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Rapid Note

On the high-pressure phase transition in GaPO4
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Abstract. X-ray diffraction (XRD) experiments have been carried out on quartz-like
α−GaPO4 at high pressure and room temperature. A transition to a high pressure disordered
crystalline form occurs at 13.5 GPa. Slight heating using a YAG infrared laser was applied at 17 GPa
in order to crystallize the phase in its stability field. The structure of this phase is orthorhombic with
space group Cmcm. The cell parameters at the pressure of transition are a = 7.306 Å, b = 5.887 Å and
c = 5.124 Å.

PACS. 62.50.+p High-pressure and shock-wave effects in solids and liquids – 61.50.Ks Crystallographic
aspects of phase transformations; pressure effects – 61.10.-i X-ray diffraction and scattering

Introduction

The low pressure polymorphs of quartz and quartz like
compounds are made up of tetrahedrally coordinated ca-
tions. The high pressure structures consist of octahedral
cation arrangements, in which oxygen atoms are packed in
a body-centered cubic (bcc) sub-lattice around the cations
[1]. At room temperature, the kinetics of these four- to six-
coordinated transitions is very slow leading to a pressure-
induced amorphization (PIA) process observed in quartz
[2–6,1]. The compression at room temperature of isostruc-
tural compounds α−GeO2 and α−GaAsO4 has also been
studied by X-ray diffraction and extended X-ray absorp-
tion fine structure (EXAFS) spectroscopy [7–9] and the
studies show that cation coordination rises from four to
six through the transition.

In the case of berlinites, it is now established that
α−AlPO4, α−AlAsO4, α−GaPO4 and α−GaAsO4 ex-
hibits a polymorphic crystalline phase transition, the high
pressure form being very poorly crystallized, and therefore
yielding very poor X-ray diffraction patterns [10–12,9,13].
In-situ EXAFS experiments were realized on α−GaPO4 at
the K-edge absorption energy of gallium [11,13] and the
polymorphic phase transition observed at 12 GPa is asso-
ciated with a four-to six-fold oxygen coordination change
observed around gallium atoms.

Molecular dynamics (MD) simulations on berlinite
(α−AlPO4) associate the transition with a de-stabilization
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of the AlO4 tetrahedron and its transition towards an
AlO6 octahedron [14,15]; they also have concluded that
room temperature PIA would occur only when the PO4

tetrahedra went unstable, at a predicted pressure of
80 GPa, this pressure having not yet been produced ex-
perimentally on AlPO4.

Experimental

Quartz structured gallium phosphate single crystals grown
by the hydrothermal technique were crushed into powder
and used for this high pressure energy dispersive X-ray
diffraction study. Platinum powder was mixed with the
sample in order to absorb the infrared beam emmited
by a YAG laser and heat the system. The mixture was
then loaded in a stainless steel gasket with a 250 µm hole
diameter and 40 µm initial thickness and high pressure
was generated by a membrane driven [16] diamond anvil
cell (DAC). Nitrogen was used as pressure transmitting
medium, and ruby fluorescence as well as platinum isother-
mal equation of state (EOS) were used as pressure gauges;
The measurements were carried out on the DW-11 energy
dispersive X-ray diffraction beamline on the DCI ring of
the LURE synchrotron facility in Orsay, France. Accumu-
lation times ranged from 1 hour at low pressure and up
to 12 hours in the high pressure phase with a diffraction
angle 2θ = 12◦. At 17 GPa, the sample was heated by dif-
fusion of heat from the infrared absorbing platinum mixed
with the sample.
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Fig. 1. X-ray diffraction spectra of GaPO4 at 17 GPa before
and after laser heating. The heated sample exhibits a finer
crystalline state, and care was taken in order to ensure no
phase transition occurred upon heating. Gallium and platinum
fluorescence lines are marked with a star (*) sign (in the 10–
13 keV range). Platinum diffraction peaks are also indicated
on the figure, along with the corresponding Miller indices. The
inset shows a detailed view of the spectra in the high energy
domain and we observe that most of the “new” diffraction lines
were already present, but were broad and weak.

Compression and heating

The high-pressure behaviour of the quartz phase of GaPO4

has been studied by X-ray diffraction [17,13,11], Raman
[18,13] and Brillouin [13] scattering.

Isothermal equations of state (EOS) have been fitted
on pressure-volume data and yield similar results. As with
other berlinite phases, it was assumed that GaPO4 trans-
formed to an amorphous phase [17] at 9 GPa, but new
experiments [13,11] show that this transformation is in-
stead due to a polymorphic crystalline transition.

In this experiment, very few points were produced at
low pressure. At a pressure of 17 GPa, the sample had al-
ready crossed the transition pressure and the spectrum of
the high-pressure phase is reproduced in Figure 1. It was
impossible to index the peaks due to both the disorder of
the phase and the broadening induced by the very small
size of the crystallites in the high pressure phase after such
thermally inhibited reconstructive phase transitions. At
this point, the sample was heated in order to “activate”
the kinetics of the transition. Care was taken in order
to insure that no phase transition occurred during heat-
ing. The system was brought back to ambient tempera-
ture and a diffraction spectrum was collected. The sample
was very well crystallized and the diffraction lines (Fig. 1)
can be indexed in an orthorhombic system (Tab. 1) with
space group Cmcm, and the phase is of InPO4 structure-
type, with octahedral gallium and tetrahedral phosphorus
atoms [11,9,13]. At this pressure, the unit cell parameters
were a = 7.306(7) Å, b = 5.887(6) Å and c = 5.124(3) Å.
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Fig. 2. Pressure–volume data points obtained from refine-
ment of the orthorhombic structure of the sample in the high
pressure phase. The points are fitted by a Birch-Murnaghan
third order EOS. Observed values for the variables are:
K0 = 308 GPa and V0 = 231.7 Å3, with the pressure derivative
of the bulk modulus set to 4. This equation is fitted with four
points (filled circles) from 17 GPa up to 26 GPa. The points
on decompression (filled diamonds) were not used, because the
apparition of deviatoric and uniaxial stresses in the sample
makes volume data unreliable (for example, point at 18.5 GPa
on decompression).

