sputtered with films of Mo, Re, or Cr of less
than 1 //m thickness and then heated with a 50 W YLF (yttrium-lithuim-fluoride) laser
(A = 1.05/zm), and in some experiments with an additional 20 W YLF laser. In addition,
we heated very small crystals (15–20/mi in size) inside a Re micro-furnace which had an
outer diameter of 80 /mi, inner diameter of 20 //m, and a thickness of 30 /im. This fur-
nace, placed inside the diamond cell in an argon pressure medium, was uniformly heated
with the YLF laser. This heating method essentially eliminated temperature gradients
in the sample. Heating durations of up to 30 minutes were usually sufficient to convert
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the forsterite starting material to easily detectable amounts of the high pressure poly-
morph(s) within the heated zone of the sample (see fig. 2). The different high pressure
phases were identified by Raman spectroscopy on the temperature-quenched samples
while under pressure (example shown in fig. 3).

Figure 2 shows that 7-Mg2SiO4-ringwoodite forms at pressures that are between 2
and 3 GPa higher than the suggested 7~Mg2SiO4-perovskite phase boundary from multi-
anvil X-ray measurements [4] and the present data are in good agreement with the phase
boundary between 7-Mg2SiO4 and the MgSiO3-perovskite-MgO assemblage found ear-
lier [2, 3]. At higher temperatures the present phase transition data between /?-Mg2SiO4

and MgSiO3-perovskite-MgO, not previously measured by multianvil techniques, is in
accordance with both the extrapolated 7-Mg2SiO4-/?-Mg2SiO4 transition measured by
Katsura and Ito [1] and the 7-Mg2SiO4 to MgSiO3-perovskite+MgO phase boundary.
The circle shown in fig. 2 shows an area where all three phases have been identified in
different runs. The center of this circle is in excellent agreement with the 7-$- pv+MgO
triple point reported by Chopelas et al. [18] at 22.9 GPa and 2260 K. Thus, for an olivine-
dominated mantle the temperature derived from its phase diagram yields a temperature
at a depth of 660 km of about 1900 K. This is schematically shown in fig. 4.

2.1. Melting temperatures of iron and the temperature in the Earth's core. - The
temperature in the center of the Earth is best constrained by the melting temperature of
iron at the pressure conditions of the inner core boundary (about 330 GPa, or 3.3 Mbar).
Because the melting temperature of iron cannot be measured at this pressure by any
method, it is important to determine the pressure dependence of melting over a large
pressure range and use this information for extrapolation. Moreover, estimates of the core
temperature depend on our knowledge of the effect of lighter elements that are required
based on the density deficit in the core. The density of the core, derived from seismic
measurements, is about 8% less than the density of pure iron obtained from theory or
high pressure measurements.

The last few years have yielded agreement in melting temperatures of iron measured
under static pressure conditions in the diamond cell [20–24]. At 100 GPa the melting
temperature is now well constrained between 2700 and 3000 K. The melting temperature
at 200 GPa was measured to be slightly below 4000 K [20]. The methods for detecting
melting varied from direct visual observation of motion during melting, change in sample
reflectivity, discontinuity in the laser power-temperature function, melt-related changes
on the sample surface, to loss of X-ray diffraction lines. The results are represented by
the band shown in fig. 5. New shock sound velocity measurements on preheated iron
yield a melting temperature at 71 GPa, which is also in excellent agreement with static
data [25].

Figure 5 also shows the solid phase diagram of iron. There is consensus below 50 GPa
on the phase boundaries between a (bcc), 7 (fee), 6 (bcc), and £ (hcp), but considerable
variation in value of the 7-e-liquid triple point has been reported over the years (between
60 and 100 GPa). Recent in situ X-ray studies give a value close to 60 GPa [22].

There is an ongoing debate on whether or not there is another high pressure phase
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of iron at higher pressures (see also the lecture by Cohen et al., this volume, p. 215).
The termination of the 7 phase below 100 GPa requires a new phase [26] in order to
reconcile the reported solid-solid transition observed at 200 GPa by shock-velocity mea-
surements [27], but new measurements using similar techniques show no such transi-
tion [28]. X-ray studies have been controversial, showing transformations from e-iron
(hcp) to an orthorhombic phase [29], to dhcp [21,24], or no transition, indicating that
hep-iron is the stable phase throughout the P-T range explored [22]. The reason for this
discrepancy could be manyfold: differences in the heating techniques and X-ray detection
methods, non-hydrostatic stresses in the diamond cell, but also temperature or stress-
induced stacking disorder as observed in xenon and described in our lecture (Boehler et
al, this volume, p. 55, see also ref. [22]). In any case, the solution of this problem is
important for the interpretation of the shock data around 200 GPa.

2.2. Shock melting of iron. - The melting temperature of iron using shock wave ex-
periments can only be measured at one pressure, where the Hugoniot crosses the melting
curve (see the lecture by Nellis, this volume, p. 607). This has been achieved by a)
measuring discontinuities in temperatures [30, 31], or b) discontinuities in sound veloci-
ties [25, 27, 28]. The variation in the estimated melting pressures and melting tempera-
tures are from 220 to 240 GPa and from about 5500 to 7000 K, respectively. The main
difficulty in shock experiments is the determination of the temperature. Thermodynamic
calculations [27, 32] depend on estimates on the specific heat and Gruneisen parameter,
which for iron lead to uncertainties of at least ±500 K. Direct temperature measure-
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ments require assumptions on the thermal and optical properties of the window material
through which the iron surface is observed and the uncertainties may be of order 1000 K.
Another issue is overshoot of the melting temperature due to the small time scale in
shock experiments.

The large difference between melting temperatures derived from older shock data
and those from diamond cell experiments has been considerably reduced by the newest
shock measurements on iron [28], which show a drop in sound velocities at 220 GPa. The
calculated Hugoniot temperatures [27, 32] are in fair agreement with the diamond cell
melting curve [20] (see fig. 5). The same is true for recent shock measurements of sound
velocities of preheated iron [25] which yield a melting temperature at 71 GPa.

2.3. Extrapolation of the iron melting curve to the inner core boundary (330 GPa).
- Among the relatively crude formulas which have been used to describe high pressure
melting curves the Lindemann equation has been used most frequently. This can be
written in the form

(1)
d ln Tm

d ln p -H)-
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where Tm is the melting temperature, p is the density, and 7 is the Gruneisen parameter.
The density dependence of 7 may be written as

Measurements of the pressure dependence of 7 for a large class of materials have shown
that q clusters around one [33] with an uncertainty of about 30%. However, 7 is tem-
perature dependent, changes across phase transitions [34], and q seems to decrease with
pressure [35]. Using eq. (2) with 70 = 2.44 for liquid iron [36] yields 7 = 1.5 at 150 GPa
(at about 40% compression). This agrees with a value of 1.6 ± 0.3 obtained from new
shock results on preheated iron at 71 GPa [25], and with the theoretical estimate of
1.7 ±0.3 at 150 GPa by Stevenson [36]. Thus, values of 7 for iron for core pressures most
likely range between about 1.4 and 1.7. For comparison, the melting curve measured in
the diamond cell between 100 and 200 GPa results in an average value of 7 = 1.45 ± 0.3
using eq. (1). Extrapolating the static results between 100 and 200 GPa [20] using these
relationships yields a melting temperature at the inner-outer core boundary at 330 GPa
of 4850 ±200 K.

