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 1 Introduction Pressure is an important thermody-
namic parameter similar in importance to temperature. In 
fact, physical, chemical, and biological systems can be 
squeezed to reduce their overall interatomic and intermo-
lecular distances over a much wider range than varying 
temperature. Consequently, the science of matter at high 
density is now changing our fundamental understanding of 
atomic and molecular interactions both in organic and in-
organic matter and providing new insights into the proper-
ties of materials at ambient conditions. In fact, high-
pressure science exceeds the domain of “hard” physical 
sciences to have a large impact on biology, ranging from 
commercial treatment of foodstuffs to investigating the 
origins of life. The study of the structure of matter at high 
pressures is a rapid developing field that is receiving in-
creasing attention especially due to the use of the diamond-
anvil cell (DAC) [1], the advent of modern third generation 
synchrotron facilities [2], well suited to the use of the DAC, 

and the theoretical advances in quantum mechanical com-
putations [3, 4]. Additionally, experimental advances in  
laser-heating technology [5] have paved the way to the 
study of matter at high pressures and high temperatures 
like those present in the interior of planets. 
 During 2008 we celebrate the international year of the 
Planet Earth whose aim is to ensure greater and more ef-
fective use by society of the knowledge accumulated by 
the world’s 400,000 Earth scientists. In this endeavor, 
high-pressure science is of primary importance since most 
of the matter at the solar system is subjected at pressures 
higher than 10 GPa and only a small fraction of matter at 
the surface of certain planets is exposed to what we call 
“ambient pressure” (0.1 MPa). Consequently, the knowledge 
of the structure of matter at high pressures is important to 
understand the behavior of the planetary and stellar inter-
iors. Furthermore, the importance of knowing the struc-
tures of matter under compression is both of technological  
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and fundamental interest. For instance, high-pressure ex-
periments on superconductors are being conducted to try to 
understand the mysteries of low- and high-temperature su-
perconductivity by pressure-tunning their electrical and  
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magnetical  properties,  and  in  solid-state  chemistry  the 
great challenge, as yet unmet, is to understand the funda-
mental principles governing the formation of crystal struc-
tures and to predict them for given conditions of tempera-
ture, pressure and composition. In the search for those  
fundamental principles the knowledge of the structure of 
matter at extreme conditions of pressures and temperatures 
is of inestimable help to test recent advances in quantum 
mechanical computations [6–10]. 
 One of the major interests in high-pressure science is to 
synthesize materials with new or exotic properties that are 
not present in materials crystallized at ambient conditions 
but that can be found at the interior of the planets and stars 
and in both natural and man-made explosions. Since the 
properties of a material basically depend on the composi-
tion and crystal structure (also known as phase), to obtain 
materials with new properties by means of high pressure 
basically means: (i) to enclose a material with a certain 
composition in a container; and (ii) to apply pressure to the 
container in order to obtain a material with the same com-
position but displaying a different crystal structure or 
phase than that usually found at ambient conditions. When 
a material exposed to high pressures changes its crystal 
structure and symmetry it is said that it has suffered a pres-
sure-induced structural phase transition. In many cases, the 
high-pressure phase can be recovered after pressure release, 
opening this way the door to the existence of metastable 
phases at ambient conditions. The most remarkable exam-
ple is constituted by diamond, an allotropic phase of car-
bon metastable at ambient conditions which is the hardest 
material known to date. Diamond is a phase of tetra-
hedrally coordinated carbon obtained from hexagonal 
graphite at high pressures and temperatures which has re-
cently been synthesized in nanocrystalline and microcrys-
talline forms near ambient pressure conditions [11]. The 
fact that artificial diamond growth was one of the first mo-
tivations to develop high pressure science evidences the in-
terest in obtaining new hard materials synthesized at high 
pressures [12]. Nowadays, new ultrahard materials are be-
ing synthesized, like noble metal nitride PtN [13] which 
seems to be PtN2 indeed, as discussed in Ref. [14], and 
several materials of M3N4 (M = C, Si, Ge, Sn, Ti, Zr, Hf) 
composition [14]. In fact, it has to be confirmed experi-
mentally if high-pressure forms of sp3-bonded carbon ni-
tride (C3N4) have even a larger bulk modulus than diamond, 
as theoretically predicted [15]. Reviews on the high-
pressure synthesis of ultrahard materials have been re-
cently published [14, 16]. 
 Pressures now available in laboratories can induce 
changes in the free energy of materials that exceed those of 
the strongest chemical bonds present at ambient pressure 
(>10 eV). Therefore, pressure can completely redistribute 
electronic densities and change the nature of the chemical 
bonds. In this way, pressure leads to profound changes in 
materials, like converting insulators into metals and soft 
chemical bonds into stiff bonds. Furthermore, pressure 
gives a new dimension to the venerable Periodic Table 
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since elements under compression develop redefined af-
finities, electronegativities, and reactivities. In fact, almost 
all elements, including hydrogen, are theoretically pre-
dicted to behave as metals above a certain pressure. 
 High pressures can be applied to materials in a con-
trolled manner in the laboratory using several devices. 
Most of them derive from the pioneering work developed 
by the Nobel laureate Percy W. Bridgman during the first 
half of the 20th century [17, 18]. Bridgman used mainly 
cells consisting of two opposed truncated cone-shaped an-
vils of tungsten carbide (Bridgman-type cell) that squeeze 
a pyrophyllite chamber containing the samples to be stud-
ied [19]. The work of Drickamer, Williamson, and many 
others also contribute to the development of high-pressure 
research [20]. In those early days of high-pressure science, 
pressure-induced phase transitions were usually detected 
through the sudden changes in resistivity of the squeezed 
materials and maximum pressures were of the order of 
10 GPa. In the post-Bridgman era, a number of other high-
pressure apparatus were designed. One of them was the 
piston-cylinder cell where a sample surrounded by a liquid 
is closed in a cylinder chamber and pressurized by a piston 
that is compressed by a hydraulic press [1]. Electrical, 
magnetic, and optical studies could be performed up to a 
maximum pressure of 3–4 GPa both at low and high tem-
peratures. However, the major development for the expan-
sion of high-pressure studies was the introduction of the 
DAC in the two decades following 1950. With this device 
pressures in excess of 100 GPa (1 Mbar) can be achieved 
safely since the stored energy is very small due to the small 
pressurized volume (around 10–3 mm3). To get further de-
tails of the high-pressure techniques the reader may consult 
the book of Eremets [1], the collection of review articles 
edited by Holzapfel and Isaacs [21], and the collection of 
review articles edited by Hemley and Mao [22]. In the next 
paragraphs we will give a brief description of the operation 
of the most common high-pressure devices used to study 
pressure-induced phase transitions. A detailed account of 
them can be found in Refs. [22, 23]. 
 Nowadays, the most common device to provide high 
pressures in all laboratories is the DAC that was designed 
by Lawson and Tang [24] and developed by Jamieson et al. 
[25] and Weir et al. [26]. A DAC is a device consisting of 
two opposed anvils formed by brilliant-cut, gem-quality 
diamonds each showing two plane surfaces: the table, with 
a big area S (≈4 mm), and the culet, with a small area s  

(50 – 500 µm) (see Fig. 1). When a force F is applied to 
the table the force is transmitted to the culet resulting in a 
great pressure, P = F/s, due to the small dimensions of the 
culet. Due to the large hardness of diamond, in a DAC the 
pressure can be higher than 100 GPa and the highest pres-
sure attained in the laboratory with a DAC is around 
400 GPa [27]. In the DAC the pressure is generated axially 
but it is usually transmitted to the sample quasi-
hydrostatically; i.e., in all directions of the sample. The 
transmission of quasi-hydrostatic pressure to the sample in-
the DAC is based on the Pascal principle; i.e., the pressure 

 
Figure 1 (online colour at: www.pss-b.com) Photograph of the 

diamond-anvil cell and a schematic view of it. 
 
is transmitted equally to all parts of a fluid in equilibrium. 
For that purpose, the sample to be pressurized is loaded 
into a hole performed in a thin metallic gasket (<100 µm 
in thickness) where the sample is completely surrounded 
by a pressure-transmitting medium in static equilibrium. 
When the two diamond anvils, separated by the gasket, 
squeeze the gasket the metal foil deforms plastically and 
the dimensions of the hole are reduced thus pressurizing 
the medium that transmits the pressure quasi-hydro-
statically to the sample. A reference material, like a ruby 
chip, is usually loaded together with the sample in the gas-
ket hole in order to measure the pressure at which the sam-
ple is exposed. 
 Studies of pressure-induced phase transitions using the 
DAC have been performed using almost all the experimen-
tal techniques of condensed-matter physics either at cryo-
genic or high temperatures or at high magnetic fields. 
Changes in the structural parameters between two phases 
can be analyzed by X-ray and neutron diffraction. Changes 
in atomic coordination can be analyzed by X-ray absorp-
tion spectroscopy, or by Mossbauer spectroscopy (if a ra-
dioactive atom is present in the sample). Changes in the 
vibrational properties of two phases depending on the 
composition and structural symmetry of the material can 
be analyzed by Raman, Brillouin, and inelastic X-ray scat-
tering and by infrared spectroscopy. Changes in the optical 
properties can be analyzed by optical absorption or photo-
luminescence measurements, among other spectroscopic 
techniques. Finally, the electronic properties can be ana-
lyzed by means of electrical and magnetic measurements. 
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 The optical techniques (optical absorption, Raman, and 
photoluminescence) are the easiest ones to perform high-
pressure studies inside the DAC since the diamonds are 
transparent over a wide range of frequencies from the in-
frared to the ultraviolet (5.5 eV). However, X-ray powder 
diffraction is the most commonly used when one wants to 
know the structure of the different phases because dia-
monds in the DAC are transparent to hard X-rays exceed-
ing 10 keV. Initially, X-ray studies were conducted in 
laboratories using X-ray tubes or rotating-anode type 
sources. These in-house experiments were rather time-
consuming due to the low flux of X-rays and the small 
volume of the scattering sample inside the DAC. However, 
most of the knowledge of structures at high pressures is 
posterior to 1980 due to the wide access to high fluxes  
of X-rays at modern synchrotron sources that enable to 
perform X-ray diffraction measurements in reasonable 
times and observing weak peaks at the X-ray diffraction 
patterns that previously were not measured due to the low 
flux and small scattering power of some samples. Almost 
all the high-pressure structures have been analyzed by 
means of powder diffraction instead of using single-crystal 
diffraction because many single crystals transform into 
polycrystals when they suffer a pressure-induced phase 
transition. Initially, energy dispersive X-ray powder  
diffraction was used due to the high flux of all X-ray ener-
gies incoming in the DAC; however this method yields 
poor resolution and suffer a number of disadvantages in-
cluding the contamination of spectra with fluorescence 
lines from the sample. Nowadays, angle-dispersive X-ray 
diffraction measurements are preferred despite their 
smaller flux compared to energy dispersive measurements 
due to the development of image-plate detectors that  
record ring two-dimensional X-ray patterns. Image-plate 
detectors offer high intensity by integrating the two-
dimensional pattern and good resolution that enable  
Rietveld refinement of the high-pressure structures. Simi-
larly to X-ray powder diffraction, neutron powder diffrac-
tion is used to resolve the structure in compounds with 
light elements showing small X-ray scattering factors. 
However, due to the smaller flux of neutrons one needs 
larger quantities of sample and the use of miniature DAC 
is replaced by large volume presses (LVP), like the Paris–
Edinburgh cell. The highest pressure achieved with a LVP 
is limited to around 60 GPa [28]. The Paris–Edinburgh 
cell is a modified version of the Bridgman-type cell which 
is designed to be placed at the exit of the neutron flux of a 
nuclear reactor or a neutron spallation source [29]. In  
essence, the Paris–Edinburgh cell is a device in which a 
powder sample is compressed between two opposed anvils 
made of either tungsten carbide or sintered diamond. Sam-
ple confinement is achieved by means of a null-scattering 
gasket with toroidal rings, which locate into corresponding 
grooves machined in the anvil profile. Application of pres-
sure is then achieved by means of an in-situ hydraulic ram, 
which can apply loads of up to 250 tonnes between the two 
anvils. 

