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Structural phase transitions in highly
compressed substances and the synthesis
of high-pressure phases

S V Popova, V V Brazhkin, T I Dyuzheva

This report is devoted to studies of structural phase
transformations under pressure that have been performed at
the Institute for High Pressure Physics, Russian Academy of
Sciences (IHPP). Conditionally, this activity can be subdi-
vided into the study of transformations under pressure in
crystals in situ (mainly, by X-ray diffraction) and the synthesis
of new phases that are metastable at normal pressure. The
study of solid-state amorphization and transformations in
disordered media (liquids, glasses) under pressure deserves
independent examination. Each of these areas has been
considered in more than a hundred articles; here, we briefly
mention what are, in our opinion, only several of the most
important results of such studies.

Pioneering work on the study of the high pressure
influence on the crystal structure of substances by X-ray
diffraction was performed at the IHPP in 1950— 1960 in the
group headed by S S Kabalkina with the use of a piston—
cylinder apparatus with beryllium windows. The maximum
pressures in this cell were 2 GPa, which is insufficient for
studying phase transitions in the majority of simple inorganic
substances. However, for organic molecular compounds, this
pressure range is sufficiently high. At the IHPP, the compres-
sibility and polymorphism of paraffins, urea, and isomorphic
hydrocarbons of the group of linear polyphenyls were studied
[1]. A noticeable breakthrough in the field of X-ray diffrac-
tion studies at high pressures was the creation (in the 1960s) of
X-ray diffraction high-pressure devices of the ‘chechevitsa’
(lentil) type with hard-alloy anvils and the use of amorphous
boron as the pressure-transmitting medium transparent to
X-rays. These devices made it possible to conduct studies at
pressures of 16—18 GPa. In this pressure range, structural
phase transitions in many elemental substances and simple
compounds have been discovered. Special attention should be
given to the discovery and study of structural transformations
in Ga, Si, Ge, Sb, Bi, 4™ BYT compounds (CdS, CdSe, CdTe),
MF, (M = Mn, Co, Ni, Zn), and Mg, X (X = Si, Ge, Sn) [1].
The next step in the development of X-ray diffraction studies
under pressure was the creation of a high-pressure cell with
diamond anvils with the range of working pressures to
50 GPa. Such cells were used to study the polymorphism of
transition metal hydrides (TiH,, ScH», ZrH,) [2—4], phase
transitions in A " BV! compounds (TIS, TISe, InS, InTe) [5, 6],
and transformations in metal trifluorides (LaF3, CeF3) [7]. As
a separate reference, the detection and study of the ‘collapse’
of compressibility in compounds such as UO3, ReOs [8, 9]
deserve mention.

Another approach to the study of phase transitions and
polymorphism under pressure ex situ consists in the method
of quenching high-pressure phases, including new com-
pounds that are metastable under normal conditions. One of
the first metastable phases obtained at the IHPP was
stishovite —an ultradense phase of silica with a rutile-type
structure [10]. The possibility of the existence of structures
with a sixfold coordination of silicon atoms relative to oxygen

atoms has enormous importance for understanding the
internal structure of the Earth and planets. In subsequent
years, a large series of works on the study of polymorphism of
AX, compounds such as fluorides, sulfides, selenides, and
tellurides of simple and transition metals was performed at
the IHPP [11]. The data obtained confirm conclusions (based
on crystallochemical considerations) that during compression
there must appear structures in which progressively more
dense packings of atoms and molecules are realized with an
appropriate increase in the coordination number. It is hardly
expedient to analyze the pressure influence on the synthesis of
new compounds in binary systems on the basis of the
comparison of the coordination numbers of initial compo-
nents and their compounds. In this case, it is better to use a
‘volumetric’ factor, since the application of pressure favors
alloying reactions proceeding with a decrease in the specific
volume. Note that the effects of the so-called ‘chemical
compression’ in the compounds can be very significant.
Thus, the extrapolated volume per atom of Si and Ge in
binary compounds corresponds to the ultradense modifica-
tions of Si and Ge that are stable only at megabar pressures.
As interesting examples of new compounds synthesized under
pressure, we can mention tungsten germanides and rhenium
carbides. In the W —Ge system, no intermediate phases exist
at atmospheric pressure, while under a pressure of 8 GPa
four metastable phases have been synthesized from a
mixture of elements, namely, two phases of WsGes
composition and two phases of WGe> composition [12]. In
the Re—C system at normal pressure, no intermediate
phases are present either, while at 4 GPa an ReC phase
with a hexagonal structure of the y’-MoC type is formed
from a mixture of elements upon heating, and at pressures
of more than 10 GPa, a superhard ReC phase with a cubic
structure of the NaCl type is crystallized [13, 14]. Some
interesting results were obtained when studying polymorph-
ism of hydroxyl-containing compounds using the example
of systems such as M,0;—H,0 (M = Fe, Al, Sc, La) [15].
Depending on the P, T conditions of synthesis, the com-
pounds MO(OH) and M(OH), with different structures
were obtained [15]. These results are extremely important
for the solution to the problem of the existence of bound
water in the Earth’s mantle. For MF3; compounds (M = Sc,
La, Y), the following sequence of structural transformations
has been established: ReO; type — YF; type — LaF3 type
[15]. In this case, the first type of transformation in the
trifluorides (ReO; type — YFj type) is accompanied by a
record change in the specific volume (~ 53%).

