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Condensed matter at ultra-high pressures

B. K. Godwal

An overview of first-principles methods to describe condensed matter over a range of pressures
and temperatures where a variety of physical phenomena such as band crossing, phase tfransitions,
ionic and electronic thermal excitations, liquid disorder, pressure and thermal ionization of
ionic core, etc., are encountered is presented. The importance of such attempts is shown by
comparing their predictions with the results of current high-pressure experiments. Recent
developments in first-principles theories and their usefulness in interpreting high-pressure data
and in basic and applied sciences are also discussed with emphasis on future scope.

In the recent years pressure has been used as a means
of altering the physical and chemical states of materials
like varying temperature or chemical composition. The
development of the novel diamond anvil cell (DAC)
device has revolutionized static high-pressure research.
This has enabled measurements of lattice parameters at
pressures exceeding 500 GPa'. The significance of being
able to reach these ultra-high pressures is that the energy
density achieved on compression is comparable to bond-
ing energies. Therefore, significant changes are expected,
and indeed found, in the electronic states, chemical
bonding and atomic packing of condensed matter. In
the range of 200-300GPa pressures, hydrogen 1s
predicted to be metallic’. As hydrogen is the most
abundant element in the universe, its metallization 1s
not only a dramatic illustration of pressure-induced
changes in bonding character, but also plays an important
role in determining the internal state and evolution of
the giant planets™®. With the advent of laser heating
technique it has been possible to heat the samples to
several thousand degree celsius in the diamond anvil
cell>®. 1t is expected that static ultra-high pressure and
laser heating techniques will be combined in the near
future to provide controlled pressure—temperature con-
ditions existing at the centre of the Earth, enabling its
major constituents to be studied in the laboratory’.
Higher pressure-volume-temperature (P—V~T) states are
possible with dynamic shock methods, where measure-
ments are carried out along the shock Hugoniot, which
represents the locii of all the points reached by shocking
the material from a fixed initial state®. However, in
static compression we have controlled pressure—
temperature conditions, while using dynamic methods
the temperature remains uncentrolled. Table 1 gives the
pressures achieved using various static and dynamic
technigues’. One of the most important uses of high-
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pressure experiments 1s the pressure—volume-temperature
relationship of materials, usually defined as the equation
of state (EOS). Its measurements and calculations are
of immense importance to researchers in both basic and
applied sciences. In basic sciences 1t provides a test to
the theoretical models of cohesion and predicts the onset
of phase transitions (solid—solid, crystalline—amorphous,
solid-liquid, insulator-metal, valence transitions, etc.).
EOS is used for pressure calibration in ultra-high pressure
experiments above 100 GPa, where the response of the
commonly used ruby becomes uncertain'’, In geophysics
it helps to understand the structure of the Earth and in
astrophysics to unravel the mysteries of evolution of
stellar bodies like white dwarfs, neutron stars and black
holes'!. In applied sciences EQS data serve as vital
inputs for hydrodynamical calculations in controlled
fission—fusion research, in simulations of reactor acci-
dents and in rock mechanical effects of peaceful nuclear
explosions'®'“. In the recent past considerable theoretical
developments have taken place for understanding the
response of materials subjected to static and dynamic
pressures'>'®, In brief, when condensed matter is sub-
jected to static and dynpamic pressures, various
phenomena like phase change, melting, and pressure
and thermal ionization effects are encountered ull it
reaches the extreme high-density thermodynamic state
dominated by screened Coulomb 1nteraction.