 Sometimes the analysis of neutron or X-ray powder 
diffraction patterns is not enough to clearly resolve the 
structure of a high-pressure phase. In this respect, theoreti-
cal calculations and other experimental techniques, like  
X-ray absorption, X-ray emission, Raman scattering and 
photoluminescence, can be of valuable help. Notably, 
many beamlines of modern synchrotron sources dedicated 
to X-ray diffraction studies at high pressures now include 
the possibility to record Raman scattering together with the 
X-ray diffraction patterns. Additionally, advancements in 
theoretical calculations due to the increase of computer 
power and the development of efficient algorithms espe-
cially in density-functional theory in the last two decades 
have lead to total-energy quantum mechanical calculations 
of the stability of different atomic arrangements in an ever 
increasing number of compounds [30]. Recent measure-
ments in scheelite tungstates have highlighted the impor-
tance of combination of X-ray diffraction measurements, 
X-ray absorption studies, Raman scattering measurements, 
and first principles calculations to help in the exact deter-
mination of complex diagrams of high-pressure phases in 
ABX4 compounds [31–34]. 
 In the next section we describe the main characteristics 
of solid–solid pressure-induced phase transitions. We 
highlight the most relevant phase transition features found 
in a number of different inorganic compounds giving an 
overview of the state of the art in high-pressure research by 
emphasizing recent discoveries, hot spots, controversial 
questions, and future directions of research. A brief update 
of previous reviews of oxide and orthosilicate minerals 
[35–37] is given. The description of magnetic, electronic, 
optical, elastic, and mechanistic aspects of solid–solid 
phase transitions are out of the scope of the present Feature 
Article. 
 
 2 High-pressure phase transitions in elements 
and inorganic compounds At given conditions of tem-
perature, pressure, and composition, matter is characterized 
by an arrangement of atoms with determined intrinsic 
properties, that we call phase. When the interatomic dis-
tances of compressed matter are reduced, the forces be-
tween the atoms are modified and the Gibbs free energy of 
the atomic arrangement changes. Usually, the Gibbs free 
energy of the stable atomic arrangement of a material at 
certain pressure (phase 1) increases with increasing pres-
sure. Therefore, at a certain pressure there could be a dif-
ferent atomic arrangement (phase 2) with a smaller Gibbs 
free energy than that of the pressurized phase 1. At this 
pressure, the atomic arrangement of the material in phase 1 
is unstable against the new atomic arrangement of phase 2 
and it is favorable for the material to change the atomic ar-
rangement to minimize the Gibbs free energy at those con-
ditions. When at a certain pressure a material suddenly 
changes the symmetry of its atomic arrangement from that 
of phase 1 to that of phase 2 it is said that the material has 
suffered a pressure-induced phase transition. This transi-
tion to a new structure is usually accompanied by an in-
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crease in the density of the material and new materials can 
be obtained when the new structure of pressurized materi-
als can be retained on decreasing pressure to ambient pres-
sure; i.e., when the new structure is quenched at ambient 
conditions. 
 Phase transitions can be classified according to their 
thermodynamic order, which is the order to the derivative 
of the Gibbs free energy, G, what first show a discontinuity. 
A pressure-induced phase transition is said to be of first-
order when it exhibits a discontinuity in the first derivative 
of G with respect to the variable pressure, P. A pressure-
induced phase transition is said to be of second-order when 
it has a discontinuity in a second derivative of G with 
respect to P. Since the derivative of the Gibbs free energy 
with respect to pressure at constant temperature is the vol-
ume, δG/δP = V, a pressure-induced first-order phase tran-
sition shows an abrupt change in the unit cell volume be-
tween the two phases. On the other hand, since the second 
derivative of G with respect to P is proportional to the 
compressibility, pressure-induced second-order phase tran-
sitions do not show a change in the unit cell volume  
between the two phases but a discontinuity in the com-
pressibility of the two phases. Experimentally it is some-
times very difficult to distinguish a weak first-order phase 
transition from a second-order phase transition. However, 
the symmetry changes in second-order phase transitions 
can be traced by group-theoretical methods based in the 
Landau theory of phase transitions that have been recently 
reviewed [38–40]. 
 On the other hand, the solid–solid phase transitions 
can be classified as displacive or reconstructive from the 
structural point of view. A displacive or diffusionless 
phase transition do not occur by the long-range diffusion of 
atoms but rather by some form of cooperative, homo-
geneous movement of many atoms that results in a change 
in crystal structure often accompanied by a small strain. 
The atomic movements are small, usually less than the 
interatomic distances, and the atoms maintain their relative 
relationships. In this case, the two structures or phases 
usually obey to a group-subgroup relationship and the 
atomic bonds of the parent phase do not break at the phase 
transition. On the contrary, a reconstructive or diffusive 
phase transition takes place when atoms are diffused from 
their original sites moving through distances longer than 
interatomic distances. In a reconstructive phase transition 
atomic bonds are broken to form new bonds and the two 
phases do not have the need to obey a group-subgroup 
relationship. First-order phase transitions can be either of 
reconstructive or displacive type while second-order phase 
transitions are of usually displacive type and occur via the 
“soft mode” mechanism, in which the frequency of a vibra-
tional mode or a volume-preserving shear mode goes to 
zero. Additionally, pressure-induced second-order phase 
transitions show no major change in cation coordination 
and are usually reversible; i.e., the initial phase is recov-
ered after pressure release. However, first-order phase 
transitions are usually accompanied with an increase in 

cation coordination and are irreversible or show a rela-
tively large hysteresis (difference in the phase transition 
pressure at increasing and decreasing pressure) when the 
transition is reversible. 
 A reconstructive phase transition usually yields differ-
ent phase-transition pressures on increasing pressure or de-
creasing pressure. This hysteresis is especially large in first-
order reconstructive phase transitions of covalent materials 
which are usually characterized by large kinetic barriers 
that impede the transition at the equilibrium pressure of the 
two phases. That is the case of diamond that it is theoreti-
cally predicted to transit from the graphite structure to the 
diamond structure at 1.7 GPa at room temperature (RT), but 
the phase transition is hindered by a large kinetic barrier 
that is overcome only at high pressures and temperatures 
(5–9 GPa and 1200–2800 K) [30]. In these cases, the true 
experimental equilibrium thermodynamic pressure must be 
considered to be located at the middle of the hysteresis in-
terval. It is this experimental pressure what can be com-
pared to the calculated equilibrium pressure of the two 
phases obtained from theoretical calculations that do not 
take into account the kinetic barriers. Furthermore, when 
different techniques study the same reconstructive phase 
transition each technique could yield a different phase-
transition pressure. For instance, usually photolumines-
cence and Raman scattering measurements give the smaller 
pressure values, X-ray absorption measurements give in-
termediate values, and X-ray diffraction measurements tend 
to give the larger values. The reason for the differences in 
the estimation of the phase transition pressure with different 
techniques is due to the local or non-local character of the 
different techniques. The merits of the different methods for 
locating the thresholds of reconstructive phase transitions 
have been already discussed in the literature [33, 41]. 
 It is well known that the density of materials of given 
families in the Periodic Table tends to increase with the 
atomic number of their constituents and that applying pres-
sure tends to reduce these differences. In fact, even soft 
materials with van der Waals forces at ambient pressure 
become stiff at high pressures. The increase in density is 
due to the overall decrease of the interatomic distances 
with increasing pressure; however, pressure also leads to a 
decrease of the atomic size. In this respect, it is empirically 
known that long bonds are usually softer and more com-
pressible than short bonds; and that anions (which have 
large ionic radii) are usually more compressible than 
cations (which usually have small ionic radii) [42, 43]. On 
the light of these considerations the effect of pressure is 
twofold: (i) with increasing pressure the decrease of the in-
teratomic distances and of atomic sizes leads to an increase 
of the cation–cation repulsive forces [44, 45]; and (ii) the 
large reduction of anion sizes compared to cation sizes 
leads to an increase of the packing efficiency of anions in 
the cationic sublattice. Therefore, applying pressure results 
in: (i) an increase in density of materials, (ii) an increase of 
cation coordination, and (iii) a decrease of compressibility 
of the material due to electronic repulsion between cations. 
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 On the basis of the above considerations, all pressure-
induced phase transitions have some common features. On 
one hand, pressure-induced phase transitions are character-
ized by dense atomic arrangements where all atoms tend to 
increase their coordination provided that cation–cation  
repulsive forces are small enough to allow that a new crys-
talline phase is formed. This is the so-called “pressure-
coordination” rule. Another rule, the so-called “corre-
sponding state principle”, stays that atomic arrangements 
at high pressures of compounds with light elements are 
those observed in analogous compounds with heavy ele-
ments at smaller pressures. This means that for instance 
elements of the same group in the Periodic Table tend to 
adopt similar structures at high pressure. A clear example 
is given by group-IV elements (C, Si, Ge, and Sn). Carbon 
crystallizes in the hexagonal graphite structure at ambient 
pressure and undergoes a pressure-induced phase transition 
to the diamond structure (which is the structure of Si and 
Ge at ambient pressure), while Si and Ge undergo a pres-
sure-induced phase transition to the β-Sn structure (that of 
Sn at ambient pressure). This idea implies that it is possible 
to construct generalized phase diagrams for the different 
elements and compounds and consequently that it is possi-
ble to understand the systematic of pressure-driven phase 
transitions of materials. 
 A paradox of pressure-induced phase transitions is that 
despite high-pressure phases have usually higher density 
(smaller volume) and higher atomic coordination than low-
pressure phases, the increase in coordination is correlated 
to an increase in the interatomic distances. For example, 
the C–C distance in graphite is 1.42 Å while in diamond is 
1.54 Å. Note that the effect of pressure in a certain crystal-
line structure is to reduce the overall interatomic distances; 
however, once the phase transition from a low-pressure 
phase to a high-pressure phase is accomplished the inter- 
atomic distances in the new phase can be larger than in the 
old one despite having the new phase a more compact 
structure with smaller unit cell volume. In the following 
we will revise the main high-pressure phase transitions in 
several inorganic compounds of different families; i.e., 
with different stoichiometry.  
 