2'4. Light elements and the density deficit in the core. - A certain amount of light
elements is needed in the outer core in order to match sound velocities or densities
estimated for iron at outer core pressures with those derived from seismic data. The
density of iron can be derived from the room temperature compression data measured
to 300 GPa [37] and the thermal-expansion coefficient, a, at high pressure which can be
expressed as

V

with n ranging between 5 and 6 [16]. In order to test this relationship, the calculated
densities of iron at high pressure and high temperature were compared with the measured
shock densities along the Hugoniot [27]. There is perfect agreement to over 300 GPa.
Thus, the density of liquid iron in the outer core is about 9% (± about 2%) and in the
inner core about 5% higher than the seismic density [38]. For example, 8-10% oxygen
or sulfur could make up the density deficit in the outer core. Although the density
difference, p, between solid-inner and liquid-outer core is well constrained from seismic
data (0.5g/cm3, or 4–5%) [39], the exact value of p between solid and liquid iron is not.
In order to make the inner core of pure iron the outer core could only contain as little as
6 wt. % sulfur, which is slightly outside the error bars.

2.5. Melting depression of iron by light elements. — The few measurements at low
pressure in the Fe-S system show a rather large discrepancy [40] and theoretical estimates
at high pressure are highly uncertain [36, 41]. Only few measurements at core pressures
exist on the effect of oxygen and sulfur on the melting temperature of iron [20, 42], but
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the detection of the solidus in the diamond cell is much more difficult than detecting
melting of a single phase, and the measurements have not yet been checked by other
methods. The data for the Fe-FeS system to over 60 GPa [42] using the in situ laser
interference method for the detection of the solidus deviate significantly from previous
predictions of large melting depressions at higher pressures [43]. These measurements
are ongoing but the preliminary result is that only a small melt depression of iron at core
pressures has to be expected.

3. — The core-mantle boundary

3.1. Temperature. — If the melting temperature of pure iron at the inner core boundary
is just below 5000 K and the melting depression of iron is not lowered much by light
elements, the temperature on the core side of the core mantle boundary (CMB) is about
4000 K, calculated from the adiabatic temperature decrease through the outer core (see
fig. 7).

From seismology it is known that the lower mantle is solid based on the presence of
shear waves. Recently, however, a drastic drop in the sound velocities in a zone just
above the core [44] has been observed. The question is whether this is due to a change in
chemical composition or due to melting. The magnitude in the velocity change, especially
in the shear velocity, favors melting. If this is the case, there will be a further constraint
on the temperature at the core mantle boundary from the solidus temperature of the
mantle.

It can be assumed that there are three major minerals in the lower mantle:
(Mg, Fe)SiO3-perovskite and (Mg, Fe)O-magnesiowustite making up about 90%, and
CaSiO3-perovskite [45]. Diamond cell measurements on (Mg, Fe)SiO3-perovskite and
CaSiO3-perovskite revealed a drastic increase in the melting temperatures with increas-
ing pressures [46, 47]. In contrast, the melting curve of MgO measured with the same
method resulted in a rather shallow melting curve [48] that crosses that of perovskite
between 40 and 50 GPa. The consequence of this fact is that (Mg, Fe)SiO3-perovskite
is not the solid phase of the lower mantle as has previously been assumed [49] and the
solidus is unlikely to be close to the melting temperature of a lower mantle end-member
mineral. For this reason, we investigated materials composed of all the major elements
in the lower mantle: O, Si, Mg, Fe, Al, Ca, Ti, Cr, Ni, and Na (a pyrolite composition).
Below about 25 GPa the solidus of peridotite, which has a close to pyrolytic composition,
has been thoroughly investigated in multianvil presses [50–52]. A thin (~ 10//m) sliver
of this glass was heated to a given temperature with a CO2-laser in an argon pressure
medium, and the recovered sample was subsequently examined by electron microscopy
and atomic force microscopy. These microscopic techniques allow the detection of sub-
microscopic changes in the recovered samples. Above the solidus temperature distinctive
recrystallisation features associated with melting could be observed in addition to the
sub-solidus crystallization to the high pressure phases, which were identified by Raman
spectroscopy. The measured solidus for this multicomponent system [53] lies approxi-
mately 800 K below the melting curve of MgO and may be extrapolated smoothly to
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Fig. 7. - Melting conditions in the lower mantle and core. The measured mantle solidus temper-
atures [53, 54] are upper bounds. At the core mantle boundary (CMB) the solidus temperature
is near the core temperature derived from the melting of iron. The geotherm follows the adi-
abat gradients in the outer core and the mantle resulting in a large temperature jump at the
core-mantle boundary.

a shock melting point of (Mg, Fe)2SiO4-olivine at about 130 GPa and 4300 K [54]. A
solidus temperatures at the CMB (135 GPa) of about 4300 K and a core temperature
of about 4000 K are within the uncertainties, and partial melting as observed in the
ultralow-velocity zone at the CMB by many seismologists is therefore plausible. Melting
temperatures in the core and the mantle and the geotherm are shown schematically in

. 7.

4. — Chemical interaction between the core and the mantle

Understanding geochemistry at lower-mantle to core-mantle boundary pressures is
essential to identifying the light element (s) in the core (see ref. [55] and the lecture
by Poirier, this volume, p. 619). High pressure geochemistry may also provide clues
to the origin and nature of the seismically anomalous D" layer directly overlying the
core, which may be formed by a chemical reaction between the liquid metal outer core
and the solid silicate mantle [56, 57]. Such reactions between the Fe-S-Si system and
the olivine-enstatite system have been studies in the laser-heated diamond cell [56–59].
In earlier works [56–58], a small laser hot spot with large temperature gradients
(~ 1000 K//um) was scanned across the sample, likely preventing the attainment of chem-
ical equilibrium. In the new experiments more powerful lasers with a defocused beam
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were used to circumvent this problem. The metallic portion of the sample was melted
during heating. Through different combinations of starting silicate, metal and cover
plate, a variety of final assemblages were produced: (Mg, Fe), Si-perovskite (pv) plus Fe
metal; pv and magnesiowustite (mw) plus Fe metal; pv and mw with S-rich Fe metal; pv
and mw with Fe-metal enriched in Si; Ca, Si-perovskite (Ca-pv) with Fe-metal enriched
in Si; and pv, mw, and Ca-pv with Fe-metal enriched in Si. The samples were recovered
after the runs and analyzed with an electron microprobe.

The results showed that if Fe-metal equilibrated with the major mantle minerals pv
and mw during core formation, then neither O nor Si is very soluble in metal. Figure 8
shows the O and Si contents of the metal in typical runs with San Carlos olivine and
Fe-Metal versus pressure. Although there is a general trend for both O and Si solubilities
to increase with pressure and temperature, even at 100 GPa there is less than 1 wt. % O
and 0.2 wt. % Si in the metal. Thus, neither is likely on its own to be the major light
element in the core. These results also indicate that a pure Fe core would not strongly
react with the mantle to produce a D" layer.

In the run represented by the open symbol in fig. 8, the metal contained approx-
imately 4wt. % S and had much higher O (~ 1 wt. %) and lower Si (~ 0.03 wt. %)
than a run at similar temperature and pressure with no S (0.3 wt. % and 0.07 wt. %,
respectively). Qualitative results from other unequilibrated runs containing sulfur also
show an enhanced solubility of O in S-rich metallic liquids. Thus, it is possible that a
combination of O and S is responsible for the density deficit in the outer core.

Based on results from an experiment with elevated Si in the metal, Hillgren and
Boehler [59] estimated that if the core is in equilibrium with the mantle, then it could
contain only 3 wt. % Si. This is not enough Si to account for the density deficit in the
core: estimates of the amount required range from 7.5 wt. % [60] to 18 wt. % [61]. In all
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experiments with Si-enriched metal as a starting material, the Si content of the metal
was reduced during the run, and the Fe in the adjacent silicate was also reduced. The
results indicate that a core containing large amounts of Si would react with the present
day mantle and form a zone of chemical reaction at the core-mantle boundary. However,
Hillgren and Boehler [59] argue that the reaction product produced is likely less dense
than the surrounding mantle and therefore is not compatible with seismic observations.

