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High-pressure x-ray-diffraction study of a-AlPO4
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Our high-pressure x-ray diffraction experiments on berlinite AlPO4 (a-AlPO4) show that it transforms to a
crystallineCmcmphase beyond 13 GPa. The persistence of diffraction pattern up to 40 GPa does not confirm
the previous conclusions of high-pressure amorphization of AlPO4 around 12–18 GPa. Our experimental
results, in agreement with earlier Raman scattering results, suggest that the so called memory glass effect
observed earlier may in fact be due to the reversibility ofa-phase⇔Cmcmphase transformation. These new
experimental observations raise serious doubts about the theoretical understanding of the high-pressure behav-
ior of a-AlPO4.
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Tetrahedral framework structures have been extensi
investigated under high pressures due to their geophys
relevance. Also as the tetrahedra cannot be close packed
set of compounds have been at the center of activity rela
to pressure induced amorphization of materials.1 Of these,
the high-pressure behavior ofa-AlPO4 ~berlinite! has been
hailed as unique and extraordinary2 due to what in the litera-
ture has been termed as memory glass effect. Memory g
nature refers to the reversion of high pressure amorph
phase to the original single crystal with the same orientati
as the starting crystal.2 The existence of high-pressure amo
phous phase~for P.12– 18 GPa! was proven with the help
of x-ray-diffraction studies2,3 and supported by Raman4 and
infrared absorption studies.2 Memory glass nature was esta
lished with the help of resurgence of original optical birefri
gence on decompression from optically isotropic amorph
phase.2 Subsequent Brillouin scattering experiments by P
lian, Grimsditch, and Philippot5 supported these result
through the demonstration of complete reversal of sound
locities on decompression from the high-pressure ph
These authors also noted that the high pressure phase~.15
GPa! was not elastically isotropic and instead was an an
tropic glass.

These experimental results on AlPO4 encouraged severa
theoretical investigations. Energy minimization and latt
dynamical calculations6,7 suggested that, as in quartz, th
oxygen atoms ina-AlPO4 too have a tendency to approac
the bcc lattice. These calculations also showed that a z
boundary phonon mode along with a part of acoustic bra
softens at;30 GPa. The softening of these modes was s
gested to be responsible for pressure induced amorphiza
Classical molecular dynamics~MD! calculations8–10 showed
that AlPO4 amorphizes forP.30 GPa in contrast to the
experimental values of 12–18 GPa. These studies
showed the high-pressure amorphous phase to be a
tropic. These MD investigations ascribed the memory gl
effect to the reversibility of six coordinated AlO6 octahedra
to the four coordinated AlO4 tetrahedra due to the retentio
of four coordination in the PO4 tetrahedra in the disordere
phase at high pressures.9

Recently a few more investigations have been carried
An x-ray-diffraction study by Kruger and Meade11 suggested
a crystalline-crystalline phase transformation at;6.5 GPa
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while a high resolution single crystal x-ray-diffraction inve
tigation by Sunet al.12 indicated the existence of a diso
dered crystalline phase at;12 GPa. In addition, a recen
extensive Raman scattering study showed several intere
aspects related to the high-pressure behavior of
berlinite.13 Under the quasihydrostatic pressures, using al
hol and alcohol water mixtures, beyond;14 GPa, the sharp
a-berlinite Raman peaks are lost and weak Raman ba
appeared. This was interpreted in terms of a phase trans
mation of a-berlinite to a disordered crystalline phase13

With a less soft pressure transmitter like KBr, the emerge
of the same disordered crystalline phase was noted, howe
this new phase seemed to progressively transform to
amorphous phase at higher pressures. On decompre
while the samples with liquid transmitters transformed ba
to a-phase, the high-pressure phase, under relatively non
drostatic compression transformed partly to an amorph
phase.13

To understand some of these experimental results ano
detailed MD simulation of this compound was carried o
using a much larger cell than used in previous calculation14

These simulations showed that the high-pressure phasP
.30 GPa! though disordered is not x-ray amorphous. In p
ticular, these simulations demonstrated that the translatio
order persists along the crystallographic (10 12̄) and (10 1̄4)
directions. In addition, these calculations predicted a disor
in the oxygen sublattice beyond 15 GPa. These computat
also showed that beyond 12 GPa, a CrVO4 structure type in
the orthorhombicCmcmspace group has a lower total ener
than the a-phase, in agreement with earlier enthal
calculations.10 Further, these MD calculations demonstrat
that, with the pair potentials of van Beest, Kramer, and v
Santen,15 the transformation of the berlinite phase to t
orthorhombic phase is kinetically hindered. These and ot
contradictory results from various studies mentioned ab
motivated us to undertake a careful reinvestigation of t
material through x-ray-diffraction experiments at high flu
SPring8 synchrotron facility in Japan.