 2.1 Elements under pressure A number of reviews 
have been devoted to the pressure-induced phase transi-
tions in the different elements under pressure in 1972 [46], 
1976 [47], 1986 [37], 1991 [48], 2004 [49] and 2005 [50]. 
More recently a review of the behavior of the metallic 
elements (except actinides and lanthanides) under high 
pressure has been published [51]. Many non-molecular 
elements crystallize in simple high-symmetry structures at 
ambient pressure and temperature like the body-centered 
cubic (bcc), face-centered cubic (fcc), or hexagonal close-
packed (hcp) structures. In general, they undergo phase 
transitions under pressure to denser phases with more 
close-packed structures and increasing atomic coordination, 
except alkaline and alkaline-earth elements due to the 
promotion of s- and p-electrons to d-orbitals with increas-

ing pressure [52, 53]; however, due to the considerable dif-
ferences of the electronic configurations in the different 
elements very different high-pressure phases including 
complex incommensurately modulated and incommensu-
rate host-guest composite structures have been discovered 
in the last two decades. It is worth mentioning that despite 
considerable progress has been recently made in determin-
ing the crystal structures of the complex high-pressure 
structures [54], little is known about their physical proper-
ties [55]. In fact, an unexplored area for searching a 
charge-density wave state competing with the supercon-
ducting state in many complex incommensurate crystal 
structures of group V, VI, and VII heavy elements has 
been recently devised [56]. Furthermore, the observation of 
crystal-chemical differentiation of physically identical at-
oms in several complex high-pressure modifications of 
some metallic elements has encouraged renewed interest in 
the properties of compressed binary alloys [49]. This crys-
tal-chemical differentiation of otherwise identical atoms 
may be related to the proposed charge transfer of electrons 
to the lattice in order to satisfy the “8-N or octet” rule for 
electronic configurations [57]. Figure 2 shows the Ba-IV 
structure that constitutes an example of the incommensu-
rate structures (composed of a host and several guest struc-
tures). The Ba-IV phase is isostructural to K0.42Cd2 and to 
the Bi2Al2 squeleton in Bi2Al2O9. This last structure has 
been interpreted in Ref. [58]. 
 Special attention must be given to the phase transitions 
of group 14 (or group IVA) elements because: (i) they are 
related to III–V and II–VI semiconductors; (ii) they are 
key to understand the phase transitions in a number of 
complex compounds, and (iii) they display recently devel-
oped framework structures with unusual properties. The 
phase transitions of group 14 elements have been recently 
reviewed [30, 59]. The stable form of C under normal con-
ditions is hexagonal graphite which transforms into dia-
mond at high pressures and temperatures as already com- 
 

 

Figure 2 (online colour at: www.pss-b.com) Incommensurate 

Ba-IV structure showing both the host (red) and guest (white) 

structures. 
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mented. In diamond, C atoms are fourfold-coordinated and 
the diamond phase is metastable at ambient conditions; 
however, it has been theoretically predicted to undergo a 
transition to a sixfold-coordinated structure at pressures of 
the order of 1 TPa, which is far beyond the pressures  
already obtained in the laboratory (see discussion in [30]). 
Furthermore, despite diamond is an electrical insulator at 
ambient conditions, boron-doped diamond synthesized at 
high pressure and high temperature has been found to be a 
low-temperature superconductor [60]. This discovery sug-
gests that Si and Ge, which also crystallize in the fourfold-
coordinated diamond structure, may similarly exhibit  
superconductivity under appropriate conditions. Si and  
Ge undergo phase transitions to the β-Sn, Imma, simple 
hexagonal (sh), Cmca, and hcp structures. A further hcp to 
fcc transition has been experimentally observed in Si, 
which is stable up to the highest pressure reached 
(248 GPa [61]), but has not been found in Ge up to the 
highest pressure reached (190 GPa [62]). All these phase 
transitions are accompanied of an increase in atomic coor-
dination with increasing pressure. Interestingly, several 
phases have been found in Si and Ge on decreasing pres-
sure from the β-Sn phase. Bc8 or r8 phases have been 
found in Si, while bc8 or st12 phases have been found in 
Ge depending on the slow or rapid decrease of pressure or 
the temperature. As regards Sn, it is a semimetal that crys-
tallizes at normal conditions in the β-Sn structure and tran-
sits to structures with higher atomic coordination, first to 
the bct phase and afterwards to the bcc phase, which is sta-
ble up to at least 120 GPa [63]. A transition at higher pres-
sures to the hcp phase has been theoretically predicted [64]. 
Finally, Pb is a metal that crystallizes at normal conditions 
in the fcc structure. A first phase transition to the hcp and a 
second phase transition to the bcc structures have been re-
ported [65, 66]. 
 The most recent developments in group 14 elements 
are the formation of expanded framework allotropes of C, 
Si, Ge, and Sn. At ambient conditions carbon can be crys-
tallized in expanded forms containing nano-sized cages. 
Some of them are closed structures named fullerenes, C60 

or C70, which can be linked to form fullerites through van 
der Waals bonds between the cages; others are open struc-
tures known as nanotubes. For a detailed account of the 
properties of fullerites under pressure we refer the reader to 
recent reviews [67–69]. Expanded forms of Si, Ge, and Sn 
are collectively known as clathrates. Studies in group 14 
clathrates and their high-pressure behaviors have been re-
cently reviewed [69–71]. Some of them are superconduct-
ing, like silicon-based Ba-doped clathrates [72, 73], and 
are often prepared under high-pressure conditions or even 
theoretically predicted to be stable at negative pressures 
like clathrate Si136 [74]. 
 Actinides and lanthanides have also an interesting 
high-pressure behavior, particularly because of the role 
played by f-electrons. The nature of the 4f electrons in 
many rare-earth metals and compounds may be broadly 
characterized as being either “localized” or “itinerant,” and 

it is held responsible for a wide range of physical and 
chemical properties. The regular trivalent rare-earth struc-
tural sequence [75–77] observed at low pressures for La 
through Lu excepting Eu and Yb as a function of increas-
ing pressure or decreasing atomic number, typifies this  
behavior. All of them are high-symmetry close-packed 
structures and the sequence hcp → Sm-type → double 
hexagonal close packed (dhcp) → fcc may be reproduced 
solely by transfer of sp electrons to the d-band [52]. The 
same sequence is observed under pressure in 4d metal Y, 
which has no adjacent f-states. Under further compression, 
the 4f electrons become itinerant, fully participating in 
chemical bonding. This leads to open, low-symmetry struc-
tures. The transition is of first order and may be accompa-
nied by a discontinuous drop in volume and a stiffening of 
the crystalline lattice. Examples of these structures are the 
α-U (Cmcm) structure and the monoclinic C2/m structure 
found in Gd, Tb, and Pr [78–81]. In the case of the acti-
nides, these 5f elements show many high-pressure proper-
ties which have direct correspondence to the 4f lanthanides. 
A detail description of their high-pressure behavior has 
been given by Johansson and Li [82]. 
 
 2.2 AX compounds Similarly to the case of the ele-
ments under pressure, two relatively recent reviews have 
been devoted to the high pressure phase transitions in AX 
compounds, especially for the important binary semicon-
ductors of the III–V and II–VI families present in the op-
toelectronic industry [30, 59]. The less ionic of these  
binary semiconductors crystallize in the zincblende  
(F43m) structure, like AlSb, AlAs, AlP, GaSb, GaAs, GaP, 
InSb, InAs, InP, ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe, HgS, 
HgSe, and HgTe. Some binary semiconductors with a cer-
tain ionic character crystallize in the wurtzite (P63mc) 
structure, like AlN, GaN, InN, ZnO, and BeO. Finally, the 
most ionic binary semiconductors (MgO, CdO, HgO) and 
most of the binary alkali halides (I–VII family) crystallize 
in the rocksalt (Fm3m) structure. Since rocksalt-structured 
alkali halides transit to the CsCl (Pm3m) structure, the se-
quence of pressure-induced phase transitions expected for 
the zincblende compounds was: zincblende → rocksalt → 
double β-Sn → CsCl [83]. However, zincblende binary 
semiconductors either undergo a phase transition to the 
rocksalt or to the Cmcm phase (an orthorhombic distortion 
of rocksalt) while the double β-Sn structure is not observed 
in any IIIA–VA and IIB–VIA compound [30]. 
 An unexpected structure found in these compounds is 
the hexagonal cinnabar (P3121) phase with cation coordi-
nation between that of the zincblende and of the rocksalt 
phase. The cinnabar structure can be considered as a dis-
tortion of the Si subarray in quartz and is related to the 
structure of the alloy CrSi2 [58, 84]. In fact, the formation 
of the cinnabar structure by Si atoms in quartz agrees with 
the relationship established between oxidation and pressure 
[85, 86]. When O atoms are inserted into the Si network, 
the Si atoms “feel” the pressure and stabilize the high-
pressure Si structure (cinnabar-like). This pressure can be 
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released by heating and consequently quartz transforms at 
high temperature into cristobalite where the ambient pres-
sure (diamond-like) structure of Si is recovered. The se-
quence expected under pressure for III–V and II–VI com-
pounds is zincblende → cinnabar → rocksalt → Cmcm → 
CsCl. In fact, ZnTe follows the sequence: zincblende → 
cinnabar → Cmcm. HgS crystallizes in the cinnabar phase 
at ambient conditions and undergoes a phase transition to 
the rocksalt phase near 13 GPa [87]. The absence of the 
high-pressure rocksalt phase (in some compounds like 
GaAs) and the direct transition to the Cmcm phase is re-
lated to the ionicity of the compounds, being the most ionic 
those that exhibit a larger tendency towards the rocksalt 
phase [88]. The absence of a phase transition towards the 
CsCl phase at even higher pressures in many compounds 
has been also theoretically discussed [89, 90]. Recently, a 
theoretical review of the predicted phases of InAs under 
high pressure above the Cmcm structure, and giving sup-
port to a super-Cmcm structure, has been published [91]. 
Also a review of the high-pressure phases in II–VI semi-
conductors has been recently published [92]. We have to 
comment that the mechanism of the above transitions is 
still not clear and seems to depend on the material. The 
mechanisms of the first-order zincblende-to-rocksalt and 
wurtzite-to-rocksalt phase transitions have been recently 
discussed in a number of compounds (see Refs. [93, 94] 
and references therein). 
 A particular mention in this section deserves the alka-
line-earth chalcogenides (AX with A = Be, Mg, Ca, Sr, Ba 
and X = S, Se, Te). These semiconductors have important 
applications in optoelectronic devices specially when 
mixed with II–VI wide band gap semiconductors. Pres- 
sure-induced phase transitions from octahedrally-coor-
dinated structures to eightfold-coordinated structures are 
very common in these compounds [95–98]. A very inter-
esting feature is that compression leads to a gradual over-
lap of the valence band with the conduction band which 
causes a metallization of the compounds, in some cases at 
relatively low pressure like in BaTe where the metalliza-
tion occurs at 20 GPa. Most of them, like MgS and MgSe, 
crystallize in the rocksalt structure but some of them, like 
MgTe, crystallizes either in the wurtzite or NiAs structures 
despite the hexagonal NiAs (P63/mmc) structure has been 
predicted to be the most stable at ambient pressure [99]. In 
fact, a wurtzite to NiAs phase transition was found be-
tween 1 GPa and 3.5 GPa [100]. Recently, a theoretical 
prediction of the phase transition from the NiAs structure 
to the orthorhombic Pnma structure above 43 GPa has been 
published [101] despite no transition was found up to 
60 GPa [100]. On the other hand, MgSe has been found to 
transit from the rocksalt to the FeSi structure around 
100 GPa in relatively good agreement with calculations 
[102, 103]. 
 Especially important to Earth sciences is the monoxide 
group, which includes simple oxides of the divalent metals. 
At least thirty monoxide minerals and compounds are 
known, with two thirds crystallizing in the cubic rocksalt 