In sum, results from geochemical experiments in the diamond anvil cell suggest that
neither O nor Si is soluble enough in Fe-metal to be responsible for the density deficit
in the core. However, S in the metal can enhance the solubility of O in metal, and thus,
a combination of these two elements could account for the density deficit in the core.
Finally, if a Si-rich core did form under lower pressure and high temperature conditions
(e.g., refs. [62, 63]), then it would react with the mantle, but this reaction product may
not be compatible with D".
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Behavior of Earth materials under deep
mantle conditions

T. YAGI

Institute for Solid State Physics, University of Tokyo
5-1-5 Kashiwanoha, Kashiwa, Chiba 277–8581, Japan

1. — Introduction

The Earth's mantle is the region of the planet's interior extending from about 35 km to
2900 km below the surface. It is further divided into three parts, upper mantle, transition
zone, and lower mantle, by two major seismic discontinuities near 400km and 660 km.
The lower mantle occupies more than 50% of the volume of the entire Earth. Based
on the density estimated from the seismic observations and the abundance of elements
of the Earth, it is believed that this area consists mainly of dense silicates. Figure 1
shows the pressure and temperature condition within the Earth, together with the P-T
range covered by various types of high pressure apparatuses, discussed in other lectures.
Pressures in the lower mantle range from 24 to 140 GPa, and temperatures are believed to
be above 2000 K. Structures and properties of minerals under these extreme conditions
are quite different from those we observe under ambient conditions.

Petrologic studies have clarified that some rocks observed at the surface of the Earth
came from the deep mantle. These rocks are the most important source of our knowledge
of the upper mantle minerals. However, rocks and minerals from the lower mantle are
rare. Recent studies of inclusions of some diamonds indicates that they might originally
come from the lower mantle [1]. These samples are, however, too limited to allow general
arguments to be made about the mineralogy of the lower mantle.

The main source of our knowledge about the lower mantle came from the analysis of
seismic observations. In the early days, the analysis was limited to giving only velocity
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Fig. 1. — P-T region of various apparatuses and the conditions of the Earth's interior.

profiles as a function of depth. The density distribution within the Earth was calcu-
lated based on these seismic profiles, and various Earth models were developed such as
PREM [2]. Recent developments in seismology have made it possible to clarify the three-
dimensional view of velocity distribution using seismic tomography techniques. Based on
these studies, many arguments are now made about the structure and dynamics of the
deep mantle. This information, however, essentially represents only velocity contrasts. In
order to understand the materials existing in these regions, measurements from high pres-
sure experiments are indispensable. Because of technical difficulties, however, knowledge
of minerals that comprise the deep mantle is still very limited.

It has been generally thought that most high pressure phases of silicates are quench-
able. This means that they can be recovered to ambient condition without destructing
its structure and thus we can study their structures and properties at one atmosphere.
It was true for most of the high pressure silicates, so long as the pressure range is not ex-
treme. We can find many examples of quenchable high pressure silicates such as coesite
and stishovite in silica and the spinel-type polymorphs in olivine minerals. However,
when the pressure range is extended to that of the lower mantle, this is no longer true,
and we can find many unquenchable high pressure phases in silicates and oxides, as
shown in table I. This is probably because the free energy of these very dense phases is
quite different from those of the atmospheric-pressure phases. In order to study these un-
quenchable high pressure minerals, it is essential to use high pressure in situ observation
techniques.
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TABLE I. — Unquenchable high pressure phases in silicates and oxides.

Composition High pressure phase Recovered phase

(Mg, Fe)(Al, Si)O3 orthorhombic perovskite LiNbO3 structure

CaSiO3 cubic perovskite glass

FeO NiAs structure NaCl structure

Fe2O3 perovskite (?) corundum structure

SiO2 CaCl2 structure rutile structure

Rha2O3(II) structure corundum structure

Recent advance of various experimental techniques such as diamond anvil cells, multi-
anvil devices, and synchrotron radiation, made it possible to study minerals under the
conditions corresponding to those of the deep mantle. The purpose of this lecture is to
review the results of these studies and to discuss the mineralogy in the deep mantle.

2. - Experimental techniques

In this section, various experimental techniques used to study the behavior of minerals
under deep mantle conditions are described.

2.1. High pressure apparatuses. — There are many different types of high pressure
apparatuses. Pressure and temperature ranges covered by these apparatuses are sum-
marized in fig. 1, together with the P-T conditions within the Earth. It is clear from
fig. 1 that the double-stage multi-anvil apparatus can reach the pressure of the upper-
most part of the lower mantle. As will be described later, many phase transformations of
silicates into perovskite-dominant assemblages occur above about 24 GPa. In the 1970s,
it was impossible to reach this pressure range using a multi-anvil apparatus, but the
rapid progress of the experimental techniques has made it possible to cover this pressure
range routinely. Many important studies, especially the quantitative determinations of
the phase relations, have been made using this type of apparatus. In the high pressure
apparatus, the volume of the sample chamber and the attainable pressure have an in-
verse relation. Therefore, although the pressure range is limited, the volume chamber in
a multi-anvil apparatus is much larger than that of a diamond anvil cell. There are still
many studies too difficult to do without using the multi-anvil apparatus, as was discussed
in detail in my previous lecture.

On the other hand, the laser-heated diamond anvil cell is the only apparatus which
can cover the entire P-T range of the lower mantle. Many pioneering works, including
the discovery of the most important mineral in the lower mantle, silicate perovskite, have
been carried out using this technique. It was, however, difficult to make in situ X-ray
observations under simultaneous high pressure and high-temperature conditions using
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this technique, because the area of the sample subjected to these conditions was too small
to be studied; it is typically less than 50 p,m. Although the diamond anvil apparatus has
been used extensively for high pressure X-ray observations at room temperature, high-
temperature experiments became possible only when it was combined with synchrotron
radiation.

2'2. In situ X-ray observation using synchrotron radiation. - The most basic informa-
tion required to understand the mineralogy of the lower mantle is the stable structure of
each minerals under corresponding conditions. In order to make arguments by compar-
ing with seismic observations, it is also necessary to know the equations of state of these
constituent minerals. This information is available only through the high pressure and
high-temperature in situ X-ray observations. There are some other techniques for de-
termining the equations of state more precisely, such as acoustic-velocity measurements
and Brillouin-scattering techniques. For unquenchable minerals, however, high pressure
in situ X-ray study is the only method applicable. As described above, the number of
unquenchable high pressure polymorphs increases considerably under lower mantle con-
ditions. Therefore, in situ X-ray measurements play an indispensable role in determining
the mineralogy of the lower mantle.

The use of synchrotron radiation has changed the situation of high pressure and
temperature in situ X-ray observation dramatically. High brightness, high energy, and
small divergence of the hard X-rays from synchrotron radiation have improved the quality
and capability of in situ X-ray measurements drastically in both the multi-anvil and in
diamond anvil apparatus. Because of the high energy, typically 30 to 100 keV, of the
synchrotron radiation, compared to 18keV for the conventional laboratory source, anvils
made of sintered diamond can be used as a window. The use of very thin X-ray beams has
made it possible to isolate the signal of the sample from that of surrounding materials
in the high pressure chamber, and high quality data can be obtained under extreme
conditions.

In laser-heated diamond anvils, the use of a very thin beam, sometimes less than
10 /mi x 10 pm, has made it possible to obtain the diffraction signal from only the
heated area of the sample. Several systems have been constructed at various synchrotron-
radiation facilities in the world. In laser heating, a large temperature gradient is some-
times formed in the sample which causes various problems. Many improvements have
been made to reduce these temperature gradients using high-power CO2, YAG, or YLF
lasers. Since diamond is a very good heat conductor, it works as an effective heat sink,
and a very large temperature gradient is formed when the heating is applied to only one
side of the sample. In order to avoid this, double-sided heating was developed. In this
technique, uniformity of heating is much improved. Details of the laser-heated diamond
anvil systems combined with synchrotron radiation, constructed at the Photon Factory
(Tsukuba) and SPring-8 (Nishi Harima), are described elsewhere [3].