Angle dispersive x-ray-diffraction experiments were ca
ried out at the undulator beamline BL10XU of SPring8 usi
a monochromatic x-ray beam of 0.7 Å and 50mm diameter.
The diffraction pattern was recorded using an imaging pl
8824 ©2000 The American Physical Society
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kept at a distance of;25 cm from the diamond anvil cell
Coarsely powdereda-AlPO4 sample was loaded in a ste
gasket hole (diam;100mm) of a diamond anvil cell. Mate-
rial was not finely powdered partly to avoid any acciden
amorphization due to griding seen in other materials.16 Two
experiments were carried out. The first experiment was
minated at;30 GPa while in the second one pressure w
released from 40 GPa. In the first experiment, the pres
transmitter~4:1 methanol-ethanol! was less than the sample
In the second experiment, the gasket was less than half fi
with the sample to provide better quasihydrostatic pressu
A tiny ruby chip ~;10 mm! was loaded along with the
sample to measure pressure by monitoringR-line shifts. A
variation in theR1-R2 splitting and broadening indicated th
beyond;20 GPa pressure became nonhydrostatic in the
experiment while in the second experiment pressure
seen to remain quasihydrostatic up to;40 GPa.

Imaging plate~IP! records show that granular diffractio
lines persist up to the highest pressures in both the exp
ments. Two dimensional IP records were transformed to
dimensional diffraction patterns by radial integration of t
diffraction lines. Some of these one dimensional diffracti

FIG. 1. One dimensional diffraction profiles of AlPO4 at various
pressures. Arrows at 15 and 25 GPa indicate the new diffrac
peaks. At 25 GPa, hkl indices refer to the unit cell of CrVO4 type
structure in theCmcmspace group. The ruby and gasket diffracti
lines are labeled asr andg. Inset at 25 GPa shows that the diffra
tion peaks of the new phase are broader.
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profiles are shown in Fig. 1.17 It was noted that Bragg dif-
fraction peaks persist even at 40 GPa. At;13 GPa, in both
the experiments, new diffraction lines appeared in addition
those of thea phase. In Fig. 1, these new lines are indicat
with arrows at 15 and 25 GPa. On release of pressure f
40 GPa, all the new diffraction peaks vanished and the
fraction pattern of onlya-phase remained.18

These x-ray-diffraction results imply the existence of
phase transformation to another crystalline phase betwee
and 13 GPa. In fact some of the diffraction peaks persist
to the highest pressures~40 GPa! and this contradicts the
earlier conclusions that the high pressure phase is an a
phous phase.19 Due to the presence of strong textural effec
in the data of the present experiments, Rietveld meth
could not be used for determining the crystallographic
rameters. Therefore, we have employed profile fitting
evaluate the cell parameters only. The cell lengths
a-AlPO4 determined from the present data show a smo
and monotonic behavior as displayed in Fig. 2.19 In Fig. 3 we
compare the observed variation inc/a with that from an
earlier x-ray-diffraction study20 and also from recent MD
simulations.14 Up to ;9 GPa, where the earlier experiment
data are available, these agree very well. Though quan
tively the absolute values of observed and MD calculate14

c/a ratio of the berlinite phase compare reasonably~within
2%! up to ;12 GPa, the rate of change ofc/a is distinctly
higher for MD results. In addition the experimental resu
do not show a plateau ofc/a beyond;12 GPa and these
disagreements highlight the limitations of the pair potenti
used in the MD simulations.

Analysis of additional diffraction lines show that thes
belong to a structure of CrVO4 type in the Cmcm space
group. In this context, we should also note that even in
published diffraction pattern of Ref. 2 at 25 GPa, there w
weak but new diffraction peaks observed atd>3.14, 2.82,
2.72, and 2.21 Å. Probably due to weak intensities, not m
attention was paid to these new diffraction lines. With o
lattice constants of CrVO4 structure, we could index thes
new diffraction peaks as~111!, ~021!, ~002!, and ~112!, re-
spectively. Figure 4 shows the variations ofa, b, andc of the

n

FIG. 2. Variation of unit cell parametersa and c of a-AlPO4

with pressure.
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Cmcmphase as deduced from our experimental data. I
interesting to note that our observeda:b:c<0.716:1:0.732
compare favorably with the experimental results for oth
compounds crystallizing in CrVO4 structure.21 In this struc-
ture, Al atoms have octahedral coordination with oxygen
oms while P is tetrahedrally bonded.P-V results for both,a
andCmcmphases are shown in Fig. 5. The first-order ph
transformation at;13 GPa is accompanied by a volume r
duction of;27%, which is comparable to~21%! observed in
isostructural FePO4.