Thus, the phenomenon encountered at high pressures
depends on the range of pressure to which the matenal
is subjected. Pressure density diagram is thus conveni-
ently divided into three regions as shown in Figure 1.
Region 1, known as the normal region, extends up to
1000 GPa; for this region extensive shock wave data
exist'’ and ultra-high pressure static data using DAC
are also becoming available'’., With the availability of
synchrotron radiation and incorporating the excellent
features of imaging plate in angle-dispersive X-ray dif-
fraction (ADXRD) set-up'®, highly accurate high-pressute
data can be obtained, providing testing ground for variwous
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Table 1. The highest pressures achieved through various expenmental techniques™

i — - mval—

1S

Maximum Percentage error
Type of pressure {GPa)  Typical VIV, In pressure
AMethod measufement achieved achieved estimnation (%)
Statre methods B
Piston cyhnder Isotherm 45 095 3
A-ray ditfracuon Isotherm 416 04 10
Shock waves Hugontot 1000 05 2
Cheimnical explosive {principal and
reflected)
Guas-gun Hugoniot 500 05 ]
{principal and
reflected)
Laser Hugoniot 3500 03 20--30
{(principal and
reflected)
Underground nuclear  Hugoniot 500,000 03 23
explosive (principal and
reflected)
Electne gun Hugoniot 10035000 —- —
{principal and
reflected)
Rail gun Hugoniot 1000—-10,000 — —
(principal and
reflected)
Mugnetic compression  Isentrope 300 025 _

PRESSURE (GPa)

3
$18,

Figure §. The three regions of the P-V diagram. I, Normal region
P < JOOGPa  (expenmental), 2, Intermediate  region 1000
< P < 10,000 GPa; 3, High density region P > 30,000 GPa.

condensed-matter theories. The 1000-10,000 GPa pres-
sure range is termed as the intermediate region, for
which very few data points are available using under-
ground nuclear explosions and high-power lasers'. This
region is extremely difficult to approach experimentally
because of the requirement of large experimental con-
figurations'”. Various laboratories in the world are
developing new techniques like electric gun, rail gun
and magnetic flux compression methods™! to obtain
data in this region; however, the reliability and accuracy
of such data are yet to be established. Thcoretical
descniption of dense heated matter in this region 1s
extremely difficult and in the absence of a complete

[OK4

high-temperature theory, interpolations between the ex-
perimental and the high-density regions were made to
obtain the thermodynamic data®’. However, for pressures
higher than 30,000 GPa the Fermi nature of electrons
forces them into high-momentum states, which results
in dominant kinetic energy contribution to the total
energy, with potential energy as a small perturbation,
enabling vartous variants of the staustical Thomas—
Fermi-Dirac theories’"* to be employed for the cal-
culation of the thermodynamic properties.

Theoretical calculations of EOS and predictions of
phase transitions thus requires the estimation of free
energy F taking into account the underlying physical
phenomena in various regions:

F = E-TS, (1)

where E consists of kipetic and potential energy terms
and is obtained from density functional theory, while
the contributions to the entropy S at a given temperature
T come from thermal excitations of electrons and ions.

Experimental or normal region

For this region we have used a model® in which the
total energy and pressure at a given volume V and
temperature 7 are divided into three terms:

EV,T) = E(V)+E(V.T)+E(V,T), (2)
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P(V,T) = P(VY+YE/V+Y E/YV, (3)
These terms describe the compression of the cold body
(ie. at QK), the thermal motion of the ions and the
thermal excitations of electrons, ¥ and 7y, are ionic and
electronic Griineisen parameters. The density-functional-
based pseudopotential’*?* or the augmented plane wave
methods™ have been used in the past for the evaluation
of the cold contribution, while ionic and electronic
excitation contributions are obtained, from the phonon
frequencies and the electronic band structure, respec-
tively. We have used this formalism for £ and P in
the Rankine Hugoniot equations to compute the shock
Hugoniot of Al®, for which experimental shock wave
data were available and for which there existed dis-
crepancy between the two sets of reported measure-
ments®® *’. In Figure 2 we compare our computed
Hugoniot pressures with the available experimental data.
Our curve is seen to be in good agreement with the
data of Al'tshuler et al*® and Mitchell and Nellis®,
while it differs considerably from the measurements of
Skidmore and Morris?’. Our studies showed that
electronic excttation contribution is important, with shock
temperatures being extremely sensitive to it. As the
temperature rises along the shock Hugoniot at these
pressures leads to melting of the solid, we carried out
both solid and liquid Hugoniot calculations for Al and

Al.
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Frgure 2. Lompusrson of calcatated Hugoniot for Al with the available
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other materials”™*® (Pb and Au) and found that solid
and liquid shock Hugoniots are in mutual agreement
with the limits of experimental errors, while the calcu-
lated solid and liquid Hugoniot temperatures were very
different (Figure 3). Based on these findings we con-
jectured that melting could be detected by combining
theory with shock temperature measurements. Also, in
the normal region the excellent agreement observed by
us between the calculated and the experimental Hugoniots
showed that normal potential continues to remain valid
up to these pressures.