2.3. TEM analysis of recovered samples. - Analysis of samples recovered from high
pressure experiments is important for checking the chemical composition of high pressure
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phase(s). Electron probe microanalyzers (EPMA) were previously used to study the
chemical composition of minerals but the grain size of high pressure minerals formed in
the laser-heated diamond anvil apparatus is usually too small for applying this technique.
Analytical transmission electron microscopy (ATEM) is now a very important tool for
studying these samples. The spatial resolution of this technique is less than l00nm,
which is about two orders of magnitude smaller than that of EPMA. However, careful
analysis is required to make quantitative discussions using the data obtained by ATEM.
During iron thinning of the sample, which is a common process to prepare the very
thin sample required for TEM observation, sometimes a selective loss of a particular
element occurs. Reliable chemical analysis can be made only when these effects are
taken into account. Another advantage of TEM is that the electron diffraction pattern
can be obtained from a single grain of a high pressure phase, although this technique
is applicable only when the high pressure phase is quenchable. When more than two
phases are formed in the sample, and when a phase with unknown structure is contained
in it, it is very difficult to analyze all the phases based on the powder X-ray diffraction
pattern from the mixture alone. Electron diffraction patterns from individual phases are
very helpful in the analysis of such samples.

Figure 2 is an example of the TEM analysis of a sample recovered from a laser-
heated diamond anvil experiment. The recovered sample is iron thinned until the heated
portion becomes thin enough for observation (fig. 2a). When a natural pyrope garnet was
heated at above 30 GPa, it transformed into a mixture of 3 phases (fig. 2b). The powder
X-ray diffraction pattern from this is complicated, but the electron diffraction from a
single grain (fig. 2b, insert) provides useful information for analyzing such complicated
diffraction patterns.

Recently, it has become possible to determine the oxidation state of iron form the
electron energy-loss spectroscopy (EELS) using TEM [4]. So far, the most common tech-
nique for measuring the oxidation state of iron in silicates was Mossbauer spectroscopy.
For this measurement, samples greater than 50 Um in diameter are required, while the
spatial resolution of EELS can be down to a few nanometers. This technique has be-
come a powerful tool for studying the oxidation state of minerals in fine-grained and
multi-phase assemblages.

3. — Phase transformations in the deep mantle

It has been widely believed that the upper mantle consists of three major minerals:
olivine, pyroxene, and garnet, although several different models are proposed for the rel-
ative percentages of these minerals. Recent high pressure experiments have clarified that
all these minerals transform into perovskite-structured phases or perovskite-dominant
phase assemblages under the conditions of the lower mantle. In this lecture, phase trans-
formations of these three major upper mantle minerals and characteristic features of
perovskite-structured silicates will be described.
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Fig. 2. - TEM analysis of the sample recovered from laser-heated diamond anvil experiment.
a) Sample prepared by iron thinning, b) TEM photograph [16].

3.1. Olivine. — Olivine is one of the most abundant minerals in the upper mantle and
intensive studies have been made to clarify its high pressure phase(s). As early as the
1930s, it was pointed out that olivine may transform into the spinel structure with a
density increase of about 10% under deep mantle conditions, and that it could explain
the discontinuous increase of the seismic velocity at around 400km depth. Experimental
work by Ringwood et al. and Akimoto et al. has shown that in natural olivine such a
transformation actually occurs, although transition to a slightly different structure, the
"modified spinel structure", occurred before the spinel structure was stabilized. Spinel
and modified spinel structured phases of olivine were later discovered in shocked mete-
orites and named as Ringwoodite and Wasleite, respectively. There were many arguments
on the further transition in spinel and intensive efforts were made to clarify it. In 1976,
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Liu first reported [5] the formation of peroskite-structured silicate. His first experiment
was made using garnet as a starting material but soon after that he proved that olivine,
(Mg,Fe)2SiO4, transforms into a mixture of (Mg, Fe)SiO3 with the perovskite structure
and (Mg, Fe)O with the rocksalt structure [6]. The structure of MgSiOs perovskite was
then precisely determined based on powder X-ray diffraction data [7, 8]. Synthesis and
data acquisition methods in these two works were quite different, but the results obtained
were almost identical. It was also noticed that when olivine breaks down into perovskite
and rocksalt phases, iron favors the rocksalt structure rather than the perovskite struc-
ture. This means that the partition coefficient of iron between these two phases differs
significantly from unity [9]. Since then, many studies have attempted to clarify the details
of this transformation such as the transition pressure, its temperature and compositional
dependence [10], the effect of pressure and temperature on the partitioning coefficient,
and so on. A phase diagram of olivine constructed based on these works is shown in fig. 3.
In this high pressure and high-temperature region, however, it is not easy to determine
the absolute values of pressure and temperature, and there is still some debate about
whether or not this transition really occurs at the depth corresponding to the 660km
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discontinuity [11]. The assemblage (perovskite + rocksalt) is stable even at the bottom
of the lower mantle, based on the results of diamond anvil cell experiments. There is
a report [12], however, which suggests that perovskite decomposes into magnesiowustite
+ stishovite at very high temperature and above about 65 GPa, but the result is still
uncertain.

3'2. Pyroxene. - Many high pressure phases are formed when pyroxene alone is sub-
jected to high pressure. Above about 16 GPa, (Mg, Fe)SiO3 pyroxene breaks down into
olivine and silica components. The olivine component crystallizes into modified spinel
and then spinel structures, while silica crystallizes as stishovite. These two phases re-
combine at high pressures and form an ilmenite structure (at low temperature) or a
garnet structure (at high temperature). Above about 24 GPa, both of these two phases
finally transform into the perovskite structure. In the mantle, however, it is expected
that pyroxene and garnet coexist together. In this case, the pyroxene component grad-
ually dissolves into the garnet, and a solid solution with the garnet structure is formed
because the concentration of cation and anion are equal in these two structures. This
garnet, named "majorite", has also been found in shocked meteorites. In the mantle tran-
sition zone, which extends from 400 to 660 km depth, it is expected that this majorite
and modified spinel or spinel phases are the major constituent minerals.

3'3. Garnet. - The chemical formula of garnet is expressed as A3B2Si3O12, where A
and B represent, respectively, divalent cations such as Mg2+, Fe2+, Ca2+, and Mn2+, and
trivalent cations such as A13+, Fe3+, and Cr3+. Because of this wide variety in chemical
composition, the behavior of garnet under high pressure is complicated. Transition pres-
sures for garnets transforming into perovskite structures are slightly higher compared to
that of olivine or pyroxene, and it has been difficult until recently to study the transitions
using the multi-anvil apparatus because the transition pressures are close to the upper
limit of the apparatus.

The chemical composition of garnet expected to exist in the mantle is close to
Mg3Al2Si3O12 (pyrope). Fe2+ and Ca2+ are the other major elements included. The
composition of garnet can be regarded as a 3:1 mixture of ABOs pyroxene and Al2O3,
and actually a decomposition into two phases close to these compositions occurs in some
pressure ranges.

In the pyrope endmember, garnet disproportionates into two phases, perovskite and
corundum-ilmenite solid solution, above about 30 GPa [13,14]. The amount of Al2O3 dis-
solved into the perovskite phase increases with increasing pressure. As a result, the unit
cell volume of perovskite increases, and the amount of corundum-ilmenite solid solution
decreases. Solubility of Al2O3 into perovskite also increases with increasing tempera-
ture, and a single phase of perovskite with the pyrope composition is formed at about
40 GPa [15]. When iron is added in this system, the solubility of A12O3 into perovskite is
enhanced but the quantitative effect remains unclear. When calcium is also added to this
system, a new aluminum-enriched phase is formed instead of the corundum-ilmenite solid
solution [16]. The structure of this phase is similar to that of calicium-ferrite
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Fig. 4. - Transformation from perovskite into LiNbO3 structure in aluminous silicate perovskite
on release of pressure [17].

structure but Fe3+ is replaced by A13+ plus Si4+ and the excess silica crystallizes as
sthishovite. With increasing pressure, the solubility of various components into the per-
ovskite structure increases again, and finally a single phase with perovskite structure is
formed. It is interesting, however, that in these compositions, when the amount of Al in
perovskite exceeds a certain amount, the orthorhombic perovskite becomes unquenchable
and transforms into the LiNbO3-type structure on release of pressure [17], as shown in
fig. 4. It was reported, based on quench experiments, that a new perovskite phase with
rhombohedral symmetry is formed above about 55 GPa [18], but this probably was a
metastable product formed during quenching. The solubility of calcium into orthorhom-
bic perovskite is rather limited, and when the concentration of Ca in the starting garnet
is high, a cubic perovskite close to the CaSiO3 composition is formed together with
orthorhombic perovskite.

