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Abstract
High pressure angle dispersive x-ray diffraction measurements are carried out on LuVO4 in a
diamond anvil cell up to 33 GPa at the Elettra synchrotron radiation source. The measurements
show that LuVO4 undergoes a zircon to scheelite structure phase transition with a volume
change of about 11% at about 8 GPa. A second transition to a monoclinic fergusonite structure
occurs above 16 GPa. The data are also recorded while releasing the pressure, and indicate that
the scheelite phase is metastable under ambient conditions. The equations of state and changes
in internal structural parameters are reported for various phases of LuVO4. Lattice dynamical
calculations based on a transferable interatomic potential were also performed and the results
support the stability of the scheelite structure at high pressures. The calculated structure,
equation of state and bulk modulus for all the phases are in fair agreement with the
experimental observations.

1. Introduction

Insulating RVO4 (R—rare earth) compounds with zircon type
structure [1] have isolated VO4 tetrahedra, which surround
the R atom to form RO8 dodecahedra. VO4 and RO8

extend parallel to the c-axis and are chain joined laterally
by edge-sharing RO8. R ions are expected to retain much
of the non-interacting ionic character due to the absence of
mediation by conduction electrons. These rare earth vanadates
are of considerable theoretical and technological interest [2].
All of them possess the same zircon structure but with the
population of the 4f sub-shell changing monotonically (with

6 Present address: Forschungszentrum Jülich GmbH, Jülich Centre For
Neutron Science, C/O TU München, Lichtenbergstrasse 1, 85747 Garching,
Germany.

the exception of CeVO4). The series allows study of the
interesting changes in covalent effects on 4f occupancy. When
doped with suitable ions they serve as excellent host materials
for laser application. The comparable crystal field splitting
and Hunds correlation energy that can flip the ionic spin, the
metal–insulator transition resulting from the lifting of orbital
degeneracy by a Jahn–Taylor (J–T) type mechanism, charge
ordering or inhibition of electron hopping by antiferromagnetic
ordering or band broadening etc are expected to yield a rich
variety in the high pressure behaviour. In fact the 4f spin–
lattice coupling can be recognized through the contrasting
behaviour of PrVO4 and LuVO4. A strong coupling may lead
to a cooperative J–T transition to lower symmetry and ordering
of R spins. Strong anomalies in the temperature dependence
of the lattice parameters and/or elastic constants in RVO4
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Table 1. The structural parameters of the various phases of LuVO4 as obtained from the Rietveld refinements of the experimental data and
model calculations.

(a) Structural parameters of zircon LuVO4 at ambient pressure, space group I41/amd ,
Z = 4 (residuals [23] Rwp = 12.2%, Rp = 9.1%, R(F2) = 29.2%, 96 reflections)

Expt. Calc.
a (Å) 7.0266(3) 6.791
c (Å) 6.2329(4) 6.432

Site x y z x y z

Lu 4a 0 0.75 0.125 0 0.25 0.125
V 4b 0 0.25 0.375 0 0.25 0.375
O 16h 0 0.439(6) 0.201(6) 0 0.427 0.219

(b) Structural parameters of scheelite LuVO4 at 12.9 GPa, space group I41a, Z = 4
(residuals Rwp = 4.7%, Rp = 3.6%, R(F2) = 14.9%, 108 reflections)

Expt. Calc.
a (Å) 4.8949(7) 4.864
c (Å) 10.6841(31) 10.799

Site x y z x y z

Lu 4a 0 0.25 0.625 0 0.25 0.625
V 4b 0 0.25 0.125 0 0.25 0.125
O 16h 0.270(8) 0.606(3) 0.546(6) 0.259 0.611 0.552

(c) Structural parameters of fergusonite LuVO4 at 32.9 GPa, space group I2/a,
Z = 4 (residuals Rwp = 1.7%, Rp = 1.3%, R(F2) = 4.6%, 161 reflections)

Expt.
a (Å) 4.878(3)
b (Å) 10.360(6)
c (Å) 4.689(4)
β (deg) 94.59(4)

Site x y z

Lu 4e 0.25 0.626(3) 0
V 4e 0.25 0.129(7) 0
O1 8f 0.905(18) 0.955(11) 0.226(20)
O2 8f 0.453(11) 0.213(6) 0.767(40)

(R—Pr, Nd, Tb, Dy, Ho, Tm, Yb) are due to such a
quadrupole–lattice strain coupling [3].