Some groups of substances synthesized at high pressures
should be considered separately. This refers, for example, to
new superconductors synthesized under pressure. Thus, in the
1970s at the IHPP the compound NbsGe was for the first time
synthesized under pressure in the bulk with a record
temperature (for that time) of the superconducting transition
T. = 22.3 K [16]. Using high pressures, it was possible to
synthesize a series of new superconductive sesquicarbides of
rare-earth elements [17]. Many high-pressure modifications
have not only sufficiently high T, but also high values of
critical magnetic fields and currents [17, 18]. It is sufficient to
mention the synthesis of a metastable superconductive
(T. = 10 K) high-pressure phase of TaN with a cubic
structure of the NaCl type [18]. Note that the bulk single-
phase samples of the high-temperature superconductor
HgBa,Ca,Cus0;¢ with a record high critical temperature
(T, = 132 K at normal pressure) also was synthesized under
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pressure by researchers at Moscow State University and the
Institute for High Pressure Physics, Russian Academy of
Sciences [19]. A veritable development in the physics of
superconductors and the physics of condensed matter as a
whole was the high-pressure synthesis of superconductive
diamond doped by boron [20]. The exceptional mechanical
and thermal properties of diamond, together with sufficiently
high values of 7T, ~ 7 K and upper critical fields of ~ 5 T,
make superconductive diamond one of the most promising
materials for future electronics.

The study of carbon materials bears special mention. At
the THPP, during the entire 50-year period of its existence
comprehensive studies of the graphite—diamond transition
have been carried out. In recent years at the IHPP pressure-
induced phase transitions have been actively investigated for
new metastable carbon modifications— Cgo fullerites and
carbines [21]. During the transformation into the stable
phases of carbon (graphite and diamond), these carbon
states undergo a number of transformations into carbon
forms that are intermediate in energy. Thus, Ceo fullerite
undergoes one-, two-, and three-dimensional polymerization
of Cgp molecules at high pressures and temperatures; with a
further increase in pressure and (or) temperature, the full-
erites are transformed into bulk amorphous states [22]. A
number of carbon modifications obtained from fullerites
possess unique mechanical properties [23]. A P, T treatment
of carbines leads to the synthesis of metastable amorphous
phases of carbon with interesting electron-transport proper-
ties [24].

In the case of polycrystalline samples of the new materials
obtained using high pressures, it is frequently impossible to
solve the crystal structure and perform a detailed study of
physical properties. In this connection, an especially urgent
problem is growing large single crystals of high-pressure
phases that are metastable under normal conditions. In
recent years, interesting results have been obtained at the
ITHPP in this field. In particular, large single crystals (several
mm in size) of high-pressure phases of silica (coesite and
stishovite), TiO», FeO(OH), etc. have been grown [25, 26]. In
growing single crystals, the need to correctly determine crystal
structure manifested itself vividly when studying high-
pressure phases of Mg, X (X = Sn, Ge, Si). It turned out that
these modifications crystallize into structures with incom-
mensurate crystal lattices, which, certainly, could not be
established from the powder-diffraction data [27].

The term ‘structural transformations’ is traditionally
related to crystalline substances. However, at a high pres-
sure, as was shown in a whole series of experimental works
performed at the IHPP, changes in the short-range-order
structure in melts and glasses can occur not only gradually, in
a wide P, T range, but also sufficiently sharply. In this case, a
change in the short-range-order structure is accompanied by
jumps’ in the volume and physical properties, similar to the
case of first-order transitions in crystals. Such transitions
were found both in elemental melts (sulfur, selenium, iodine
[28]) and in the melts of binary compounds (for example,
AS4S4 [29])

The high pressure influence on the structure of a material
has one additional aspect: compression can lead to a
disordering of the crystal structure. This phenomenon,
known as solid-state amorphization, has been investigated
in a series of works performed at the THPP, which made it
possible to establish the main laws governing this process.
The investigation of the solid-state amorphization of stisho-

vite upon heating made it possible to study the kinetics of this
process; in particular, it was found that the activation energy
of the amorphization process is low in comparison with the
activation energy of diffusion [30]. These results, together
with the discovered softening of the shear modulus upon
solid-state amorphization of the ices of H,O and D-O [31],
made it possible to construct a model of solid-state amorphi-
zation. Note that the solid-state amorphization of high-
pressure phases is the only process which enables producing
bulk samples of amorphous tetrahedral semiconductors on
the basis of Si and Ge, and 4™ BY compounds [32].

