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abstract

We have investigated the high-pressure behavior of low-cristobalite form of AlPO4 (c-AlPO4) using 
a combination of Raman scattering, synchrotron powder X-ray diffraction, and classical molecular 
dynamics simulations. Our experiments indicate that under non-hydrostatic conditions c-AlPO4 initially 
transforms to a monoclinic phase, which then transforms to the Cmcm phase via an intermediate, disor-
dered structure. In contrast, X-ray diffraction measurements made under hydrostatic conditions show 
that the ambient structure transforms directly to the Cmcm phase. Our classical molecular dynamics 
simulations, carried out under hydrostatic conditions, also show that c-AlPO4 directly transforms to 
the Cmcm phase at ∼13 GPa.
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iNtroductioN

AlPO4 and GaPO4 are iso-electronic analogs of silica and 
hence are iso-structural to silica polymorphs. Due to this, poly-
morphs of these phosphates have several properties similar to 
the silica polymorphs and hence have been studied to understand 
several geophysically relevant phenomena. In fact, high-pressure 
studies on AlPO4 in the quartz form created a lot of excitement 
because of the claims of a memory glass effect, which was, 
however, disproved subsequently (Kruger and Jeanloz 1990; 
Sharma et al. 2000).

Apart from its geophysical importance, c-AlPO4 is exten-
sively used in industry due to its excellent properties like high 
melting point, low Young’s modulus, low oxygen permeability, 
and good erosion resistance (Huang et al. 2010; Morris et al. 
1977). For example it is an integral part of hardened alumino 
phosphate cements (Bakunov and Shayakhmetov 2007) and has 
been used as a binder for mullite silica fibers that are used as 
insulators in thermal power plants (Pitak and Churilova 2004). It 
has recently been used as a protective coating on C-C composites 
that are used in aircraft and aerospace industries (Huang et al. 
2010). Since the property of materials significantly depends on 
their structure, and the usability of materials in industry is limited 
by their phase stability, it is important to investigate the structural 
stability of c-AlPO4. There have been extensive theoretical and 
experimental studies on silica and its polymorphs, however, 
phosphates of aluminum and gallium have been relatively less 
explored, in particular in the low-cristobalite form.

Experiments on α-cristobalite SiO2 (c-SiO2) have shown that, 
depending upon the degree of hydrostaticity of the applied pres-
sure, it may amorphize or undergo several symmetry lowering 
crystal to crystal phase transitions (Gratz et al. 1993; Palmer 
and Finger 1994; Palmer et al. 1994; Tsuchida and Yagi 1989). 
These results were validated by classical molecular dynamics 

(MD) simulations where Garg and Sharma (2007) showed that 
c-SiO2 becomes disordered when simulated at P-T conditions 
representative of shock Hugoniot and Liang et al. (2007) showed 
that under non-hydrostatic conditions, the transition pathways 
and the high-pressure phases are very sensitive to the presence of 
anisotropic stresses. MD calculations of several authors indicate 
that the interatomic potentials and the number of unit cells used 
for the simulation constrain whether c-SiO2 transforms directly 
to six-coordinated stishovite or via an orthorhombic Cmcm phase 
(Dove et al. 2000a, 2000b; Keskar and Chelikowsky 1992; Tse 
and Klug 1991; Tsuneyuki et al. 1988, 1989). Though ab initio 
studies by Klug et al. (2001) did observe that a lattice distortion 
precedes the c-SiO2 to stishovite transformation, subsequent 
theoretical calculations (both ab initio and MD) of Huang et 
al. (2006) did not support the formation of the Cmcm phase 
at high pressure. They have shown that the first high-pressure 
phase of cristobalite silica has an orthorhombic structure (space 
group C2221). 

In contrast to c-SiO2, one of the early studies on cristobalite 
phosphates showed that GaPO4 transforms directly to the 
orthorhombic Cmcm phase at ∼16.5 GPa, whereas c-AlPO4 
amorphizes (Robeson et al. 1994). These authors had attributed 
amorphization in c-AlPO4 to the large Al-O-P angle. Subsequent 
MD simulations (Murashov et al. 1995) on c-GaPO4 were in 
qualitative agreement with the experimental results. The dis-
crepancy in the transformation pressures was attributed to the 
non-directional nature of the pair potentials. However, recent 
experiments (Chio et al. 2008; Ming et al. 2007) on c-GaPO4 in-
dicate that its high-pressure behavior is somewhat similar to that 
of c-SiO2 though the monoclinic structures of the high-pressure 
phases are different. Both X-ray diffraction (XRD) and Raman 
spectroscopic studies show that c-GaPO4 undergoes either one 
or two phase transformations to a monoclinic phase prior to the 
transformation to the Cmcm phase.

Unlike c-SiO2, so far none of these studies have shown that 
the Cmcm phase of GaPO4 further transforms to a stishovite * E-mail: himanshu@barc.gov.in