Several zircon type materials transform [4–10] to a
pressure quenchable scheelite type with approximate 10%
volume reduction due to more efficient polyhedral packing
when pressurized well above the equilibrium transition
pressure. The transition is characterized by accompanying
change in the electronic structure and lattice disorder. Among
the vanadates, only YVO4 has been investigated under
pressure [10]. Under pressure, in YVO4, the internal mode
frequencies of the VO4 tetrahedra decrease and the optical
absorption edge shifts (by 1.1 eV) to lower energy due to
electronic structure change dominantly occurring in VO4. The
oxygen displacement is highly anisotropic with the maximum
amplitude perpendicular to the edge shared between VO4

and RO8. It exhibits a zircon to scheelite type phase
transition at 8.5 GPa. On further increase of pressure to
26.5 GPa, the scheelite phase undergoes another pressure-
driven phase transition. A possible structure candidate is the
monoclinic fergusonite structure. The fergusonite structure
has also been identified as the first high pressure phase of
scheelite structure compounds [11] YLiF4, BaWO4, PbWO4

etc. Molecular dynamics simulations have recently been
employed to successfully identify the mechanism [12] of the
scheelite to fergusonite phase transition in YLiF4.

Here we report the results of investigations of high
pressure phase stability of LuVO4 using synchrotron-based x-
ray diffraction and lattice dynamical calculations. We observe
a zircon to scheelite phase transition above 8 GPa. The
electrical resistance was also measured across this transition
to look for any electronic structure change. Scheelite phase
transforms to monoclinic fergusonite structure near 16 GPa.
Results of lattice dynamical calculations that identify the
stability region of scheelite structure in LuVO4 are also
presented. The details of measurements and the lattice
dynamics calculations are given respectively in sections 2
and 3. The results and discussion, and conclusions are
presented in sections 4 and 5, respectively.

2. Experimental details

LuVO4 was prepared by heating appropriate amounts of dried
Lu2O3 (Indian Rare Earth Ltd 99%) and V2O5 (Alfa 99%) at
800 ◦C for 18 h; this was followed by remixing and heating in
pellet form, at 975–1000 ◦C for 24 h. Samples obtained after
the second heat treatment were characterized by powder x-ray
diffraction. The cell constants and atomic coordinates refined
from the data recorded at ambient pressure for the zircon phase
of LuVO4 are in close agreement (table 1) with the reported
data1.
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Angle dispersive x-ray diffraction (ADXRD) measure-
ments were carried out at the powder x-ray diffraction beam
line of ELETTRA Synchrotron source, Trieste, Italy. For
high pressure measurements, fine powdered samples of LuVO4

were loaded in a Mao–Bell type diamond anvil cell (DAC). A
pair of diamond anvils with culet diameter of about 400 μm
was used in the DAC. A hardened steel gasket with a central
hole of diameter of 100 μm and thickness 50 μm contained
the sample and the x-ray beam was collimated by an 80 μm
diameter pinhole. A methanol–ethanol (4:1) mixture was used
as the pressure transmitting medium. The pressure was deter-
mined in situ by using platinum powder mixed with the sam-
ple as pressure calibrant and the estimated error in pressure is
0.2 GPa. The wavelength of the x-rays employed and the sam-
ple to image plate distance were respectively calibrated em-
ploying Si and Pd diffraction patterns. X-ray powder patterns
at various pressures were collected employing x-rays of wave-
length 0.648 Å. Images of the powder diffraction rings were
collected on a MAR345 image plate detector and read with a
resolution of 100 × 100 pixel size. Typical exposure times
of 20–30 min were employed for measurements at high pres-
sures. The powder images thus obtained were integrated using
the program FIT2D [13] to yield intensity versus 2θ plots. The
powder patterns so obtained were further corrected for the ab-
sorption by the diamonds. Since the data were unaffected by
any texture effects, multi-phase Rietveld refinement was car-
ried out at all pressures to extract the lattice parameters. Pat-
terns were collected up to the highest pressure of 33 GPa.