3'4. Dense silicate structure: Perovskite. - At a given pressure and temperature con-
dition, minerals crystallize into a structure with the minimum free energy, which is
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described by the following equation:

(1) G =

where U, V, and 5 are the internal energy, volume, and entropy of the particular struc-
ture, respectively. Near the surface of the Earth, the pressure is about 105 Pa, while in
the lower mantle it is more than 1010 Pa. Therefore, pressure increases more than five or-
ders of magnitude from the surface to the deep mantle. On the other hand, temperature
increases only one order of magnitude in the same region. This means that in the lower
mantle, contribution from the PdV term of eq. (1) becomes dominant and any structure
which has the smaller volume becomes favorable. At atmospheric pressure, there are a
very large number of possible structures, but among them the number of close-packed
structures is limited. Most of the close-packed structures of silicates come from the close
packing of oxygen, with cations sitting in the interstitial sites among the oxygen atoms.
Perovskite structures, which are some of the more common structure types in ABO3-type
compounds, are also a close-packed structure. In this structure, however, not only the
oxygens but also the large cations are included in the close packing network, and an ex-
tremely high efficiency of packing is achieved. Figure 5 shows various stable structures in
ABO3-type compounds observed at atmospheric pressure and at high pressure. Vertical
and horizontal axes are the ionic radius of A and B cations, respectively. As is clear from
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Fig. 6. - Schematic figures of cubic- and orthorhombic-perovskite structures.

this figure, at atmospheric pressure, the perovskite structure is stabilized only when much
larger cations such as Ca are contained in the compound. Other compounds crystallize
into structures such as pyroxene and ilmenite. When the pressure is increased to around
25 GPa, however, most of the compounds in this figure adopt the perovskite structure,
because of its extremely high packing efficiency. As has been described, all the major
upper mantle minerals crystallize into the perovskite structure or perovskite-dominant
assemblages under lower mantle conditions.

A schematic figure of the perovskite structure is shown in fig. 6. It is made of corner-
shared octahedra, and the large "A" cation is surrounded by eight BO6 octahedra. When
the "A" cation is large enough, the material will crystallize into the ideal cubic perovskite
where the "A" cation is twelvefold coordinate. CaSiO3 perovskite has this structure.
When a relatively small cation, such as Mg2+, is sitting in this site, the network of
octahedra tilts to reduce the volume of this site and, as a result, the symmetry of the
structure is reduced to orthorhombic. Accordingly, the coordination number of the "A"
cation is reduced to less than eight. There are many perovskites in which the A and B
sites are both occupied by two different trivalent cations such as Fe3+, A13+, and rare-
earth elements RE3+. Some properties of the perovskite structure vary systematically
among these A2+B4+O3 and A3+B3+O3 perovskites [8].

Structure and property relationships of endmember MgSiO3 perovskite have been
studied intensively. In MgSiO3 perovskite, stoichiometry and cation distribution are well
determined and there is little ambiguity. When other cations like Fe2+, Fe3+ and A13+
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are dissolved in this silicate perovskite, however, many complications arise. When olivine
or pyroxene with some Fe2+ is transformed into perovskite, most of the iron remains as
Fe2+. The maximum solubility of iron is limited to about (Mg0.8Fe0.2)SiO3 and when
magnesiowustite coexists with perovskite, iron preferentially dissolves into the rocksalt
phase, rather than the perovskite. When some aluminium dissolves together with iron,
the amount of Fe3+ considerably increases with increasing aluminium content. About
50% of total iron becomes ferric when about 10% of Al is dissolved [4]. The problem is
how these trivalent cations replace Mg2+ and Si4+ ions. If trivalent cations are distributed
evenly into both A and B sites, it does not affect the stoichiometry. However, there is
an evidence that trivalent cations replace preferentially Si4+ rather than Mg2+ [4]. In
this case, in order to retain charge balance, oxygen vacancies are formed. A stoichiomet-
ric defect-perovskite structure of this type is known as the brownmillerite (Ca2Fe2O5)
structure, in which all the vacancies are ordered and one of the chains of octahedra in the
perovskite structure is replaced by a chain of tetrahedra. CaTiO3 and Ca2Fe2O5 form
a complete solid solution, and the amount of oxygen vacancies varies continuously with
composition. The ordering of the vacancies changes with concentration and when it is
low, the vacancies distribute randomly [19]. In the case of silicate perovskite, however,
the nature of the vacancies remains unclear.

Recently, it has been reported that the bulk modulus of MgSiO3 perovskite is reduced
considerably when a small amount of aluminium is dissolved in it [20, 21]. There are,
however, some opposing results as well, and the nature of this effect remains unclear. It
is also reported that the electrical conductivity of (Mg, Fe)SiO3 perovskite increases by
about a factor of 2.5 when only a small amount of aluminium is dissolved in it [22]. All
these results indicate that when some trivalent cations such as A13+ and Fe3+ are dis-
solved in MgSiO3 perovskite, they change the partition coefficient of elements, amount
and distribution of vacancies, elastic properties, and electrical conductivity in a com-
plicated manner. In order to discuss the properties of silicate perovskite in the lower
mantle, which is most likely a complicated solid solution composed of various divalent
and trivalent ions, further detailed studies are required.

4. — Summary

Recent advances in high pressure and high-temperature experiments have made it
possible to study the behavior of minerals directly under the conditions of the Earth's
lower mantle. In situ X-ray observation using the laser-heated diamond anvil apparatus
and multi-anvil apparatus combined with synchrotron radiation has played a key role
in these studies. The behavior of mantle minerals such as olivine, pyroxene, and garnet
has been clarified and mineral assemblages in the lower mantle are now estimated based
on these results. The most abundant mineral expected to exist is the orthorhombic
aluminous silicate perovskite, which is probably stable all the way down to the bottom
of the lower mantle. Other possible phases are magnesiowustite with rocksalt structure
and CaSiO3 with cubic perovskite structure. The amount of these phases will vary
depending on the total chemistry of the lower mantle. Some other minor phases may
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exist at the uppermost part of the lower mantle but the amount of these phases will also
change with composition and depth. The physical and chemical properties of silicate
perovskite vary considerably with the dissolution of minor elements, and further studies
will be required to fully understand the properties of perovskite in the lower mantle.