structure. Some of these oxides like periclase (MgO) and 
wustite (FeO) have been the subject of extensive high-
pressure studies due to their geophysical relevance [104–
106]. The rocksalt structure is found to remain stable up to 
Mbar pressures. However, a phase-transition to the CsCl 
structure is predicted. The NaCl to CsCl phase transition is 
very well-known in NaCl [107] and has been found to take 
place in other alkali halides [108], and also in some silver 
halides [109, 110]. In particular, it has been also experi-
mentally found in other alkaline-earth oxides like CaO at 
relative low pressure [111]. The rocksalt-to-CsCl phase 
transition always occurs with a large volume collapse in-
dicative of its first-order nature. Notably, copper halides 
and AgI, which are less ionic I–VII compounds, crystal-
lizes either in the zincblende or in the wurtzite structures 
and undergo a phase transition towards the rocksalt phase 
[112, 113]. In the case of AgI, an intermediate structure be-
tween NaCl and CsCl has been recently proposed to be to 
either a monoclinic P21/m or to orthorhombic Cmcm [113] 
but still has to be experimentally confirmed. 
 
 2.3 A2X compounds Among these compounds the 
A2O materials are the most studied under high pressure. 
Due to the –2 valence of O, the A cation should have va-
lence +1 and this limits the number of compounds with this 
stoichiometry to alkaline cations plus H, Cu and Ag. H2O 
is the most studied A2X compound because of its para-
mount importance in the physical and chemical sciences 
and its key role in life. Water is a molecular compound 
with important hydrogen bonding that freezes with increas-
ing pressure and whose pressure-temperature phase dia-
gram shows a large number of different liquid and solid 
phases (ices) with many unresolved questions [114–118]. 
 Related to H2O is Li2O which has been recently studied 
upon compression [119, 120]. A pressure-induced phase 
transition from the cubic antifluorite (Fm3m) to the ortho-
rhombic anticotunnite structure (Pnma) apparently takes 
place at pressures between 45 GPa and 50 GPa (experi-
ment) or at 36.9 GPa (first-principles calculations). The an-
ticotunnite structure has been observed also in Li2S, Na2S, 
and K2S under pressure [121–123] and has been proposed 
as a new high-pressure phase of ice above 150 GPa [124, 
125]. Furthermore, sulfides undergo a pressure-induced 
phase transition from the anticotunnite to the hexagonal  
θ-Ni2In structure (P63/mmc) and it has been predicted that 
this will occur also in Li2O above 100 GPa [126] and likely 
in the other alkaline oxides (Na2O, K2O, Rb2O, and Cs2O) 
for which interesting theoretical predictions have been 
made [127]. Interesting for the future is also the high-
pressure study of antifluorite compounds like Mg2X  
(X = Si, Ge, Sn) and Be2C which are expected to contrib-
ute to the better understanding of the structural behavior of 
ionic A2X compounds. 
 The crystal structure of cuprite (Cu2O) and its iso-
morph, Ag2O, is cubic (Pn3m) with Cu or Ag at the 2a po-
sition and O at the 4b position. In this structure the cations 
have an unusual linear two-coordination, where each O is 
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coordinated to a tetrahedron of Cu or Ag cations. Cu2O 
transforms to a hexagonal structure at 10 GPa and to the 
CdCl2 (R32) structure at 18 GPa [128]. In Ag2O the hex-
agonal structure becomes stable at 0.4 GPa and it is re-
tained at least up to 29 GPa [128]. At high temperature 
(450 °C) cuprite decomposes into Cu + CuO but such a 
breakdown has not been observed upon compression. 
 To close this section we would like to call the attention 
of the readers to silicides like Ni2Si and Fe2Si, which have 
been recently studied under compression [129], and are 
important because the Earth’s core is believed to consist of 
an iron-nickel alloy with several percent of light alloying 
elements. For Fe2Si, two different polymorphs have been 
reported in the literature, the cubic hapkeite structure 
(Pm3m), found in grains of lunar meteorites, and a trigo-
nal structure (P3m1),  which is a slight distortion of the 
Ni2Al-type structure. The recent studies showed that the 
last structure is the most stable structure and that it is  
expected to remain stable up to Mbar pressures. They also 
found that Fe2Si has a bulk modulus of 255 GPa, the larg-
est value found among iron silicides. This hardness seems 
to be related with the high Si–Fe coordination; each Si is 
coordinated by 11 Fe atoms. Regarding Ni2Si, at ambient 
conditions it crystallizes in an orthorhombic structure 
(Pbnm) but at high temperature it transforms into the hex- 
agonal θ-Ni2Si, an aristotype of θ-Ni2In. However, upon 
compression the orthorhombic structure of Ni2Si is theo-
retically predicted to be stable up to at least 400 GPa [129]. 
It is important to note here that a highly anisotropic com-
pression was observed in Ni2Si. In particular, the linear in-
compressibility of Ni2Si along the c-axis is similar in mag-
nitude to the linear incompressibility of diamond. This fact 
is related to the higher valence-electron charge density of 
Ni2Si along the c-axis and could lead to future industrial 
applications of Ni2Si. 
 
 2.4 AX2 compounds The pressure-induced phase 
transitions in AX2 compounds have been reviewed in Ref. 
[130]. Silica (SiO2) is by far the most important AX2 com-
pound for fundamental solid state physics and chemistry 
and for Earth and materials science. Silica exhibits a very 
rich polymorphism with more than 30 stable or metastable 
structures, depending on the pressure–temperature history 
of the samples studied; and some of the silica phases are 
abundant in nature, like α-quartz and stishovite. Therefore, 
the stable form of silica at ambient conditions (α-quartz) is 
a model material for studies of chemical bonding, struc-
tural phase transitions, glass formation, and mineralogy.  
 The majority of the polymorphs of silica observed at 
pressures below 9 GPa, like quartz, high and low cris-
tobalites, tridymites and coesite, are built of SiO4 tetrahe-
dra [131, 132]. Denser forms of silica, like stishovite, the 
monoclinic P21/c phase, the CaCl2-type, and α-PbO2-type 
phases, containing SiO6 octahedra, are formed above 
9 GPa [132–136]. Among the high-pressure phases of sil-
ica, rutile-type SiO2, also known as stishovite, is the most 
important because is one of the main components of the 

Earth’s mantle. Therefore, the high-pressure behavior of 
rutile-type dioxides is of considerable importance to man-
tle mineralogy. 
 In addition to silica other important AX2 compounds 
are rutile (TiO2) and its isomorphs, which display a 
tetragonal symmetry (P41/mmm). They represent the most 
common structure of naturally occurring AO2 dioxides. 
Rutile is the ambient structure of cassiterite (SnO2), py-
rolusite (MnO2), plattnerite (PbO2), germanium dioxide 
(GeO2), and ruthenium dioxide (RuO2). In the rutile struc-
ture, the oxygen sublattice can be seen as a largely dis-
torted fcc in which only one of the two octahedral sites is 
filled by the metal. The rutile structure has been also 
shown to consist of infinite rectilinear chains of AO6 octa-
hedra parallel to the c-axis, united by corner sharing to the 
identical adjacent chains. This arrangement of octahedral 
chains causes the highly anisotropic structural compression 
and thermal expansion. High-pressure studies of rutile-type 
dioxides have shown that they have large axial compres-
sion anisotropy with the a-axis being twice as compressible 
as the c-axis [137, 138]. This can be attributed to the strong 
metal cation–cation repulsion along the edge sharing 
chains of octahedra. It is noteworthy that these compounds 
are quite uncompressible with a bulk modulus ranging 
from 216 GPa (TiO2) [139] to 313 GPa (SiO2) [134]. 
 In addition to rutile, there are several other dense forms 
of AO2 dioxides because comparable energies are found 
for slightly different octahedral interlinks. For example six 
polymorphs have been reported in PbO2 at pressures lower 
than 47 GPa [140]. GeO2 undergoes a transition at RT 
from the tetragonal rutile structure at ambient pressure to 
the cubic pyrite-type structure (Pa3)  at 70 GPa [141],  
following the structural sequence: rutile → CaCl2-type 
(Pnnm) → α-PbO2-type (Pbcn) → pyrite. This transition 
sequence is the same as that in SnO2 and RuO2 [142, 143]. 
Furthermore, studies in SiO2 showed the same transition 
sequence except for the pyrite phase [144]. The pyrite 
structure is basically a modified fluorite structure with the 
oxygen atoms significantly displaced from their positions 
in the fluorite structure. This leads to a distortion of the 
coordination polyhedron from a cube to a regular rhombo-
hedron resulting in an increase of the Si coordination from 
6 in rutile to 6 + 2 in pyrite. High-pressure studies have 
been also carried out in ZrO2 (baddeleyite), HfO2, CeO2, 
and TiO2 [145–150]. In these compounds, the α-PbO2-type, 
fluorite-type (Fm3m), baddeleyite (P21/c) and cotunnite 
(α-PbCl2) structured phases become stable upon compres-
sion. Recently discovered new phases of TiO2 have prom-
ising properties. Cotunnite-type TiO2 (see Fig. 3) is the 
hardest oxide known [151] and the cubic phase of TiO2  