Predictions to confirmations

The confirmations of some of the predictions made in
the preceding section have come from recent laser-driven
shock wave experiments”™. In order to detect melting
in Au, shock temperature measurements were carried
out at 600 GPa using laser-driven shock in impedance-
mismatched Al-Au target using laser irradiance of
2.3 x 10® W/cm? (0.53 um, 2-3 ns FWHM). Laser abla-
tion of Al produced a shock wave in Al with a peak
pressure of 3501+ 50GPa at the shock front”. Shock
reflection at the Al-Au interface then yielded a shock
wave of 6001+ 100 GPa in the Au layer. Using Al as
the equation of state standard, the shock temperature of
Au was determined from the intensity of luminous
emission at 4300 A (in a 100 A band) from the free
surface of the Au layer 1n the Al-Au target relative to
that from the free surface of Al in a shocked, single-layer
Al target, Figure 4 shows the experimental set-up used
for shock temperature and shock velocity measurements.
Figure 5 shows the intensity of luminous emission, as
observed wusing streak camera, from Al and Al-Au
targets, The solid and liquid Hugoniots for Au as
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calculated using formalisms described by Godwal et al.
are shown in Figure 6. The measured shock temperature
falls on the liquid Hugoniot, indicating that Au was in
hquid state® . Thus, measurements of shock-induced
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Figure 4. Expenmental sct up lor shock temperature (T) and shock
velocity {17 ) measurement
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[uminescence yielded the first experimental determination
of the temperature of Au above the Hugoniot melting
point.

The other laser-driven shock experiment involved the
measurement of K-photpoabsorption edge of shocked
aluminium?. The high-power Nd-YAG laser with
0.53um, 2-3ns FWHM at irradiance of 2-3 x 10"
Wicm? was used to produce a 350 GPa shock in Al
The X-rays produced in the laser-produced plasma side
were used to back-light the target. The time-resolved
spectroscopic measurements were used to measure the
time evolution of the K-photoabsorption edge. The
measurements showed a maximum red shift of about
10 eV, consistent with the theoretical calcuylation of the
Al K-edge with no change of Al normal potential up
to these shock pressures™, confirming again our predic-
tions of the constancy of potential in the normal region.

Current energy band methods

With the introduction of linear methods™ in band theory,
the earlier energy band methods are replaced with linear
muffin tin orbital (LMTQ) and linearized augmented
plane wave (LAPW) methods’**’. These methods are
about order of magnitude times faster and are ideally
suited for the calculations of total energies of the solid,
which require about 1000 k points sampling for elemental
solids. Thus, starting with only atomic numbers of the
constituent elements, the total-energy calculations of
electrons in the static periodic arrays of 10ns can predict
the structural stabilities of solids without the need to
adjust any parameter empirically. These powerful
theoretical means are proving to be extremely useful in
finding new materials and for predicting their behaviour
under static and dynamic pressures °° ¥, The predicted
structural sequences and their transition pressures are
in excellent agreement with the experimental observations
and have been discussed elsewhere®® *. It is noteworthy
to mention that the electronic structure of high-Z element
Th, for which relativistic effects become important, was
studied by us recently®®. We found that elemental thorium
is unique in that unoccupled t level becomes populated
at ultra-high pressures, with the Fermi level intercepting
the f band at a volume fraction of 0.6. The total energies
show that the resulting occupation of f bands by about
one electron drives the fcc to body centred tetragonal
(bct) transition near 80 GPa pressure, and Th then resembles
the f band metal Ce. It is to be noted that such details
about the microscopic mechanism driving the phase tran-
sition are possible as a result of ab initio studies.