For measuring electrical resistance up to 10 GPa a
Bridgman anvil set-up was employed. Details are given
elsewhere [14].

3. Lattice dynamic calculations

Within the quasi-harmonic approximation, lattice dynamic
calculations are carried out to derive the dynamical matrix,
which is diagonalized, to obtain the phonon frequencies,
dispersion, and polarization vectors. The dynamical matrix,
which comprises mainly the force constants between various
pairs of atoms, can in principle be computed using quantum-
mechanical first-principles techniques. However, because of
the complex structure involving several atoms in the unit
cell, an atomistic approach based on empirical interatomic
potentials is used here. The interatomic potentials [15, 16]
consist of Coulombic and short ranged Born–Mayer type
interaction terms, van der Waals interactions, and the V–O
bond-stretching potential. The polarizability of the oxygen
atoms is introduced in the framework of the shell model [17].
The empirical parameters are optimized to reproduce the
minimum enthalpy for ambient structure. Further, the potential
parameters satisfy the condition of dynamic equilibrium and
also the computed long wavelength phonon modes [18] are
close to their measured values. The same procedure was
earlier adopted for ZrSiO4, and resulted [19] in a consistent
description of high pressure phase transitions, thermodynamic
properties and inelastic neutron scattering data. The potential
that we have developed reproduces the ambient structure
(table 1) of the zircon phase of LuVO4.

The stability of a crystalline phase is largely determined by
the minimization of the Gibbs free energy [20]. In the quasi-
harmonic approximation, the Gibbs free energy of nth phase is
given by

Gn = �n + PVn − T Sn

where �n , Vn and Sn refer to the internal energy, lattice volume
and the vibrational entropy of the nth phase. By minimizing the
Gibbs free energy with respect to the structure variables (lattice
parameters and atomic positions), while keeping the space
group unchanged, the optimum crystal structure and volume
at a fixed pressure and zero temperature can be obtained. The
free energy changes due to internal energy and volume are
predominant in pressure-driven transitions over changes due
to vibrational entropy. However we have also included the
vibrational contributions in the phase diagram, by calculating
the phonon frequencies. For this the phonon modes over the
entire Brillouin zone were calculated on a 4 × 4 × 4 mesh
throughout the irreducible Brillouin zone to obtain the phonon
density of states g(E) and used to derive the Gibbs free energy.
The phase diagram is then obtained [20] by comparing the
Gibbs free energies in various phases. Computations have
been carried out at pressure intervals of 2 GPa. The Gibbs
free energy has been calculated as a function of pressure for
zircon and scheelite phases of LuVO4. The calculations were
performed using the latest version of the program DISPR [21]
developed at Trombay.

4. Results and discussion

4.1. X-ray diffraction measurements at high pressures

The typical angle dispersive x-ray diffraction data collected
for LuVO4 at different pressures are shown in figures 1
and 2. X-ray patterns could be indexed to the zircon structure
(space group I 41/amd) up to 8 GPa. Beyond 8 GPa a few
broad diffraction peaks that can be indexed to the scheelite
phase appear even though the peaks of the zircon phase
persist. This indicates a gradual transition to the scheelite
(space group I 41/a) phase as in several materials [8, 10]
with ambient zircon structure. As the pressure is further
increased, the intensity of diffraction peaks corresponding to
the zircon phase goes down whereas the diffraction peaks
corresponding to scheelite phase build up in intensity. Beyond
12.9 GPa, the diffraction patterns could be indexed with pure
scheelite phase. The diffraction lines of the scheelite phase
are also very broad as has been observed for several materials
that transform [8, 10] to this phase under pressure. The
transition is a first-order reconstructive transformation and
involves extensive rearrangement of the crystal structure and
an approximate volume decrease of 11%. Because of this,
the rate at which the transformation occurs is slow, and the
zircon and scheelite phases coexist over a large pressure range
(8–13 GPa) as has also been observed [10] for YVO4.