The investigation of phase transformations in glasses
(Si0,, GeO,, B,03) [33] made it possible to establish that
these transformations can occur in a wide range of pressures
and temperatures and are characterized by an unusual
logarithmic kinetics of transitions [34]. At present, at the
institute work on the study of the structure of short-range
order and the physical properties of melts under pressure
actively continues [35]. The detection of specific transforma-
tions in glasses and melts once again demonstrated the
generality of the phenomenon of structural phase transitions
in condensed matter upon compression.
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Studies of the thermodynamic, elastic,
superconducting, and magnetic properties
of substances at high pressures

L N Dzhavadov, E L Gromnitskaya,
G N Stepanov, Yu A Timofeev

In this work, we briefly describe experimental methods
developed at the Institute for High Pressure Physics, Russian
Academy of Sciences (IHPP), and some experimental results
obtained.

1. Method of pulse-adiabatic modulation
of pressure

The first measurements of the temperature response of a
system upon an adiabatic change in pressure were performed,
apparently, by Joule [1]. However, systematic studies using
this method were renewed only more than 100 years later [2—
9], which can be explained by the complexity of such
experiments when using inertial measuring devices. An
isentropic compression can be realized using modernized
high-pressure equipment intended for the creation of static
pressures. However, the realization of this process for the
interval of pressures above 100 MPa is difficult, since it is
connected with the application/relief of a relatively large force
in a period of time which is subject to a number of restrictions,
such as the shockless character of compression on the one
hand, and the absence of heat transfer on the other hand
(hydrostaticity and the constancy of entropy, S = const). In
addition, it is also necessary to take into account stress
relaxation in the elements of the high-pressure equipment.
One alternative is the modulation method — measurement of
the derivative (07/0P)j. In this case, the necessary conditions
can be ensured comparatively easily, although, to the
detriment of informativeness, in the presence of a first-order
transition, the small amplitude of pressure modulation can
prove to be insufficient to change the concentration of phases

from 0 to 1. Among the diverse constructions of high-pressure
apparatuses, it is apparently only the apparatus of the
piston—cylinder type that makes it possible to control
pressure, although even in this case there remain limitations
caused by friction in the piston sealing. At the IHPP, a low-
inertial version of controlling force was used. The front of the
loading pulse at a low pressure does not exceed 10 ms. The
static force is transferred to the piston through a spring, and
the additional force for the modulation of pressure is applied
directly to the piston [5]. The device makes it possible to
record the temperature response of a sample upon a sharp
change in pressure by about +£50 MPa. The maximum
pressure is 3 GPa; the permissible range of temperatures is
273-700 K. The pressure-transmitting medium is liquid. The
criterion of adiabaticity is the presence of a cutoff in the AT(7)
curve.

When calculating thermodynamic functions from the
results of adiabatic experiments, it is assumed that the
system is in an equilibrium state and that the characteristic
times of the relaxation processes, such as the diffusion
mechanism of the formation of point defects (vacancies,
interstitial atoms) is less than the time of measurement.
Obviously, in this case the following condition must be
satisfied:

();r0= (a0)
op S,AP>0 or S,AP<0 '

Formally, the problem reduces to the solution of the
differential equation

(2—1{)5:’5(”)’

where Jg(T, P) is an analytical function which describes the
results of measurements. The sought adiabatic curve
Ts(Top, P) for the initial (at P = 0) temperature 7 = Tj is
found as a result of solving this equation, which can be
performed numerically. Given a set of adiabatic curves and
boundary conditions, for example, the temperature depen-
dence of entropy at normal pressure S(7,0), we can easily
calculate the T—P dependence of such quantities as the
entropy S, heat capacity Cp, and thermal expansion
(0V/0T)p. If in addition to these data we know the pressure
dependence of volume at a certain temperature 7, we can
calculate the equation of state:

T Js(T,P) Cp(T, P)

dT.
T, r

V(T,P) = V(Tr,P)+J

If Cy is a function of (7//®) and if @ depends only on volume,
the ratio (7'/©) and, consequently, Cy are also constant at the
adiabatic curve. In this case, given Js(Ts, P), we can easily
calculate the pressure dependence of the characteristic
temperature ©.

Figure 1 displays the results of measurements for Li, Na,
and K. Asis seen, the values of the derivative (07/0P) in the
mixed state (i.e., in the mixture of solid and liquid phases)
approach the appropriate derivative of the melting curve
d7/dP. The relationship between the values of (07/0P)¢
and the slope of the melting curve d7/d P makes it possible to
draw the conclusion that the adiabatic compression must lead
to the crystallization of liquid sodium and to the melting of
solid lithium.
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