(c-TiO2), synthesized at a pressure of 48 GPa and tempera-
tures of 1900–2100 K by heating anatase in a DAC [152], 
could be an important material for future generation of so-
lar cells because it has an absorption coefficient in the 
visible range 3 or 4 orders of magnitude larger than the 
anatase TiO2 used in conventional solar cells. However, the 
exact nature of the promising cubic TiO2 (c-TiO2) phase, 
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with either the fluorite or pyrite structure, still has not been 
solved [153]. In all these compounds, the high-pressure 
phases have a smaller compressibility than the rutile phase; 
e.g. the bulk modulus of rutile phase in TiO2 is 216 GPa 
while in the α-PbO2 phase is 253 GPa [149]. This fact is 
consistent with the increase of the Ti coordination induced 
by pressure. It is interesting to mention here that the com-
bination of pressure and temperature create a very rich 
polymorphism for the AO2 compounds, in particular in 
SiO2 and GeO2. In these two dioxides, apparently kinetics 
has a large effect on pressure-induced phase transitions. 
Therefore, the high-pressure behavior of SiO2 and GeO2 
depends on the starting material and the pressure-
temperature history [154]. However, it has been shown that 
both dioxides have a common sequence of high-pressure 
high-temperature structural transformations [154]. Most 
important, the end-stage of the structural sequence is in 
both cases the pyrite-type structure, reached in GeO2 at 
70 GPa and in SiO2 at 205 GPa. In spite of the large 
amount of theoretical and experimental work already car-
ried out on AO2 compounds, the study of pressure-driven 
phase transitions in them down to the core-mantle bound-
ary of Earth needs further analysis because it can affect the 
lower mantle composition through a possible breakdown of 
silicate perovskite, the major lower mantle mineral. 
 An interesting case is that of TeO2 which is the only 
oxide showing a post-cotunnite phase whose structure is 
not known. The post-cotunnite phase seems to be neither 
the Ni2In nor the Co2Si found in some dihalides at high 
pressures [155]. Possible phases for this structure might be 
the Ca2Si (P21/c) structure also found in BaCl2 and PbCl2 
[156, 157] or the MgCu2 (Fd3m) of cubic Laves structure, 
which is also observed in the cation substructure of spinels. 
As regards the high-pressure behavior of compounds that 
crystallize in the cubic Laves structure (MgCu2-type), 
CeAl2 and GdAl2 are found to be stable in the cubic Laves 
phase up to 23 GPa and 16 GPa, respectively [158]. How-
ever, these compounds have been predicted to transform to   
 

 

Figure 3 (online colour at: www.pss-b.com) Post-cotunnite 

phase (hexagonal Ni2In) in many A2O and AO2 compounds. Big 

blue atoms are In and small red atoms are Ni. 

the hexagonal MgZn2 Laves structure (P63/mmc) [158]. 
Recent studies on YFe2, ErFe2 and YMn2 found that the 
Laves phases retained their initial cubic structure at least 
up to 30 GPa [159, 160]. In the case of UMn2, according 
with X-ray diffraction experiments, the cubic Laves phase 
distorts at pressures above 3 GPa. The analysis of the asso-
ciated splitting of the diffraction lines reveals that this dis-
tortion is orthorhombic and qualitatively the same as the 
already known distortion observed at low temperatures 
[161]. It is also interesting to note that in the structural map 
for AX2, the compound ThAl2, which crystallizes in the 
AlB2 structure at ambient conditions, falls upon moderate 
compression in the region of Laves phase (MgCu2) com-
pounds [162]. The study of the high-pressure behavior of 
Laves structures has recently received a lot of attention be-
cause recent studies on CaLi2 have predicted that it should 
be a very peculiar material under pressure. Its structure is 
predicted to undergo a structural bifurcation on densifica-
tion to structures compressed or elongated in one lattice di-
rection [163]. 
 A parallelism can be drawn between the high-pressure 
behavior of dioxides and difluorides. Most cubic fluorite-
type difluorides including CaF2, CdF2, SrF2, BaF2, MnF2, 
PbF2, and EuF2 have been shown to transform to the co-
tunnite (α-PbCl2) structure at pressure below 10 GPa [164, 
165]. On top of that, rutile-type MnF2 was found to trans-
form above 3.6 GPa to the α-PbO2 phase. This phase tra-
sition is believed to proceed via fluorite-related structures 
or a cotunnite-type structure [166]. The cotunnite structure 
is also the high pressure phase of actinide dioxides like 
UO2 and ThO2 which at ambient pressure crystallize in the 
fluorite structure [167]. Both in oxides and fluorides the 
transition to the orthorhombic α-PbCl2-type or α-PbO2-
type structures takes place together with a large volume 
collapse indicative of the first-order character of the transi-
tion. The analogies drawn in the literature between oxides 
and fluorides can be also used to predict the high-pressure 
behavior of novel compounds like Yb2Ge, Eu2Ge, and 
Eu2Si, which crystallize in the α-PbCl2-type structure at 
ambient conditions [168]. Upon compression these com-
pounds quite likely will transform to a structure related to 
pyrite. 
 Other compounds like CaCl2 have a slightly different 
behavior upon compression. It undergoes a sequence of 
phase transitions which is unique among AX2 compounds: 
it transforms from CaCl2 (a monoclinic distortion of rutile) 
to cotunnite, successively through α-PbO2, EuI2 and SrI2-
type phases. In a narrow pressure range, five different 
phases are found. No other AX2 compound undergoes such 
a large variety of transitions, except PbO2 [169]. In this se-
quence of transitions the coordination number gradually 
increases from 6 at ambient pressure to 9 in the cotunnite 
structure. In this compound, apparently the cubic pyrite-
type structure does not become stable upon compression. It 
is important to note here that the occurrence of the EuI2 
and baddeleyite structures is not frequent in AX2 com-
pounds. It is found for ZrO2, HfO2 and EuI2 at ambient 
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pressure or for CaCl2, CaBr2 and TiO2 under pressure. This 
structure is only found for compounds with cations which 
have a particular electronic structure: an empty d-electron 
shell close to other occupied states [130]. 
 Additional high-pressure studies on AX2 compounds 
have been performed in dihydrides and diborides. Rutile-
type MgH2 was examined up to 57 GPa at RT. It was 
found to transform to γ-MgH2 with the α-PbO2 structure 
[170]. A complete conversion to the γ-phase, however, did 
not take place and these two phases coexisted up to 9 GPa. 
Above 9GPa, MgH2 transformed to an orthorhombic phase 
(HP1-phase), and further to another orthorhombic phase 
(HP2-phase) at around 17 GPa. Space groups of the HP1 
phase and the HP2-phase were concluded to be Pbc21 and 
Pnma (cotunnite-type), respectively. Cotunnite-type MgH2 
was stable at pressures up to 57 GPa. Thus the structural 
sequence of MgH2 involves an increase in the coordination 
number of magnesium ions from 6 to 9. BaH2 have shown 
a phase transformation from the cotunnite to the  
θ-Ni2In structure at 2.5 GPa, and a second transition be-
tween 50 GPa and 65 GPa [171]. At the second transition 
the arrangement of the cation sublattice changes from an 
hcp to a sh lattice which seems to be a final step in the 
structural sequence of ionic AH2 compounds under high 
pressure. TiH2 has also recently revealed a cubic (Fm3m)  
to tetragonal (I4/mmm) phase transition at 2.2 GPa which 
persists up to 34 GPa [172]. It has been also found that the 
bulk modulus of TiH2, 146(14) GPa, is greater than that of 
pure Ti metal, 117(9) GPa [173]. Interstitial alloys of tran-
sition metals and hydrogen usually exhibit properties 
which are unlike those of elemental metals, including crys-
tal structure, mechanical properties, as well as very differ-
ent electronic properties [174]. In the case of TiH2, it was 
found that the binding energy of Ti is greater than that of 
Ti in the elemental metal, what could account for the 
greater bulk modulus of the hydride. A similar phenomena 
has been also observed in MgH2, which has a bulk 
modulus close to 55 GPa [175] while Mg has a bulk 
modulus of about 36 GPa [176]. 
 In this section we would also like to dedicate some 
space to the important family of diboride superconductors. 
X-ray diffraction measurements in MgB2 compressed at 
RT to 40 GPa did not reveal any phase transformation 
[177]. However, an anomalous high-pressure behavior has 
been seen in Raman measurements in MgB2 near 18 GPa 
[178] that electronic-structure calculations have assigned 
to an electronic topological transition. On top of that, indi-
cations of a phase transition in MgB2 above 9 GPa at RT 
after stress relaxation by laser heating [179] have been ob-
served. The transition was detected using Raman spectro- 
scopy and X-ray diffraction [180]. The structure of MgB2 
(P6/mmm) is composed of planar hexagonal arrays of B 
atoms intercalated by Mg atoms such that each Mg atom 
has 12 B atoms in equal distance as nearest neighbors, 
while each B is surrounded by six equidistant Mg atoms. 
The observed pressure-induced changes are consistent with 
a second-order structural transition involving a doubling of 

the unit cell along the c-axis and a reduction of the B site 
symmetry. Moreover, Raman spectra suggest a reduction 
in electron–phonon coupling in the slightly modified 
MgB2 structure consistent with the previously proposed 
topological transition in MgB2. Regarding compressibility, 
MgB2 has been found to have a bulk modulus of 150 GPa 
[181], being this compound also characterized by a moder-
ately sizable anisotropy of compressibilities, which is 
smaller than for other related diborides like TiB2 and AlB2 

[182]. An interesting compound is ReB2 which has been 
proposed to be a superhard material with an axial com-
pressibility along the c-axis smaller than that of diamond 
[183]. The structure of ReB2 consists of alternating layers 
of hexagonal close-packed Re atoms and puckered hexa-
gonal networks of B atoms. Apparently, the uncompressi-
bility of ReB2 along the c-axis is caused by the orientation 
of the Re–B bonds. However, the superhard characteristics 
of ReB2 has been recently put into doubt [184], indicating 
that new studies are needed to better known the high-
pressure properties of ReB2. In other diborides, like AlB2, 
TiB2, VB2, and ZrB2, no phase transition has been observed 
up to 40–50 GPa [185–187]. Bulk moduli of 237 GPa, 
322 GPa, and 317 GPa were found in TiB2, VB2, and ZrB2, 
respectively; while that of AlB2 is 170 GPa and its com-
pressibility is moderately anisotropic, consistent with the 
anisotropic bonding properties in this material. 
 To conclude this section, we would like to comment 
the interesting case of framework structures of AX2 com-
pounds under pressure. CO2 is well known by forming 
strongly-bound molecular phases at low pressures. At high 
pressures and temperatures the double C=O bonds are  
replaced by singly-bounded polymerized CO4 groups 
(phase V) that form crystalline [188] and amorphous  
[189] framework structures analogous to SiO2 and GeO2. 
In fact, CO2-V is likely a superhard material with the com-
pressibility being similar to cubic-BN [188]. Zeolites are 
framework structures based on SiO2 whose pressure de-
pendence with different pressure media is still poorly un-
derstood. It is known that some zeolites undergo a phase 
transition to amorphous phases on increasing pressure 
[190]; however, a pressure-induced phase transition to a 
different zeolite crystalline structure still has not been re-
ported. 
 