This is a brief review mainly based on the recent research in our group which has
been performed as "Specially Promoted Research" of the grant-in-aid for scientific re-
search of MONBUSHO (#07102003). The author is grateful to all the members that
contributed to this project. Special thanks are due to T. KONDO, T. UCHIDA, K.
OGURI, M. YAMASHITA, T. MUKAIDE, N. SATA, N. MIYAJIMA, and N. FUNAMORI.
All the X-ray experiments were performed at the Photon Factory, Tsukuba (96S002),
and T. KIKEGAWA and O. SHIMOMURA are greatly acknowledged.
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Ab initio modelling, 359
acetylene, 208, 469
acoustic interferometry, 20
activation energy, 466, 560, 562
activation enthalpy, 456
activation volume, 374, 395, 413, 456,

466
of some reactions, 375

adaptations
of organisms to high-pressure, 414

adhesive strength, 123
adiabatic approximation, 160
Al, see aluminium
aldehydes

stannylation, 408
alkali halides, 56, 61
alkali metals, 251

high pressure phases, 253
alkaline earth metals, 65, 263
A1PO4, 555
aluminum, 62
aminolysis, 390
ammonia, 208
amorphization

pressure induced amorphization, 518
sublattice, 545, 555

amorphous boron gaskets, 8
amorphous carbon, 93, 97
amorphous hydrogenated carbon, 462, 464

IR spectrum, 463
amorphous silicon, 515, 537
amorphous solids, 516

anelasticity, 594
anisotropy

in amorphous, 551
anti-Th3P4 type structure, 265
antiferromagnetism

of solid oxygen, 340, 345, 347
aromatic molecules, 460
atomic volumes, 251
Avrami law, 459, 466, 471, 560
azetidine, 377

B, 23, 24
bacteria, 31
bacteria, Shewanella MR1, 30
band picture of magnetism, 217
band-structure energy, 162
barometer formula, 175
Be, see beryllium
benzene, 461
beryllium, 8

electrical resistance under pressure,
100, 101

equation of state, 101
£-Sn, 487
Bi2Ge3O9, 562
Bi4Si3Oi2, 562
bio-catalysis, 448
bio-membranes, 414
biochemical systems, 414
biological systems, 29
biomolecules, 414
biotechnology, 448
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black-body, 12
BN

cubic, 480
B6N, 491
B2O3, 490
B2O, 498
B6O, 498
Born criterion, 550
Born-Oppenheimer approximation, 160,

200
bridge function, 177
Bridgman, 6, 30
Bridgman anvils, 6, 7
Brillouin scattering, 9, 11
Brillouin spectroscopy, 8, 18, 19
brown dwarf, 588
bulk modulus, 18, 591
butadiene, 471

crystal, 473
IR spectra, 472

C, see carbon, graphite, liquid carbon,
amorphous carbon

C2N2, see cyanogen
C10H8, see naphthalene
C2(CN)4, 558
C2H2, see acetylene
C60, 555, see also fullerenes
C6H6, see benzene
C70, 555
Ca(OH)2, see calcium hydroxide
CaAl2Si2O8, 561
calcium hydroxide, 555
calculations of phase stability, 259, 265,

267
Car-Parrinello method, 201
carbon, 205
carbon dioxide, 207
carbon monoxide, 207, 468
carbon nanotubes, 567

electrical resistance, 99
single wall (SWNT), 97, 568

CCD detector, 13, 14, 19
cesium, 252, 256
chalcogens, 289
charge-transfer, 25
chemical interaction between the core and

the mantle, 637
chemical reactions, 456, 460, 466

shock-induced, 124
chemical vapor deposition (CVD), 31, 88,

90
homoepitaxial, 89

cholesterol, 434
clathrate, 488
clathrate hydrates, 365
Clausius-Clapeyron, 517
C3N4, 493
CO2, 25, 484, see also carbon dioxide
Co(OH)2, see cobalt hydroxide
cobalt hydroxide, 555
coesite, 549, 552
coherent anti-Stokes Raman scattering

(CARS), 19, 25
communal entropy, 172
computer simulations, 121
configurational landscape, 516
CoO, 224, 228
Cope rearrangement, 405
core-mantle boundary, 619, 636
correlation diagram

for £-N2, 342
cosmic abundances, 589
coupled plasma, 127
cristobalite

/?-, 552
critical temperature, 529
crystalline state of matter, 159
Cs, see also cesium

phase diagram, 252
phase IV, 256
phase V, 257
phase VI, 259
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CsI, 5, 22, 23
CuGeO3, 561
curvature elastic energy, 418
cyanoacetylene, 467
cyanogen, 466
cycloaddition

[2+2], 376-378, 398, 399, 405
dipolar, 382-384
tandem, 381

cyclobutenes
opening of, 407

D

D2, see deuterium
Davydov splitting, 344, 345
de Haas-van Alphen, 20
Debye temperature, 18
decomposition, 558

kinetics, 560
pressure induced, 558-559

decompression, 555
defects

shock-induced, 123
density of states (DOS), 27, 29
density-driven liquid-liquid phase tran-

sitions, 526
density-functional theory, 200
deuterium

shock equation of state, 329
deutrion: problem, definition, 180
deviatoric stress, 11
Dewarbenzenes

aromatization, 407
diamond, 205
diamond anvil cell, 254, 276, 341, 419,

420
membrane, 341, 457

Diels-Alder reaction, 378-381, 399, 400
differentiation, 600
diffusion creep, 244
diffusion step, 466, 473

dimerization, 471
direct correlation function, 174, 175
disproportionation, 560
double sulphates, 545, 554, 557, 558
double-sided laser heating, 7, 8, 12, 28
double-stage apparatus, 44, 47
Drickamer cell, 6
dynamic compaction, 123
dynamic lattices, 167
dynamic pressure, 109
dynamical structure factor, S(q,uj), 17
dynamo, 602

E

E. coli, 30
Earth, 587
Earth's core, 27, 209, 627
Earth's mantle, 240
elastic instability, 557
elastic-plastic flow, 117
elasticity, 11
elasticity tensor, 19
electrical conductivity, 20, 23

of benzene, 333
of hydrogen, 612
of methane, 332
of oxygen, hydrogen, rubidium, and

cesium, 330
of shock-compressed liquid

deuterium, 330
of water and hydrogen, 331
under multiple shock, 321
under shock, 120

electrical microprobes, 87
electrical resistance

at megabar pressure, 91
measures under pressure, 98

electrical resistivity
of multiply shocked hydrogen and deu-

terium, 322
electron energy-loss spectroscopy, 647
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electronic s —> p transfer, 253
electronic s to d transition, 252
electronic excitations, 19
emission spectroscopies

(XAS and XES), 16
ene reactions, 384, 385, 402-404
EPR, 20
e-Fe, 28, 29
equation of state, 239

Birch-Murnaghan, 243, 592
Hugoniot, 10, 241
logarithmic, 243
Vinet, 244

ESRF Grenoble, 254
Eulerian finite strain, 242
EXAFS, 17
exciton, 17, 24
excitonic insulator, 23
extended X-ray absorption fine structure

(EXAFS), 17
external resistive heating, 8

Fe, 224, see also e-Fe, iron, melting de-
pression of iron

Fe2SiO4, 561
FeO, 27, 224, 228
Fermi liquid, 159
Fermi surfaces, 20
FeS, 27
finite element modeling, 32
first-principles calculations, 24, 25, 28,

29
fluid hydrogen

metallic, 325
nonmetallic, 328
semiconducting, 324

fluorescence anisotropy, 435
food processing, 449
fractal, 431-433
framework structures, 25

free decay times, 605
free energy, 3, 561, 651
free-energy change, 5
Friedel oscillations, 166
FTIR spectroscopy, 457
fullerenes

electrical resistance, 93, 96
furan, 463

IR spectrum, 464

GaAs, 555
gadolinium molybdate, 545
gadolinium, ferromagnetic to paramag-

netic transition, 103
GaN, 491
garnet, 650
gas loading, 341
GaSb, 555
gasket, 7, 15

high-strength X-ray transparent
gaskets, 16

Gd, see gadolinium
(Ge, Si, Sn)3N4, 491
Ge

phase VI, 260
Ge3N4, 492, 494
GeO2, 545
geometric structure factor, 168
giant planets, 208, 588
Gibbs free energy, 486
glass transition, 547, 552, 555, 557
glassy states, 159
Gruneisen parameter, 18, 115, 119, 557
graphite, 205

electrical resistance, 94
gravity field, 593, 594, 596
group theory, 342
group-V metals, 263
growth step, 458
GW approximation, 170
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H