Elemental solids to large systems

The electronic structure calculations based on solutions
of Kohn—-Sham equations® are extremely time-consum-
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ing, especially when the periodic unit cell possesses
many atoms. In the absence of supercomputers it is
impossible to obtain the solution of the electronic struc-
ture for determining the physical properties for such
large systems. However, with the development of recent
parallel processing technique it is now possible to perform
complicated calculations of electronic structure for sys-
tems with several hundreds of atoms In the unit cell.
We used the recently developed parallel processing
system at BARC referred as BPPS*, to perform electronic
structure calculations on ©-Mg,,Zn,, system*’, where ©
denotes the central site of the packing unit, with Zn,
Mg, Al and vacancy at ©. We employed parallelized
muffin-tin orbital program and the calculations in the
body-centred cubic (bcc) structure are related to the 1/1
crystal approximant to the Al~-Zn-Mg quasicrystal. The
results of 0 K ground state total-energy calculations are
shown in Table 2, which shows that the occupation of
the central site of Al or Zn atom is preferred to the
vacant centre. It is also observed that Mg atom is not
a probable occupant of the central site due to its large
size, These calculations fully support the positron annihi-
lation experiments which reveal that centres of packing
units are occupied. Figure 7 shows the electronic density
of states and the Fermi level E_ for the crystal approxi-
mant with Al- centred case. The density of states curves

Table 2. Total energy comparison with and without atom at the
centre of packing unit (muffin-tin correction included)

Total energy of
empty centred
crystal + a well-

Total energy

(valence) of  Total energy per

Atomn at atom primitive cell separated atom
central site (Ryd) (Ryd) (Ryd)
Empty sphere — — 169 122 - 169122
Al ~ 4050 - 173 280 ~173172
Mg ~1.763 - 170 861 —~ 170 885
Zn —2.247 -~ 171 434 -~ 171 369

Aluminium centres are most stable.
Zinc at centres 1s more stable than at empty centres
Magnesium at the centres 15 not stable (atoms are larpe)
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show only shallow minimum (valley) near E, (indicating
a small so-called pseudogap) which Is consistent with
the fact that experimental specific heat data for the
Al-Zn-Mg quasicrystal is almost free-electron-like.
Having shown the feasibility of electronic structure
calculations for a large system with 162 atoms per unit
cell-like crystal approximant (Zn,Mg,,) to Al-Zn-Mg
quasicrystal, we are now carrying out electronic structure
calculations for novel materials like superlattices, super-
conductors and C,, at ambient and high pressures™ .

We also applied the first-principles linear muffin-tin
orbital theory to interpret the high-pressure experimental
data obtained by us for the intermetallic compound
Auln,. It crystallizes in CaF, structure and is important
In geophysical studies because many of the oxides have
this phase, Storm er al.*® have made studies for its
fusion curve under pressure and observed a change of
slope around 3 GPa suggesting phase transition. In order
to confirm this we investigated Auln, using electrical
resistivity, thermoelectric power and high-pressure
angle-dispersive X-ray diffraction’’. The results of these
studies are shown in Figure 8, which shows that the
resistivity curve changes slope around 3 GPa while our
ADXRD measurements reveal structural phase transition
around 15 GPa from its ambient CaF, structure*, The
results of thermoelectric power measurements carried
out on this compound (Figure 9) show rapid increase
in thermoelectric power around 2 GPa. As these meas-
urements are sensitive to electronic rearrangements, the
3 GPa transition observed by Storm et al.*® and confirmed
by our resistivity and thermoelectric power measurements
seems to be isostructural and associated with electronic
structure changes. In order to corroborate it by first-
principles theory, we carried out detailed band structure
studies by LMTO method in the CaF, phase up to a
pressure of 10 GPa. In our calculations we included the
relativistic spin-orbit correction terms. The density of
states at the Fermi level (E.) obtained from the details
of band structure calculations show a 2-3% change up
to a pressure of 4 GPa, consistent with our experimental
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observation of resistivity variation with pressure. We
find from Figure 10 that the X,~-I"~L, band, which is
occupied at normal pressure, shifts upward with respect
to Fermi energy and becomes almost flat in the I'-X
direction near the I'-point 1n the 2—4 GPa pressure range.
This gives additional hole sheet contribution to the
Fermy surface as the I, level moves up through E..
These features of electronic band structure result in
Lifshitz singularity® in the density of states and are
related 1o the high-pressure fusion behaviour, electric
resistivity variation and thermo electric power measure-
menis.