 2.5 ABX2 compounds ABX2 compounds can be seen 
as A2X2 compounds and consequently are related to AX 
compounds. Therefore, many structures of the ABX2 com-
pounds are superstructures of those present in the AX 
compounds. Among ABX2 compounds the most studied 
are those of the chalcopyrite (CuFeS2) family whose struc-
ture (I42d)  is a zincblende structure doubled along the  
c-axis. These compounds have received considerable atten-
tion because many of them (like CuInSe2 and CuGaSe2) 
show promising electrical and optical properties for solar 
cell devices. The high-pressure behavior of the chalcopyri-
tes has been extensively studied during the 90’s [191–193]. 
Because these compounds are isoelectronic with the 
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zincblende II–VI semiconductors, they are expected to 
have a similar high-pressure structural sequence. Indeed a 
chalcopyrite to rocksalt transition is found at relative low 
pressures in AgGaX2 (X = S, Se, and Te) [192], CuAlS2, 
CuGaS2, CuInS2, AgInSe2 and many other compounds 
[194], being the rocksalt structure the stable phase at ambi-
ent conditions in others like AgSbTe2. In some compounds 
the transition is direct and in others it occurs through a dis-
order zincblende (P4)  or a α-NaFeO2 structure (C2/m). 
The analogy between the chalcopyrite and the zincblende-
structured binary compounds does not finish here. A sec-
ond phase transition from the rocksalt structure to an ortho-
rhombic Cmcm structure has been recently found in 
CuGaTe2 and CuInTe2. This structure is analogous to the 
post-rocksalt structure found in zincblende-structured 
CdTe and ZnTe [59]. Also similar to rocksalt-structured 
binary compounds, AgSbTe2 has been found to undergo a 
transition from the rocksalt towards the CsCl phase [195]. 
Even though the systematic of phase transitions induced by 
pressure in chalcopyrites seems to be well established, in 
the lasts years there was a rebirth of the high-pressure stud-
ies on these compounds. These studies have been triggered 
by the fact that a chalcopyrite structure is predicted for the 
potential superhard boron-carbonitride (BC2N) [196]. The 
new studies are focused not only in the nitrides but also in 
compounds like CdGeP2 [197] and CuFeS2 [198]. Static 
and dynamic structural properties of CuFeS2 under high 
pressure have been investigated by X-ray diffraction and 
57Fe nuclear resonant inelastic scattering. These studies 
found evidence that a pressure-induced amorphization, ac-
companied of a metal–insulator transition, occurs at about 
6.3 GPa. In spite of being the chalcopyrites a long-studied 
subject, much remains to be done in this field and that in 
the nearest future one may expect new interesting results. 
 Finally, other ABX2 compounds related to chalcopyri-
tes, whose pressure dependence is receiving attention in 
the last years, are the compounds crystallizing in the dela-
fossite structure. Delafossite is the mineral CuFeO2 whose 
structure is R3m and is the general name of ABX2 com-
pounds crystallizing in this structure like CuAlO2, CuGaO2, 
CuScO2, CuYO2 AgAlO2, AgGaO2, AgInO2, and AgScO2 
among others. Some of them have been proposed for 
transparent conductive oxides for solar cells and flat panel 
displays. Recently, a phase transition to a still unresolved 
structure has been observed in CuGaO2 and CuAlO2 near 
26 GPa and 34 GPa, respectively [199–201]. Similarly, 
two phase transitions to still unresolved structures have 
been found in CuScO2 between 13 GPa and 18 GPa [202]. 
New and exciting high pressure results will help us to un-
derstand the special character of Cu and Ag in these com-
pounds. 
 
 2.6 A2X3 compounds Sesquioxides (A2O3) are very 
important materials since they play a vital role in the pro- 
cessing of ceramics as additives, grain growth inhibitors, 
and phase stabilizers. They have also potential applications 
in nuclear engineering and as host optical materials  

for rare-earth phosphors. Besides, sesquioxides with co-
rundum-like (R3m)  structure, like corundum (α-Al2O3), 
hematite (α-Fe2O3), and eskolaite (α-Cr2O3), are relevant to 
Earth Sciences because they are mantle minerals. Further-
more, the high-pressure behavior of corundum α-Al2O3 is 
of particular interest to high-pressure research owing to the 
common use of the ruby fluorescence scale to determine 
pressure in experiments using the DAC. 
 The corundum structure is also common to karelianite 
(V2O3) as well as Ti2O3, Ga2O3, and In2O3 and no pressure-
induced phase transition is know in Al2O3 up to 100 GPa at 
RT. However, a phase transformation has been reported to 
occur around 100 GPa at temperatures exceeding 1000 K 
[203, 204]. Full-profile Rietveld refinements show that the 
high-pressure phase has the Rh2O3(II) (Pbcn) structure, 
which is structurally related to corundum, but with the 
AlO6 polyhedra highly distorted. This structure was previ-
ously observed in Rh2O3 [205] and is in good agreement 
with theoretical predictions [206, 207]. Another phase 
transition to the Pbnm-perovskite structure is theoretically 
predicted in Al2O3 above 200 GPa [208, 209]. Similarly to 
α-Al2O3, α-Fe2O3 at RT transforms to the Rh2O3(II) phase 
above 50 GPa [210]. However, in situ high-pressure  
experiments using a laser heated DAC reported that  
α-Fe2O3 transforms to a perovskite (Pnma) structure at 
30 GPa and to a post-perovskite CaIrO3 (Cmcm) structure 
above 50–60 GPa [211, 212]. A similar transformation to 
the post-perovskite Cmcm phase was also observed in 
Al2O3 above 130 GPa at high temperatures [213, 214]. Cu-
riously enough, this structure has been recently found in 
bixbyite Mn2O3 above 27 GPa, which does not crystallize 
in the corundum structure but in the cubic Ia3 structure 
[215]. 
 Raman spectroscopy and X-ray diffraction measure-
ments have been performed for pure Cr2O3 to 61 GPa with 
and without laser heating [216]. A color change, a splitting 
of Raman modes, a relative increase of some Raman mode 
intensities, a selective broadening of some diffraction lines, 
and systematic shifts of some diffraction peaks were found 
between 15 GPa and 30 GPa. The Raman spectrum and 
diffraction changes were consistent with a phase transition 
to the monoclinic V2O3 (I2/a) structure, which has also 
been observed in pure and Cr-doped V2O3 systems, but the 
observed changes were not consistent with a phase transi-
tion to the orthorhombic structure Rh2O3(II) or perovskite 
type. Above 30 GPa and after laser heating another new 
phase was found. The high-temperature phase has an or-
thorhombic unit cell as predicted by first-principles calcu-
lations [217] and Rietveld refinement shows that this could 
be either the Rh2O3-II or the perovskite-type structure. 
 To clarify apparent controversies between different 
high-pressure studies on sesquioxides, recently Ga2O3, and 
In2O3 have been studied. These compounds have been 
widely surveyed in the past as attractive semiconductors 
with a wide band-gap. Especially, their most stable phases 
at ambient condition, monoclinic β-Ga2O3 (Eg = 4.9 eV) 
and cubic In2O3 (Eg = 3.7 eV). The corundum structure of 
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these compounds (e.g. α-Ga2O3) can be generally prepared 
from their stable phase by high-pressure and temperature 
synthesis around 4 GPa and 1000 °C [218]. Corundum-
structured Ga2O3 and In2O3 have been recently studied by 
X-ray diffraction up to 108 GPa and 20 GPa, respectively 
[219]. Rh2O3(II) phases were confirmed as post corundum 
phases for both Ga2O3 and In2O3 at about 37 GPa and 
7 GPa, respectively. Recently, a new α-Gd2S3-type phase 
has been observed in In2O3 above 40 GPa (see Fig. 4) 
which could be found in other sesquioxides and even in 
ABO3 compounds and which could be important to Earth 
Sciences [220]. 
 The high-pressure behavior of rare-earth sesquioxides 
has also been recently studied. They crystallize in either 
the hexagonal (P3m1)  structure (A-type), the monoclinic 
C2/m structure (B-type), or the cubic Ia3 (C-type). The 
density and cation coordination of these structures increase 
in the order C, B, A; therefore, C to B, C to A, and B to A 
phase transitions are expected under compression. Exam-
ples of these pressure-driven phase transitions occur from 
C to B in Yb2O3 [221], from C to A in Sm2O3 [222] and in 
Gd2O3 [223] and from B to A structures in Sm2O3 [224]. 
The phase transition from C to B and afterwards from B to 
A was found in Y2O3 [225]. It has been also found that the 
cationic distances in the three structures of the rare-earth 
sesquioxides are similar to those in the bcc, fcc and hcp 
structures of the rare-earth metals [226]. According to a  
recent study in In2O3, where the Al2O3 phases and the  
rare-earth sesquioxide phases have been analyzed, the den-
sity increases in the sequence C-type → corundum → 
Rh2O3(II) → B-type → A-type. No pressure-driven phase 
transitions beyond the B- and A-type phases in rare-earth 
sesquioxides are known up to date. Possible candidates  
are the post-perovskite phase found in Mn2O3 and the  
α-Gd2S3-type phase observed in In2O3. Furthermore, it  
remains  to  be  seen whether  the high-pressure phases  of 
  

 

Figure 4 (online colour at: www.pss-b.com) Post-Rh2O3(II) 

phase (α-Gd2S3) in In2O3. Big red atoms are Gd and blue small 

atoms are S. 

rare-earth sesquioxides show cationic distances bearing re-
semblance with those of the high-pressure phases of parent 
metals as in the A, B, and C phases. Future studies in ses-
quioxides and sesquisulfides will bring undoubtedly new 
exciting results on the high-pressure behavior of A2X3 co-
rundum-type compounds. In fact, the pressure behavior of 
B2O3 is highly complex and there are a number of unsolved 
questions in condensed matter physics in spite of its fun-
damental importance to the dynamics of magmatic melts in 
the Earth’s interior [227]. 
 