H2O, 25, see also water, ice, liquid water
H2S, see hydrogen disulfide
H, H2, see hydrogen, fluid hydrogen
habitable zone of planets, 30
Hamiltonian

for condensed matter, 156
for interacting electrons, 158
ions and electrons, 160

hard materials
shock synthesis, 123

hard-sphere crystal, 172
HBr, see hydrogen bromide
HCN, see hydrogen cyanide
HDL-LDL transition, 519
3He and 3He/4He refrigerators, 23
heat flow, 595
Hedin's approximation, 170
Hellman-Feynman theorem, 201
Hencky strain, 243
Henry reaction, 385
Herzfeld criterion, 93, 327
HgBa2Ca2Cu3O8, 22
high P-T synchrotron X-ray

diffraction, 28
high P-T X-ray diffraction, 8
high pressure chemistry, 469
high pressure structure

determination, 73
high-density amorphous, 516
high-pressure reaction, 473
Hohenberg-Kohn theorem, 154
homeoviscous adaption, 423
Homo-Diels-Alder reaction, 405
hot dense plasmas, 127
Hugoniot, 112, 320

elastic limit, 112, 117
hydrocarbons, 208
hydrogen, 20, 24, 205

band-overlap, 184
band-overlap transition, 183
correlated charge fluctuations, 188

effective electron-electron interaction,'
188

effective pair-potentials, 190
electron pairing, 187
functional integral methods, 183
metallic conductivity, 320
metallic hydrogen, 587
near ground-states, 181
optical opacity, 182 ,
orthorhombic structures, 184
problem, definition, 180
Raman effect, 187
superconducting order, 187
superconductivity, 189
tunneling, proton, 190, 192
Wannier functions, 183
zero-point energy, 186

hydrogen bond, 357
hydrogen bromide, 208
hydrogen cyanide, 467
hydrogen disulfide, 208
hydrogen-bonded systems, 208
hydrophobic effect, 418
hydrostatic, 597
hydrothermal diamond anvil cells, 30
hydrothermal studies, 8
hydroxyl H-bonds, 364
hypernetted-chain approximation, 178

ice, 25, 30, 31, 360, 546-547
high density amorphous (HDA), 518,

546
low density amorphous (LDA), 518,

546
phase diagram, 548
Raman spectra, 547

ices, 363, 591
icosahedra, 498
icy planets, 615
image plate detectors, 14, 75
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impulsive stimulated scattering (ISS), 19
in situ high pressure probes, 13
InAs, 555
incommensuration, 262
indoles, 380, 381
infrared spectroscopy, 21, 342, 442

far infrared, 342, 350
solid oxygen, 346

inner core, 587
age, 622
anisotropy, 623
crystallization, 623

inner core boundary, 619
insertion devices, 13
interacting electron system, 158
interaction energy

intermolecular, 339
interatomic potential, 196
iodine-doped SWNT, 576
ion-core measure (dimension), 162
iron, 209

phases, 622
iron and Fe(1–x)Nix alloy, 300
isobaric ensemble, 198

Jovian magnetic field, 612
Jovian planets, 607
Jupiter, 587
Jupiter interior, 610

schematics, 613

K

K, see potassium
Kp XES, 27
K3H(S04)2

Raman spectrum, 559
K

phase III, 263

KA1(SO4)-12H2O, see potash alum
KHSO4, 558, 559

Raman spectrum, 559
KI, see potassium iodide
kinetic hindrance, 557, 562
kinetics

of chemical reaction, 466
of polymerization, 460

Kirkpatrick-Baez mirrors, 14
Knoevenagel reaction, 385, 386
Kohn-Sham equations, 169

lactams, 377, 382, 383
lamellar phases, 422
Landau theory, 26
large-volume apparatus, 41
large-volume diamond anvil cell, 32
laser heating, 12
laser irradiation, 470
laser-heated diamond cells, 12, 55
lattice instability, 520, 555, 557
LDA+U, 219
Li, see lithium, alkali metals

cI16 phase, 264
density of states, 264
electron density, 264
rhombohedral phase, 264
shock compression, 264

LiCsSO4, 554
LiGe, 501
LiKSO4, 554, 556

Raman spectrum, 553
LiNaSO4, 554, 559
LiNbO3-type structure, 651
Lindemann ratio, 171
linear response function, 165
lipid mesophases, 414
lipid mixtures, 428
lipid monolayer, 417
lipid-water phases, 415
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liquid carbon, 205
liquid phosphorus, 542
liquid silicon, 536
liquid state, 511
liquid structure, 526
liquid water, 515
liquid, definition, 158, 172
liquid-helium temperatures, 11
liquids, the role of pressure, 172
LiRbSO4, 554
LiSi, 501
lithium, 253, 264
local-density approximation, 169, 200, 518
local-spin-density approximation, 169, 207
longitudinal velocity, 18
longitudinal wave, Vp, 19
low-density amorphous, 516
lower mantle, 643

M

Mossbauer spectroscopy, 17
magnesium, 210
magnetic and electronic excitations, 18
magnetic collapse, 26
magnetic field, 587, 596
magnetic methods, 19
magnetic order, 158
magnetic Reynolds number, 605
magnetic susceptibility, 20, 22, 103, 276
magnetism, 215
magneto-elastic coupling, 27
magnetometer, 602
Mannich reaction, 385, 386
material synthesis

under shock, 121
Maxwell body, 240
melting, 28, 56, 171, 516

shock-induced, 124
melting curve, 172, 517
melting depression of iron, 635
melting point maximum, 192

melting points
of some compounds, 376

melting problem, 172
melting slope, 517
melting temperatures of iron, 632
memory glass, 545, 555
Mercury, 593
Mermin theorem, 154
metal to insulator transition, 253
metallization, 21, 22, 24

of potassium iodide, 93
metals, 56
metals, simple, 160
metastable melting, 520, 557
meteorites, 589
methane, 25, 208
Mg, see magnesium
Mg(OH)2, 561
Mg2SiO4, 561
MgB2, 276

ETT, 308
MgO, 11
Michael reaction, 385, 387, 410
microloop anvils, 102
microwave plasma

for chemical vapor deposition, 90
minerals

amorphization, 545, 560
minimum metallic conductivity

of hydrogen, 328
of nitrogen, 328
of oxygen, 328

modified hypernetted-chain approxima-
tion, 178

moissanite (SiC) cell, 8
molecular biology, 448
molecular crystals, 337, 455
molecular dynamics, 197, 546, 550-552,

556, 593
ab initio, 468, 471

molecular solids
amorphization, 545

moment of inertia, 594, 596
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Monte Carlo, 593
Moon, 592
Morita-Baylis-Hillman reaction, 387, 408
multi-anvil apparatus, 645
muon-spin relaxation, 20

N

N2O, 25
N, N2, see nitrogen
Na, see also sodium

cI16 phase, 267
pressure-volume relation, 267

nano-crystalline, 560
nanocrystals

shock synthesis of, 122
naphthalene, 561
Ne, see neon
negative melting slope, 526
negative pressure, 488
neon, 267
Neptune, 593
neutron diffraction and scattering, 18
neutron diffraction/scattering, 9
neutron powder diffraction, 77
neutron scattering, 33, 420

contrast variation, 431
small angle, 418, 432

new materials, 478
NH3, see ammonia
nitride spinel, 494
nitrides, 494
nitriles, 466
nitrogen, 23, 24

5-phase, 342
phase diagram, 339, 340, 344

nitrogen oxides, 485
NIXRS, 27
NMR, 20
N2O4, 485
N2O, 485

as pressure sensor, 459
noble gases, 68
nonhydrostatic pressure, 556
nonideal plasmas, 129
nonlamellar phases, 424
norbornadiene reaction, 405
NQR, 20
nuclear magnetic resonance, 33
nuclear resonant inelastic X-ray

scattering (NRIXS), 17, 29
nucleation step, 458, 471, 473
nucleophilic substitutions, 387