A detailed analysis of these two spectra shows that no
transition occurred during heating, because none of the
existing diffraction lines before heating had vanished af-
terwards, and most of the new line which appeared after
heating were already present before but were broad and
very weak (Fig. 1). It is only after such an analysis that
we could infer that these two spectra are that of the same
thermodynamic phase, one of which is much better crys-
tallized than the other. It can be noted here that this is the
first characterization, though indirect, of the high-pressure
and room-temperature phase of α−GaPO4.

It is interesting to note that this phase is similar to
the one obtained by room temperature compression of a
high-temperature polymorph of GaPO4, namely the low
cristobalite phase [19,20]. This finding confirms that the
transition of the quartz phase at high pressure is ther-
mally inhibited because cristobalite being metastable at
room temperature, it has a higher free enthalpy than the
quartz-form and therefore it necessarily has a lower ther-
modynamic energy barrier with respect to the high pres-
sure orthorhombic phase, as well as a higher driving force
for the transition. It can therefore transit to this structure
without the need for kinetic energy activation brought by
heating.

The system was then further compressed in order to
measure the bulk modulus of the new high pressure phase.
Three points at higher pressure were undertaken, and a
Birch-Murnaghan third order equation of state was used
for fitting through the points (Fig. 2). The pressure deriva-

tive of the bulk modulus was fixed at K
′

0 = 4, the unit cell
volume at ambient pressure was found to be V0 = 231.7 Å3

and the fitted bulk modulus equal to K0 = 308 GPa.
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Table 1. Observed and calculated (hkl) spacings for the high pressure phase at 17 GPa after heating. The calculated lines
are that of an orthorhombic system with a centered Bravais lattice. The cell parameters are a = 7.306 Å, b = 5.887 Å and
c = 5.124 Å. The difference between observed and calculated spacings is taken using 5 decimal places for observed lines, but
the latter can reasonable de given with only three significant digits.

(hkl) dobs (Å) dcal (Å) dobs − dcal (Å) (hkl) dobs (Å) dcal (Å) dobs − dcal (Å)

101 4.195 4.19543 −0.00026 200 3.650 3.65313 −0.00360
111 3.419 3.41677 0.00211 210 3.107 3.10419 0.00272
020 2.946 2.94397 0.00207 120 2.725 2.73063 −0.00601
211 2.661 2.65506 0.00567 002 2.562 2.56226 −0.00064
102 2.414 2.41789 −0.00402 121 2.413 2.40986 0.00401
301 2.198 2.19965 −0.00160 130 1.888 1.89545 −0.00717
400 1.825 1.82657 −0.00169 302 1.764 1.76524 −0.00149
003 1.710 1.70817 0.00186 103 1.662 1.66332 −0.00109
113 1.600 1.60068 −0.00091 023 1.479 1.47748 0.00138
123 1.449 1.44816 0.00094 303 1.400 1.39848 0.00166
422 1.328 1.32753 0.00030

Decompression

A step by step decompression path was then followed in
order to have a precise view on the back-transformation
of the sample. The high pressure phase is retained down
to 6 GPa. At 1 GPa, the (200) peak of α−GaPO4 along
with other weak peaks appear in the diffraction pattern,
together with the peaks of the high pressure orthorhombic
phase. Thus, the quenched sample consists of a mixture of
both phases, meaning the transition is not fully reversible.
It should be noted that these points obtained on decom-
pression that were still in the high pressure phase were not
included in the fit for the EOS, because a huge amount of
stress appears at downstroke, and the points do not gen-
erally coincide with those obtained at compression as can
be seen at 18.5 GPa in Figure 2.

Conclusion

High-pressure heating experiments have been undertaken
and show that an increase in the temperature enhances
dramatically the crystallization of the sample in the high-
pressure phase, thus yielding narrower peaks. The phase
was then indexed in an orthorhombic symmetry in the
Cmcm space group. The high pressure phase is of InPO4

type, with octahedral gallium and tetrahedral phospho-
rus. The high pressure phase obtained seems to be iden-
tical to the high pressure crystal formed by the room
temperature compression of the high temperature poly-
morph. This seems to confirm the fact that the transi-
tion from the P3121 quartz-like material to the Cmcm,
InPO4-like phase is thermally inhibited at room temper-
ature. Even though this transition does take place in the
stability field of the phase, room temperature kinetics are
not sufficient to drive the transition. This confirms that
the high pressure phase transition in GaPO4 is a poly-
morphic crystalline phase transition and not a pressure-
induced amorphization, as previously reported [17]. The
observed gallium four-fold to six-fold coordination change
at room temperature is therefore associated with the ex-
pected quartz–to–InPO4 transformation.

A similar transformation occurs in α−AlPO4 at room
temperature, at least from the spectroscopic point of view,
and these two materials, i.e. AlPO4 and GaPO4, exhibit a
similar high-pressure behaviour. It has very recently been
shown that isostructural FePO4 undergoes a similar trans-
formation to the InPO4 structure [21] at high pressure.
This study shows that it is therefore likely that the InPO4

phase is the host structure for phosphate berlinites at high
pressure.

In this transformation, the phosphorus tetrahedra re-
main unaltered. At room-temperature, the partial back-
transformation to the quartz-phase is a mirror of the high-
pressure transformation. The back-transformation associ-
ated with a conservation of the crystallographic axes is a
direct consequence of the rigidity of these PO4 clusters.
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