 2.7 ABX3 compounds ABX3 compounds are related 
to A2X3 sesquioxides because the latter are a subgroup of 
the former where both A and B are the same cations. Con-
sequently, many structures of the ABX3 compounds are 
superstructures of those present in the sesquioxides. Be-
sides, ABX3 compounds are also related to ABC2X6 from 
whom ABX3 compounds are a subgroup where A = B. 
ABX3 compounds are relevant to Earth Sciences because 
many mantle minerals have this stoichiometry, like ensta-
tite (MgSiO3) which is one of the most important minerals 
that crystallizes in the orthorhombic pyroxene structure. 
Enstatite and ferrosilite (FeSiO3) form a complete solid 
solution series that is found in igneous and metamorphic 
rocks coming from the Earth’s lower mantle and 
meteorites and that crystallize either in the orthorhombic 
(orthopyroxene or protopyroxene) or in the monoclinic 
(clinopyroxene) symmetry. The pyroxene structure is also 
common to ABSi2O6 and ABAl2O6 compounds and is also 
found in the mineral wollastonite (CaSiO3). 
 Under pressure MgSiO3 and MgGeO3 undergo the 
phase transition sequence: pyroxene → ilmenite → perovs-
kite. However under certain conditions of pressure and 
temperature MgSiO3 can also be transformed to the 
tetragonal garnet structure. Ilmenite is the mineral FeTiO3 
which has a trigonal structure (R3)  and is also the general 
name of the ABO3 compounds crystallizing in this struc-
ture. Other compounds crystallizing in this structure are 
geikielite (MgTiO3) and pyrophanite (MnTiO3) that are 
minerals commonly mixed with ilmenite. The ilmenite 
structure is stable at ambient pressure in titanates and can 
be stabilized in germanates, like MgGeO3, at moderate 
pressures, and in silicates, like MgSiO3, at rather high pres-
sures and temperatures (21–25 GPa and 1100 °C) [228]. 
The ilmenite structure is an ordered derivative of the  
corundum structure with two distinct cation sites, both in 
octahedral coordination. This structure is relatively incom-
pressible, with a bulk modulus of 170 GPa (FeTiO3). The 
compression is highly anisotropic and it is related to the 
compressibility of FeO6 octahedra which are more com-
pressible than the TiO6 octahedra. 
 Perovskite is the name of the scarce mineral CaTiO3 
and is also the general name of ABO3 compounds having 
the orthorhombic Pnma or Pbnm structure. This structure is 
very versatile and the compounds crystallizing in this 
structure have many useful technological applications such 
as ferroelectrics, multiferroics, magnetosresistors, catalysts, 
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sensors, thermopower and superconductors. Ilmenite-type 
MgSiO3, also known as akimotoite, transforms to the 
perovskite structure around 25 GPa [229]. Perovskite-type 
MgSiO3 is thought to be the most common mineral in  
the Earth mantle and it has been recently found that 
perovskite-type MgSiO3 undergoes a phase transition 
above 125 GPa and 2500 K to the post-perovskite CaIrO3 
(Cmcm) structure (see Fig. 5) [230]. A huge scientific ac-
tivity has resulted from the discovery of the post-
perovskite phase whose aim is to explain the anomalous 
properties of the travel of seismic waves in the heterogene-
ous D″ layer of the Earth’s lower mantle. Furthermore, the 
electrical conductivity of the post-perovskite phase and its 
electromagnetic coupling with Fe in the Earth’s core has 
been proposed as the cause of the change of the Earth’s ro-
tation velocity which gives rise to the variation of the day 
length over decades [231–233]. 
 Recent studies have reported the occurrence of pres-
sure-driven phase transitions on the ilmenite family of 
compounds. Ilmenite-type ZnGeO3 transformed into Pbnm 
perovskite at 30 GPa and 1300 K in a laser-heated DAC 
and after releasing the pressure, the LiNbO3 phase (R3c) 
was recovered as a quenched product [234]. The perovskite 
structure of ZnGeO3 was also obtained by recompression 
of the LiNbO3 phase at RT under a lower pressure than the 
equilibrium phase boundary of the ilmenite-to-perovskite 
transition. In FeTiO3 the phase transformation from ilmen-
ite to perovskite was also observed using synchrotron- 
based X-ray diffraction and a large-volume press [25]. The  
perovskite phase is temperature quenchable at 20 GPa and 
converts into the LiNbO3 phase at pressures below 15 GPa 
at RT. The LiNbO3 phase of FeTiO3 transforms into the il- 
 

 

Figure 5 (online colour at: www.pss-b.com) Post-perovskite 

CaIrO3 structure in MgSiO3. Big red atoms are Mg, rose medium-

sized atoms are Si, and small blue atoms are O. 

menite phase at 10 GPa and 673 K. However, the back-
transformation from the ilmenite to the LiNbO3 phase was 
not observed, thus strongly suggesting that the LiNbO3 
phase is not thermodynamically stable but rather a retro-
gressive phase formed from perovskite during decompres-
sion at RT. Ab initio calculations predict the transformation 
of the perovskite FeTiO3 polymorph to a new high pressure 
polymorph with space group Cmcm at 44 GPa [235]. 
 Several groups are engaged today on the study of  
ilmenite-, perovskite-, and post-perovskite-structured com-
pounds under compression and new interesting results are 
expected to come in the near future. For instance, a new 
post-perovskite oxide (CaPtO3) has been recently synthe-
sized at high pressures [236] and a perovskite-Pnma to 
monoclinic-P21/m phase transition has been found in man-
ganite La0.5Ca0.5MnO3 above 15 GPa [237]. 
 
 2.8 ABX4 compounds ABX4 materials are related to 
the AX2 compounds since the latter are a subgroup of the 
former where both A and B are the same cations. Conse-
quently, many structures of the ABX4 compounds are su-
perstructures of those present in the AX2 compounds. The 
ABX4 family contain many ternary compounds since 
cation A with valences +1, +2, +3, and + 4 can be accom-
modated with cation B with valences +7, +6, +5, and +4, 
respectively. The phase behaviour of ABX4 scintillating 
materials is a challenging problem with many implications 
for other fields including technological applications and 
Earth and planetary sciences. In particular, they have been 
used during the last years as solid-state scintillators 
(CaWO4 and PbWO4), laser-host materials (YLiF4), solid 
state lasers (YVO4), and in other optoelectronic devices 
like eye-safe Raman laser (SrWO4). Hazen and Finger al-
ready noted that the compressibility of ABO4 compounds 
is related to the compressibility of their cation A polyhedra 
and that A4+B4+O4 compounds were the less compressible 
of all ternary oxides ABO4 [238]. Furthermore, the com-
pressibility of zircon- and scheelite-structured compounds 
can be estimated if the A–X distance is known [239, 240]. 
Despite the first observation of high-pressure phase transi-
tions in ABX4 compounds dates back to the early 1960s, it 
is only in the recent years that a great progress has been 
done in the understanding of the pressure effects on the 
structural and electronic properties of these compounds. 
The phase transitions in these compounds were reviewed 
in the 1970’s and 1980’s [42, 43] and they have been re-
cently reviewed on the light of recent experimental and 
theoretical advances [240]. Now the phase transitions in 
these compounds and those in AX2 compounds can be un-
derstood on the light of the Fukunaga and Yamaoka’s and 
of the Bastide’s diagrams [42, 43]. 
 Depero et al. have noted that a number of crystal struc-
tures in ABX4 compounds, consist of BX4 tetrahedra and 
AX8 eight-coordinated polyhedra, which can be seen as 
two interpenetrating tetrahedra, known as bidisphenoids or 
dodecahedra [241]. Among these structures some impor-
tant mineral structures as scheelite or zircon are included 
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where A and B cations form two interpenetrating diamond 
structures in a tetragonally distorted fcc array [86]. In fact, 
a phase transition to a structure with cations forming a per-
fect fcc structure has been predicted in scheelites at high 
temperature [86]. Zircon is the mineral ZrSiO4 and also the 
general name of the compounds crystallizing in the 
tetragonal I41/amd phase, like many ABO4 silicates, va-
nadates, phosphates, and arsenates (HfSiO4, YVO4, YPO4, 
and YAsO4). Scheelite is the mineral CaWO4 and the gen-
eral name of the compounds crystallizing in the tetragonal 
I41/a phase, like other alkaline-earth tungstates (SrWO4 and 
BaWO4), PbWO4, alkaline-earth molybdates, PbMoO4, 
CdMoO4, and a number of fluorites (YLiF4, LuLiF4, 
CaZnF4). Zircon and scheelite structures are super-
structures of the rutile structure common in AX2 com-
pounds and the following pressure-driven phase transitions 
sequence can be predicted on the light of recent advances 
[240]: I41/amd (zircon) → I41/a (scheelite) → I2/a (fergu-
sonite) → P21/n (BaWO4-II-type) → orthorhombic phases 
(BaMnF4-type, Cmca) → amorphous. It has been shown 
that the fergusonite and BaWO4-II type structures are com-
petitive in scheelite-type alkaline-earth tungstates, being 
the fergusonite phase more favourable than the BaWO4-II 
phase in compounds with small ionic radii of cation A and 
the converse holds for compounds with larger ionic radii of 
cation A [242]. Furthermore, the scheelite to fergusonite 
phase transition observed in many tungstates, molybdates 
and vanadates has been found to be a second-order charac-
ter phase transition [39, 40, 243]. The phase transitions to 
the orthorhombic phases still have to be confirmed ex-
perimentally in zircon and scheelite-type compounds. The 
BaMnF4 (CmC2) phase has been recently found in fergu-
sonite-type LaNbO4 at high pressures [244] but the BaMnF4 
and Cmca structures still have to be confirmed in zircon- 
and scheelite-type compounds at high pressures. Also the 
amorphous phase has to be explored since the amorphisa-
tion of several tungstates and molybdates has been reported 
but the structural evolution of fergusonite-like compounds 
(niobates, tantalates, and HgWO4) and of BaMnF4 have not 
been studied under high enough pressures. 
 Wolframite (P2/c), fergusonite (I2/a or C2/c), and the 
BaWO4-II type structure (P21/n) are monoclinic deforma-
tions of zircon and scheelite structures. The occurrence of 
the wolframite to scheelite or of the scheelite to wolframite 
pressure-driven phase transition has been a long discussion 
that has been solved with the most recent experiments in 
scheelite-type alkaline-earth tungstates [31–34] and in 
wolframite ZnWO4 [245]. Neither the scheelite to wolf-
ramite nor the wolframite to scheelite transition are ex-
pected to occur at high pressure. The only case for the 
scheelite to wolframite transition seems to be that of 
CdMoO4 [246] which is a compound in the borderline of 
the stability of both structures according to the Bastide’s 
diagram (see Refs. [240, 247]). 
 Another structure related to scheelite, and that deserves 
more studies under high pressure, is that of pseudoscheelite 
(Pnma)  which  is  an  orthorhombic  distortion  of  the 

 

Figure 6 (online colour at: www.pss-b.com) Monoclinic struc-

ture found in AlPO4 at high pressures with six-fold coordination 

for P. Big red atoms are Al, medium-sized atoms are P, and small 

blue atoms are O. 

 