O

O,O2, see oxygen, antiferromagnetism
O4 molecule, 349, 350
olivine, 648

phase diagram, 649
one-particle density, 154

and functional derivatives, 170
opacity, 601
opposed anvil, 43
optical lithography, 91
optical reflectance, 263
optical spectroscopy, 18
organic synthesis, 373
orientational disorder, 554, 555, 557
Ornstein-Zernike equation, 176
outer core

composition, 620
thermal conductivity, 622
viscosity, 621

overlap integral, 347
in oxygen, 349

oxygen, 24, 207
ot-5 transition, 348, 350
near IR absorption, 348
phase diagram, 339, 340
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P, see liquid phosphorus
P-T-X diagrams, 483
P-V equations of state, 10
packing fraction, 172
packing of tetrahedra, 557
pair-correlation function, 155

and total correlation function, 170
pair-potentials, 165
pairing function, 187
palasonin, 378, 379
paleomagnetism, 596
"panoramic" cell, 9
Paris-Edinburgh cell, 6, 17, 18, 28
Parrinello-Raman method, 198
particle velocity, 10
peptide coupling, 391
Percus argument, 176
periodic table, 484
permanent magnetization, 604
perovskite, 209, 523, 561, 652, 653
phase diagram, 56

DPPC, 425
Mg2SiO4, 630
nitrogen, 339
oxygen, 339, 340

phase rule, 486
phase separation, 431
phase transition, 251, 437, 438

shock induced, 118
phonon densities of states (DOS), 17
phonon-assisted electronic topological

transition, 291
phonons, 17, 21
phosphates

amorphization, 545
phospholipid, 416, 423
Photon Factory, 646
piezo-tolerance, 30
piston-cylinder apparatus, 42
planetary conditions

experiments at-, 608

planetary interiors, 587
plasmons, 17
Poisson's ratio

of beryllium, 101
poly-carbon suboxide, 468
polyamorphism, 520
polycrystal plasticity theory, 29
polycrystalline X-ray diffraction, 14
polymerization, 207, 391, 469, 471

of acetylene, 469
polymorphism, 488
polymorphs, 511
polypeptides, 436, 437, 442
polystyrene, 465
polythiophene, 465
potash alum, 554

Raman spectrum, 554
potassium, 253, 263
potassium iodide, 91

resistance vs. pressure, 93
powder diffraction, 74
power law creep, 245
pressure in the Universe, 151
pressure scale, 116

primary pressure scale, 10
pressure sensors

infrared, 458, 459, 469
pressure, and chemical bonding, 151
pressure, atomic unit, 156
pressure-dependent measurements, 572
pressure-induced absorption, 601
pressure-jump, 418, 420, 438
pressure-transmitting media, 10, 11
pressure-volume relations, 5
proteins, 437, 440

unfolding, 446
proton conductivity

of water, 331
pseudopotential, 201
pyroxene, 650
pyrroles, 380, 381
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Q

quadratic response function, 165
quantum effects, 206
quantum fluid, 179
quantum melting, 171
quantum Monte Carlo methods, 183
quartz, 545, 549–553, 556

amorphized, 552
X-ray diffraction, 549

R

radial diffraction, 9, 28
radial distribution function, 512
radial X-ray diffraction, 15
radiation, 12
radioactivity, 599
radius of gyration, 442, 443, 446
Raman spectra, 572
Raman spectroscopy, 17, 18, 21, 22, 25,

29–31, 297, 298, 341, 457, 554
of OH stretching, 546
under shock, 120

Rankine-Hugoniot equations, 112
rare gas solids, 56, 337
rare-earth metals, 65
Rb, see also rubidium

phase IV, 261
phase V, 257
phase VI, 260

RbZnBr4, 557
reaction kinetics, 458
reactions

core-mantle, 621
resistive heating methods, 11
resonance Raman scattering, 22
rhenium, 305
rheology, 11
Rossby number, 605
rotational state, 594
rotons/librons, 21

rubidium, 210, 253, 261
ruby fluorescence scale, 10
rutile structure, 26

S, 23, see also sulfur
sample-filling factor, 87
Saturn interior, 613
Se, see selenium
secular cooling, 600
seismology, 595
selenium, 289
shear modulus, 18
shear velocities, 18
shear waves, 19
shock compression, 109-111

of hydrogen, 317
shock experiments

schematics, 329
shock front, 111
shock heating, 319
shock melting of iron, 633
shock pressure

release, 118
shock reverberation, 318

in hydrogen, 323
shock temperature, 116
shock velocity, 10, 111
shock-wave, 28
shocked films, 122
Si, see also silicon, liquid silicon, amor-

phous silicon
phase VI, 260

silica, 26, 209
silicate minerals, 489
silicate polymer, 514
silicates

amorphization, 545
silicon, 204, 486
silicon clathrate, 501
simple metals, 160, 251
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sintered diamond, 45
SiO2, 549, 552, see also coesite, cristo-

balite, quartz, silica, stishovite
Sn, see /3-Sn
Sn3N4, 494
sodium, 253, 266
soft mode, 557
solar system abundances, 589
solid state, 477
solid-solid decomposition, 558
sound speed

under shock, 119
spinels, 492
SPring-8, 646
static structure factor, 176
steric hindrance, 557
stishovite, 26, 480, 549
Stokes-Einstein relation, 247
Stoner model, 217
strength, 11, 117
structural changes in the liquid, 28
structure and multi-center potentials, 163
structure, fundamentals, 158
styrene, 465
sulfur, 22, 289
superconductivity, 21, 22, 257, 266, 275
superconductor, 4, '6, 28
superhard materials, 100
superionic phase, 208
synchrotron, 76, 602
synchrotron beamline, 254
synchrotron IR techniques, 19
synchrotron radiation, 13, 49, 646
synchrotron X-ray diffraction, 251, 254
synthetic Uranus, 615

thermal conductivity, 20, 600
thermal diffusivity, 19
thermal equation of state, 115
thermal expansion

coefficient, 635
negative, 557

thermal expansivity, 18
thermoelectric, 20
thermolysis, 397, 398
thiophene, 465
Thomas-Fermi-Dirac theory, 592
three-particle density, 165
three-particle potentials, 166
ThSi2 type structure, 256
tidal response, 594
tides, 600
topography, 594
total correlation function, 174
total energy calculations, 251
transition metal oxides, 228
transition metals, 62
transmission electron microscopy, 647
Troitsk toroid cell, 6
two-particle density, 154

and functional derivatives, 170
two-state model, 526

U

ultrasonic measurements, 33
uniaxial stress, 16
Uranus, 593

T

temperature gradient, 7, 13
termination step, 458
tetracyanoethylene, 558
texture development, 29

van der Waals compounds, 25, 338
variable temperature, 11
vibrational coupling, 344

parameter, 346
vibrational spectroscopy, 358
vibrons, 21, 22
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4-vinylcyclohexene, 471 XAS, 17
viscoelasticity, 240 Xe, 5, 23
viscosity, 240, 621 XES, 17, 27

of liquids, 246

Y
W

Y2O3-A12O3, 535
water, 208, 518

ice, 360
water-gas mixtures, 365 Z
wave profiles, 117
Wigner crystal, 159 Zintl phases, 501
W5Si3 type structure, 262 ZnSO4, 490
Wustite (Fe1-xO), 27 ZrW2O8, 561

X-ray, 16
X-ray absorption fine structure

(XANES), 17
X-ray diffraction, 8, 254

angle dispersive, 14, 16
energy dispersive (EDXD), 14-16
in situ, 44, 46, 645
oxygen, 348
powder , 75
single-crystal, 8, 15, 26, 79
under shock, 120

X-ray diffraction/inelastic scattering, 9
X-ray emission spectroscopy, 8
X-ray inelastic scattering, 8
X-ray magnetic circular dichroism

(XMCD), 17
X-ray scattering

inelastic (IXS), 17, 19
small angle, 418

of DPPC bilayers, 424
X-ray spectroscopy and inelastic

scattering, 16
X-rays and neutrons, 73
XANES, 17
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