The strong (112) reflection for the scheelite phase
develops a shoulder above 16 GPa indicating another phase
transition. Similar splitting of the (112) peak is also observed
in high pressure diffraction studies [10] of YVO4. BaWO4 and
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Figure 1. Rietveld refinement of angle dispersive x-ray diffraction
patterns of zircon, scheelite and fergusonite phases. The upper and
lower ticks correspond to the sample and pressure calibrant (Pt)
respectively. X-ray wavelength = 0.648 Å. The polynomial-fitted
background has been subtracted from the data.

PbWO4 also show [11] a scheelite to monoclinic fergusonite
(I 2/a, Z = 4) structural phase transition at high pressure.
For LuVO4 also the new pattern gets indexed to this post-
scheelite phase. There is a negligible volume change during
this transition and hence it should be of displacive type with
small atomic movements. This being a continuous second-
order transition, it is observed to be fully reversible with

Figure 2. Rietveld refinement of angle dispersive x-ray diffraction
patterns of LuVO4 obtained on release of complete pressure. Upper
and lower ticks correspond to the scheelite phase and pressure
calibrant (Pt) respectively. X-ray wavelength = 0.648 Å. The
polynomial-fitted background has been subtracted from the data.

negligible hysteresis, as expected. We further note that the
scheelite phase does not revert to the zircon phase even after
the pressure is fully released.

Rietveld refinement of the diffraction patterns of the
zircon, scheelite and fergusonite polymorphs was carried
out employing the computer programs FULLPROF [22]
and GSAS [23] to extract the structural parameters. The
parameters which were refined are overall intensity, scaling
factor, Chebyshev polynomial background, lattice constants,
pseudo-Voigt profile function parameters and atomic fractional
coordinates. The Q range of the data does not allow us to
extract information about the isotropic temperature factors.
These values were kept fixed in the refinement at values
predicted from our lattice dynamical calculations. Multi-phase
refinement was carried out to take care of pressure calibrant
and multi-phase regions of the sample. The result of the
refinements for a zircon phase pattern collected at ambient
pressure, scheelite phase at 12.9 GPa, monoclinic fergusonite
phase at 33 GPa and metastable scheelite phase (pressure
released) are shown in figures 1 and 2. The R factors of the
refinements shown in figure 1 are given in table 1. At higher
pressures, the R factors are very small and do not seem to
convey the quality or the goodness of fit. However, it may be
noted that the refinements yield meaningful structures [24] and
the problem may be due to the general increase in background
and reduced counts at the peaks after the transition to the
scheelite phase, a condition that can yield low R factors [24].

The lattice parameters and unit cell volumes during
increasing pressure are shown in figures 3 and 4 respectively.
The data taken (for the scheelite phase) during the pressure
release are also plotted (figure 4). It can be seen that
for the zircon phase the compressibility along the a-axis is
higher than that along the c-axis, while for the scheelite
phase the compressibility along the a-axis is smaller than
that along the c-axis. For the zircon phase, the structure
unit can be considered as a chain of alternating edge-sharing
VO4 tetrahedra and LuO8 dodecahedra extending parallel to

4
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a

b

Figure 3. (a) Pressure dependence of the lattice parameters for
various phases of LuVO4. The values from our model calculations
have been scaled at P = 0 GPa with that determined from a fit to the
experimental data and this is shown by solid lines to indicate the
pressure variation. The fitted experimental values for the zircon
phase are ao = 7.026 Å, co = 6.228 Å and for the scheelite phase are
ao = 4.973 Å, co = 11.037 Å. (b) The variation of the monoclinic
angle with pressure in the fergusonite phase. The open and closed
symbols correspond to the pressure loading and unloading cycles
respectively.

the c-axis, with the chain joined along the a-axis by edge-
sharing LuO8 dodecahedra. The scheelite phase consists
of VO4 tetrahedra aligned along the a-axis, whereas along
the c-axis LuO8 dodecahedra are interspersed between the
VO4 tetrahedra. On application of pressure, because of the
covalent nature, the V–O bonds remain undistorted while
the volume of LuO8 dodecahedra is reduced. This results
in a smaller compressibility along a-axis in the scheelite
phase in comparison with the zircon phase. The pressure
dependence of the interatomic distances in the zircon and
scheelite phases is shown in figure 5. The calculation from the
interatomic potential reproduces the observed variation fairly
well.