scheelite structure where the A cation has near 12 coordi-
nation and the B cation has four-fold coordination. The 
high pressure phases of several pseudoscheelites have been 
studied but their symmetry is still unresolved [248–251]. 
A pseudoscheelite to scheelite pressure-driven phase tran-
sition was previously assumed but this transition is not ex-
pected on the light of the Bastide’s diagram. Pseudo-
scheelite-related compounds that are receiving attention 
lately are the alkali hydrates (ABH4 with A = Li, Na, K, Rb, 
Cs and B = B, Al) for their potential use in hydrogen stor-
age. Many materials have been explored under pressure in 
the hope of finding ways to produce novel structures with 
high volumetric hydrogen contents. A recent review of the 
high-pressure behavior in these systems has been recently 
published [252]. Borohydrides crystallize in the cubic 
Fm3m  structure except LiBH4 that crystallizes in the or-
thorhombic pseudoscheelite structure. The phase transi-
tions in LiBH4 are also to other structures than in the heav-
ier alkali borohydrides. In KBH4 two phase transitions 
from the Fm3m phase to the tetragonal P421c structure at 
3.8 GPa and further to the orthorhombic Pnma structure at 
6.8 GPa have been observed [253]. On the other hand, 
alanates (MAlH4) tend to crystallize in the tetragonal 
scheelite structure except LiAlH4 that crystallizes in the 
monoclinic P21/c. A phase transition in LiAlH4 above 
7 GPa to the monoclinic I2/b structure has been observed 
[254]. However, a phase transition from the tetragonal 
scheelite phase to the monoclinic P21/c structure in 
NaAlH4 has been observed above 14 GPa [253]. 
 Finally, the berlinite family is one of the families of 
most studied ABO4 compounds under pressure due to their 
isoelectronic similarity with quartz SiO2 and its importance 
for both materials and Earth sciences. In fact, the berlinite 
structure is the same α-quartz structure with the cell dou-
bled along the c-axis due to the substitution of Si by A and 
B atoms. Phase transitions in berlinites were reviewed in 
Refs. [255, 256]. Berlinite is the mineral AlPO4 and the 
general name of the ABO4 compounds crystallizing in the 
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trigonal P3121 structure, also known as low-quartz struc-
ture, like GaPO4, AlAsO4, and GaAsO4. Similar com-
pounds PBO4, AsBO4, and InPS4 however crystallize in the 
high-cristobalite structure and undergo a pressure-induced 
phase transition to the berlinite structure at high pressures 
and temperatures [256–259]. Earlier was noted that berlin-
ite-type AlAsO4 undergo a phase transition to the rutile 
structure at 9 GPa and 900 °C [260]. Also GaAsO4 under-
goes a reversible phase transition around 8 GPa to a tri-
clinic structure [261] and afterwards an irreversible phase 
transition to an amorphous rutile structure [262]. Recently, 
a new hexagonal high-pressure phase of GaAsO4 has been 
reported [263, 264]. These results indicate that arsenates 
undergo phase transitions where an increase of As coordi-
nation from four to six is observed and that the observation 
of amorphisation is related to high kinetic energy barriers 
of the first-order phase transitions that cannot be overcome 
at RT. A similar increase of P coordination in AlPO4 and 
GaPO4 had not been observed under pressure [265, 266], 
and the pressure-induced amorphisation in AlPO4 above 
15 GPa showed a memory effect and was reversible unlike 
in other compounds [267–269]. A similar memory effect 
of amorphous phases is also observed in the collapsing of 
high crystobalites PBO4 and AsBO4 [270]. FePO4 was 
found to transit from the berlinite structure to an ortho-
rhombic Cmcm phase at 2.5 GPa and afterwards to an 
amorphous phase [271]. A big surprise has been the recent 
discovery of a monoclinic phase with P2/m symmetry and 
sixfold coordination for P in AlPO4 above 47 GPa (see 
Fig. 6) [272]. The discovery of this new phase opens the 
way to obtain new materials with P in octahedral coordina-
tion and supports the two-step densification mechanism 
observed in isoelectronic SiO2 [273, 274]. 
 
 2.9 AB2X4 compounds The structure of AB2X4 com-
pounds is related to those of AX and ABX3 or B2X3 com-
pounds. In fact, olivine (α-Mg2SiO4) with an orthorhombic 
Pbnm structure, and one of the most abundant minerals in 
the upper mantle, transforms to a modified spinel-type 
phase (β-Mg2SiO4) at 13.5 GPa, afterwards to a cubic 
spinel-type phase (γ-Mg2SiO4) above 18 GPa, and finally 
decomposes into perovskite-type MgSiO3 and periclase 
MgO [275–278]. It was believed that the α–β and the β–γ 
transitions in Mg2SiO4 are responsible for the seisimic dis-
continuities at 410 km and 660 km depths in the mantle, 
respectively. Therefore, the phase boundary between these 
diferent phases has been analysed in detail [279, 280] and 
the sound velocities of the different structures carefully 
measured [281]. 
 Also important to Earth Science and technological ap-
plications is the behaviour under pressure of spinels like 
magnetite (Fe3O4 or more appropiately Fe2+Fe2

3+O4). Mag-
netite crystallizes in the spinel structure (Fd3m) typical of 
AB2X4 compounds where A and B cations are tetrahedrally 
and octahedrally coordinated to X anions, respectively. In 
this structure, partial inversion of the cations between the 
A and B sites is frequently observed. In particular, magnet-

ite is an inverse spinel ([Fe3+]A[Fe2+ + Fe3+]BO4) that suffers 
a modification of its population between the A and B sites 
with increasing pressure [282]. Pressure-induced phase 
transitions in oxide spinels were reviewed in the late 1960s 
[283] and it was found that while A2+B2

3+O4 spinels tend to 
decomposition A2

2+B4+O4 spinels tend to denser single 
phases or to mixtures of AO and ABO3 phases. However, 
pressureinduced phase transitions in magnetite towards the 
orthorhombic CaTiO2 (Bbmm) or CaMn2O4 (Pbcm) struc-
tures have been observed between 20 GPa and 60 GPa 
[284–287]. Similarly, hausmmanite (Mn3O4) has been 
found to transform to the marokite-type (CaMn2O4) struc-
ture at 14.2 GPa [288]. Other minerals characterized under 
high pressure are spinel (MgAl2O4) and gahnite (ZnAl2O4). 
These aluminates and FeCr2O4 were thought to be the less 
compressible of the naturally occuring oxide spinels [289] 
but it has been recently theoretically predicted that the bulk 
modulus of all oxide spinels is around 200 GPa [290, 291] 
and that the bulk modulus of spinels mainly depends on the 
anion [292]. MgAl2O4 decomposes into Al2O3 and MgO 
above 11 GPa [293, 294] in good agreement with theoreti-
cal calculations. In a similar way, MCr2O4 spinels with 
M = Mg, Mn, and Zn are theoretically predicted to decom-
pose above 19 GPa, 23 GPa, and 34 GPa, respectively 
[295]. However, a recent study has shown that ZnAl2O4 is 
stable in the cubic spinel structure up to 43 GPa [296] and 
MgAl2O4 is found to transit above 25 GPa and 1773 K to 
the CaFe2O4 structure [293]. Similarly, spinel-type 
CoFe2O4 and MgMn2O4 undergo a phase transition above 
30 GPa and 15 GPa to the orthorhombic CaFe2O4 and 
CaMn2O4 structures, respectively [297, 298].  
 The less studied spinels are those with selenium and sul-
fur instead of oxygen. Spinel CdCr2Se4 undergo a phase 
transition near 10 GPa to a phase with tetragonal symmetry 
[299], while spinels CdIn2S4, MgIn2S4 and MnIn2S4 undergo 
phase transitions to a double rocksalt phase of the LiTiO2 
type near 10 GPa [300–302]. On the contrary, a lot of inter-
est is shown in ultrahard nitride spinels recently synthesized 
whose properties are being explored at high pressures [12, 
303–305]. A review on the high-pressure chemistry of ni-
tride-based materials has been recently published [14]. 
 Finally, we want to mention that many AB2X4 com-
pounds with X = S, Se, Te crystallize in the tetragonal  
defect-chalcopyrite (I4)  and defect-stannite (I42m)  struc-
tures. These structures are superstructures of the chalcopy-
rite ABX2 structure where there are stoichiometric vacan-
cies that provide these compounds with non-linear suscep-
tibility, optical activity, intense luminescence, and high 
photosensitivity. Furthermore, this family of semiconduc-
tors is also of interest as possible infrared-transmitting 
windows materials and they are also applied in various 
nonlinear optical devices and as gyrotropic media in nar-
row-band optical filters. Defect chalcopyrite CdGa2Se4 was 
observed to transit to the defect cubic NaCl-type structure 
(Fm3m) above 21 GPa and on decreasing pressure it has 
been found to undergo a phase transition to a disordered 
zincblende structure [306]. A similar behavior has been 
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observed for defect-chalcopyrite CdAl2Se4 above 9 GPa 
[307], and for defect-stannite ZnGa2Se4 and defect-
chalcopyrite CdGa2S4 above 16 GPa and 17 GPa, respec-
tively [308]. Future high-pressure studies are needed to 
understand the systematic of phase transitions in olivines, 
spinels, defect-chalcopyrites and defect-stannites under 
pressure, especially at high temperatures, where new me-
tastable phases at ambient conditions with interesting 
properties could be found. 
 
 3 Conclusions and future prospects In this work, 
we have given an overview of the study of pressure-driven 
phase transitions illustrated with many different examples. 
A discussion of the current state-of-the-art, recent devel-
opments, main directions of progress and areas with the 
greatest need for further developments is provided. The re-
viewed results are highly interdisciplinary incumbing 
fields that go from semiconductor and superconductor 
physics to mineral physics. Many examples have been 
covered along the article giving special attention to recent 
discoveries. A particular dramatic example is the experi-
mental discovery and theoretical confirmation of a new 
phase of magnesium silicate (MgSiO3) stable only at pres-
sures above 100 GPa, which has had an inmediate and pro-
found impact on studies of the Earth’s deep mantle. 
 The results here reviewed show the huge progress done 
in the last decades on the knowledge of pressure-driven 
phase transitions. However, in many cases the mechanism 
of the transition is far from being understood and there is a 
lack of a systematic in the structural phase transitions for 
many families of compounds. Furthermore, in a recent  
review of oxide minerals Smyth et al. raised one question 
that has to be answered [35]: What is the role of cation–
cation repulsion in the high-pressure behavior of minerals? 
In this respect, two old works and two recent works could 
give a clue to understand the role of cations in high-
pressure phase transitions which could be crucial to the 
understanding of solid state chemistry. In the old works, 
the ionic model and the use of ionic radii are critically re-
viewed suggesting that the main role of pressure is to over-
come cation–cation repulsion giving a preponderant role 
in crystal chemistry to non-bonded forces between cations 
[309, 310]. In the recent works, the ideas of these two old 
works are further developed showing that the role of oxy-
gen in many oxides is similar to that of pressure [85] and 
that the pressure-induced phase transitions in AX, A2X, 
AX2, and ABXn compounds (A and B being cations and X 
being anions) can be understood by generalizing the Zintl–
Klemm concept and relating it with the stability of elec-
tronic distributions in group 14 compounds (group-IV 
semiconductors) according to the “8-N or octet” rule for 
electronic configurations [57]. 
 As regards technical challenges, it is known that, be-
fore equilibrium is reached, phase transitions proceed as a 
function of time. Thus, investigating the kinetics of phase 
transition is also important and holding pressure constant 
while monitoring phase transformation is an overlooked is-

sue that deserves more attention. Furthermore, many struc-
tural phase transitions are sensitive to stress conditions and 
the effect of non-hydrostatic stress on the conditions of 
phase equilibrium is still poorly understood. Besides, it has 
been recognized that in the study of phase transitions the 
presence of a second phase may affect the transition condi-
tions of the former. Therefore, phase boundary may also be 
sensitive to the amount of minor or trace elements in the 
sample and this effect has to be more studied. Additionally, 
to ensure that the experimental data collected at micron or 
sub-micron scale are applicable to the bulk, we must also 
understand the effect of grain size, surface effect and the 
presence of nanometer-sized inclusions on phase transi-
tions. 
 Finally, we must mention that two challenging projects 
in the high-pressure community concern single-crystal  
X-ray diffraction at Mbar pressures and combined studies 
of Brillouin and single-crystal X-ray diffraction. These 
techniques and other new generation of analytical methods, 
including the progress in high-pressure neutron diffraction, 
as well as future theoretical improvements will be funda-
mental to unroll the fascinating and challenging problem of 
pressure-induced phase transitions and they will have a 
deep impact in our understanding of condensed-matter 
physics. 
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