Intermediate region

In the intermediate region the experimental data are
sparse and pressure and thermal 1onization effects con-
trolled by atomic shell structure effects dominate many
physical properties'”. Attempts have been made to
approach this region from the high-density side with
inclusion of shell effects in Thomas—Fermi-Dirac
theory® *°. Essentially, in this approach one starts with
Thomas—Fermi potential and treats the atom more
quantum-mechanically. At a given density and tempera-
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ture one estimates the number of bound electrons and
then fixes the chemical potential from the actual free
electrons. The details of this approach for the evaluation
of thermodynamic properties and the self-consistent field
model of Liberman®!, which tries to approximate the
potential in a muffin-tin way, are discussed in detail
by Godwal et al.””. However, all these methods lack
the solid-state band effects and are not suitable for use
in the intermediate region.

We approached the intermediate region’? from the
normal experimental region side by including the pressure
and thermal ionization effects using the Saha ionization
theory, modified for high-density effects like lowering
of ionization potential, partition function cut-off and
pressure ionization®. The pressure and thermal ionization
effects cause core tonization and bring about core con-
duction electron coupling, thus violating the orthogonality
condition which keeps the conduction and core electrons
decoupled. Thus, the normal valence charge Z changes
to Z,; at a given density and temperature and alters
the potential parameters. This particular pressure and
thermal ionization state with ionization excitation con-
tribution is then treated using the solid or liquid state
models with ionic and electronic excitation included in
the total energy (see Figure 11). The pressure and
thermal 1onization effects estimated using this approach
are given in Table 3, which show that Al and Mo
indeed show pressure and thermal ionization effects at
these pressures. The justification for the use of modified
Saha 1onization theory in the presence of strong inter-
actions was provided by estimating the valence charges
of solids at ambient condition and by simulating the
experimentally observed valence transition in Eu®*. The
shock Hugoniot for Al computed using this theory is
shown in Figure 12. It can be seen that in the experi-
mental region, it agrees well with the data of Al’tshuler
et al.”®>. We also compared our Hugoniot with the data
of Al’tshuler ef al.”® in the intermediate region but here
there 1s poor agreement. However, it may be added that
the interpolation shock adiabat obtained by Al’tshuler
et al>® based on their experimental data and the Thomas—-
Fermi model heavily overpredict the compression at
1.085 TPa compared to the experimental measurement
of Volkov et al’’. On the other hand, there is excellent
agreement of this experimental point with our theoretical
model as shown in Figure 12.

First-principles simulations

We are currently working on the first-principles simula-
tion method commonly known as the Car—Parrinello
method™ to obtain the changes in the potential parameters
and the unknown structure as a result of phase change;
this avoids an intelligent guess to be made while making
this search using first-principles total-energy calculations.

CURRENT SCIENCE, VOL. 68, NO. 11, [0 JUNE 1995
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Figure 11, Schematic diagram illustrating the equation of state model
in the intermediate region.