22 A fit of P-V data of thea phase to
Birch-Murnaghan equation givesK534 GPa (K854). This
agrees well with, both, earlier theoretical results14 ~34.7 GPa!
and low-pressure experimental data20 ~36 GPa!. In contrast,
the Cmcmphase was found to be relatively incompressi
with K5127 GPa (K854.0). This may be compared wit

FIG. 3. c/a of a-AlPO4 at high pressures. Open triangles ref
to the earlier experimental data~Ref. 20! while the dotted line rep-
resents the results of a recent MD calculation~Ref. 14!.

FIG. 4. Variation ofa, b, andc of the Cmcmphase with pres-
sure. Filled circles representa, filled triangles correspond tob, and
c is represented by the unfilled triangles.
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the calculated bulk modulus of;166 GPa from MD
simulations.14 The same relatively incompressible behav
of the Cmcm phase is also found in FePO4 where theK
values before and after the transformation are 24 and
GPa, respectively.22

A careful look into the diffraction patterns beyond 1
GPa, shows that the diffraction peaks ofa phase gradually
lose intensity, while the intensities of the new peaks gr
marginally indicating kinetic impedance. Also though th
new Cmcmphase is crystalline, it seems to be poorly cry
tallized as suggested by the higher full width at half ma
mum of the Bragg peaks~inset in Fig. 1!.23 Similar results
have earlier been observed in quartz where it was shown
at high pressures, stishovite crystallizes poorly.24 Raman
scattering results of Gilletet al. also lend support to this
suggestion. First, it should be noted that the Raman ba
observed by Gilletet al. at P.14 GPa are very similar to
that of CuCrO4 which exists in theCmcmphase at ambien
conditions.25 Second, the intensity of the new modes is
order of magnitude smaller than that ofa phase.26 Also our
data show that beyond 25 GPa, there is an overall declin
the intensities of all the diffraction peaks. This may al
indicate that the high-pressureCmcmphase transforms into
an amorphous phase under the nonhydrostatic stresse
also noted in the Raman studies.13 It should also be pointed
out that transformation to a disorderedCmcmphase has also
been seen earlier in isostructural materials such asa-GaPO4

~Refs. 27 and 28! and a-FePO4.
22 Of particular interest is

the investigation by Badro, Itie, and Polian27 on a-GaPO4.
In this compound the quality of the diffraction pattern of th
daughterCmcmphase improved dramatically on laser he
ing the material in the stability field of the high-pressu
phase.27 In particular, this heating reduced the amount
background hump which in many cases have been ascr
to the existence of an amorphous phase. In similar situati
laser heating the sample may help reduce the kinetic re
tance for crystallization of the new phase. This would a

FIG. 5. P-V behavior of AlPO4 in the a as well asCmcmphase.



ur
a
d
th
h

ex
ve
a

w
e
ly
la

te
se
l

t is
ng

a
g
-

-
y of

est

ex-

es-
ts.
-8
rch

PRB 62 8827HIGH-PRESSURE X-RAY-DIFFRACTION STUDY OFa-AlPO4
establish the degree of reversibility of the high-press
phase toa phase. In the present case no quantitative estim
can be made of the back transformation. However, on
compression reemergence of all the diffraction peaks of
a phase indicates that the poor crystallinity of the hig
pressure phase does not retard the reversibility.

In conclusion, we shall like to state that the present
perimental studies do not confirm the previously obser
memory glass effect. Our x-ray-diffraction data show th
a-berlinite transforms to a disordered crystallineCmcm
phase beyond 13 GPa. These results are in agreement
the earlier Raman work.13 The presence of a crystallin
orthorhombic phase beyond;13 GPa provides a more easi
acceptable rationale for the explanation of the observed e
tic anisotropy of the high-pressure phase in Brillouin scat
ing results.4 However, for a quantitative explanation of the
results, the present results are not adequate and it wil
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necessary to carry out single crystal diffraction studies. I
interesting to note here that a similar Brillouin scatteri
result in quartz could be reasoned out in terms of
crystalline-crystalline transformation precedin
amorphization.29–31 Also, though the total energy calcula
tions had supported the stability ofCmcmphase at high pres
sures, this phase could not be dynamically reached in an
the classical MD calculations carried out so far.14 This fail-
ure along with our experimental results may further sugg
the possibility of large kinetic resistance for thea phase to
Cmcmphase transformation and should encourage more
perimental and theoretical work.
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