Table 3. Pressure and thermal ionization effects along the

Hugoniot
Element V/V, Z, Zor
Mo 0 331 61 g1
0250 6 R
0.150 R.0
0100 84
0 050 12 0
Al {0350 3.0 3.0
0 300 30 32
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Figure 12. Companson of computed shock Hugontot for Al with
experimental data i the intermediale and experimental regiony®, The

crosses are from ref 55 while open circles are from ref. 56 and the
dot sefers to Volkov er al's pomnt®,
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These simulations are also extremely important to study
the atomistic shock propagation in materials™, to interpret
the current shock experiments®”®' and for modelling the
material behaviour under strong shocks which might
lead to pressure and thermal ionization effects. In these
simulations the quantum-mechanical many-body problem
1s mapped into the classical space with treatment of the
electron wave functions and the ionic coordinates as
the generalized coordinates and the potential energy
appearing in the fictitious Lagrangian to be obtained
from the density functional theory. The fast Fourier
transforms (FFT) are called many times in the Car—
Parinello method. We have used BPPS to parallelize
the FFT part, achieving a speed-up of 6 for FFT as
compared to sequential version®®, This method is currently
being applied to study the structure of the amorphous
phase of sulphur®. Sulphur is known to amorphize at
about 25 GPa at ambient temperature. Regarding the
mechanism of this amorphization, there are two pos-
sibilities: (i) kinetic hindrance of S, molecules for trans- .
formation to another crystalline phase of higher symmetry
and (1) breaking of S-S bond within an S, molecule.
We have carried out simulated annealing on a model
system of 27 S atoms with density corresponding to
25 GPa pressure. The purpose of the simulation is to
see 1f the S; rings exist in general in many phases of
S. 1Our initial results using coupled density functional
molecular dynamics simulations do not show up the S,
rings.

The propagation of shock waves in condensed matter
and the establishment of thermodynamic equilibrium
behind it are still not understood and first-principles
simulations are ideally suited to study this and interpret
the current shock experiments carried out to understand

the microscopic mechanism of shock propagation in
condensed matter’.

Conclusions

We observe that theory provides a powerful means for
the predictions and interpretation of high-pressure data.
With the advent of supercomputing techniques it is now
possible to study complex systems for their normal and
high-pressure behaviour, which has important applica-
tions in design and synthests of new materials. Also,
theoretical studies have been made to show that diamond
is stable against structural phase transition and metal-
lization for pressures above 1000 GPa. It is thus expected
that high yield strength diamonds will be abie to generate
pressures higher than 500 GPa. The coupling of laser
heating technique with ultra-high pressures shall provide
pressure—-temperature conditions which otherwise werte
possible only using dynamic shock methods. The inter-
pretation of such static and shock data by fist-principles
theories shall help in the development of proper high-
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tcmperature theory and better microscopic understanding
of shock temperature. As the pressure region reaches
1000 GPa, we expect to observe pressure ionization and
its effect on material properties. Study of materials with
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Errata

Morphology and glacier dynamics
studies in monsoon-arid transition
zone: An example from Chhota
Shigri Glacier, Himachal-Himalaya,
India

D. P. Dobhal, Surendar Kumar and A. K. Mundepi
(Current Science, 1995, 68, 936-944)

|. Page 936, para 1, line 14, read the per day dis-
charge ... 85 and 2000 tons in 1988-1989.

2. Page 936, para 5, line 1, read 32°11°-32°17°N in
place of 32°11'-32°17" N.

3. Page 936, Table 1, line 20, add (average 7.5my™)

in line 19.
4. Page 936, Table 1, line 22 read ice volume 1n water
equivalent 572,921.1 x 10° m’ in place of 572,910° m’.

5. Page 943, para 2, line 14 (w.eq. = 572,921.1 x 10° m’)

CURRENT SCIENCE, VOL., 68, NO. 11, 10 JUNE 1995

in place of (w. eq. = 572,921 x 10° m’).

6. Page 943, para 3, (mass balance), line 15 and 16

read —1.01x10°m’> and —1.7x10°m’ in placg of
1.01 x10°m> and 1.7 x10° m’. '

7. Page 944, reference §, read 44 in place of 144.

Stereochemistry of Organic Compounds - Principles
and Applications. D, Nasipuri. Wiley Eastern, New
Delhi.

il e . - Y

The review of the above book by R. Balaji Rao published
in the 25 April issue of Current Science (1993, 68,
850) was erroneously reprinted in the 25 May 1ssue of
Current Science (1993, 68, 1064). The error 18 regretted.
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