At ambient pressure the difference in volume of zircon
and scheelite polymorphs of LuVO4 is about 11%. Similar
change in volume was observed in previous high pressure
studies [8, 10] of YVO4 and ZrSiO4. The pressure–volume

Figure 4. Pressure dependence of the volume for various phases of
LuVO4. Open and closed symbols correspond to the pressure loading
and unloading cycles respectively. The solid line corresponds to the
computed values (and not a fit to data) from the lattice dynamical
calculations that have been normalized by the fitted volume of the
zircon phase at P = 0, Vo = 307.44 Å

3
.

Figure 5. Pressure dependence of interatomic distances in LuVO4.
The solid and dashed lines correspond to the calculation from the
interatomic potential in the zircon and scheelite phases respectively.

data were fitted with a Birch equation of state [25] in order to
determine the bulk modulus B at zero pressure and its pressure
derivative B ′. The parameters obtained are B = 147 GPa,
B ′ = 4.3 for the zircon phase and B = 194 GPa, B ′ = 5.3 for
scheelite phase. The values for the scheelite phase are obtained
by fitting to the pressure unloading data from 12 GPa.
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Figure 6. Electrical resistance as a function of pressure for the zircon
phase of LuVO4.

4.2. Electrical resistance measurements

The results of electrical resistance measurements on the zircon
phase of LuVO4 up to 10 GPa are shown in figure 6. There
is an initial increase in resistance with pressure indicative of
an increase in band gap with pressure. However across the
region of structural transition, there is no discontinuous change
in resistance. Thus there is no change in band gap due to
the structural transition. The absence of any major electronic
rearrangement implies that computations based on empirical
potentials should reproduce the measured structural behaviour.

4.3. Raman and infrared modes, crystal structure and phase
stability from lattice dynamical calculations

In the following, we compare the results for computed Raman
and infrared modes, phase stability, structural parameters and
pressure–volume relations with measurements.

The comparison between the calculated and experimen-
tal [18] long wavelength Raman and infrared modes for LuVO4

in the zircon phase in shown in figure 7. The average deviation
of our calculations from the experimental data is 5.7%. The
large LO–TO splitting for the A2u and Eu modes has been cor-
rectly described by our calculation.

The calculated free energies as a function of pressure show
that beyond 8 GPa at 300 K, the scheelite phase has a lower free
energy, indicating the greater stability of this phase (figure 8).
The only measured transition pressure is at 300 K (ELETTRA
do not have a facility for varying temperature at high pressure),
which is also included in figure 8. The onset of a first-
order phase transition from zircon to scheelite phase is well
reproduced from our calculations. As expected, the greater
stability of scheelite phase at high pressures arises primarily
due to its lower volume. The calculated values of the atom
position parameters for the polymorphs of LuVO4 are in fair
agreement with the experimental values (table 1).

The scheelite to fergusonite phase transition is of second
order, and therefore a free energy crossover as in figure 8
is not expected. However, the calculations for the scheelite
phase based on the present interatomic potential do not show

Figure 7. Comparison of the calculated (filled circles) and
experimental long wavelength Raman [18a] (open circles) and
infrared [18b] modes (open squares) for various group-theoretical
representations in cm−1 units (1 cm−1 = 0.124 meV) for LuVO4 in
the zircon phase.

Figure 8. The calculated phase diagram of LuVO4 as obtained (line)
from comparison of the calculated free energies for the zircon and
scheelite phases of LuVO4. The experimentally observed zircon to
scheelite phase transition at 300 K is shown by a filled circle.

any soft phonon mode that could lead to the distortion of the
scheelite structure up to a pressure of 100 GPa. Recent ab initio
calculations [11a] for the high pressure phase transformations
in BaWO4, and PbWO4 also could not reproduce the scheelite
to fergusonite phase transition. Though the measured lattice
parameter data for LuVO4 show that the monoclinic distortion
of the scheelite structure is small and continuous, the soft P–V
relation of the fergusonite phase implies bond reconstruction.
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The crystal structures of the zircon and scheelite phases
of LuVO4 at different pressures, as calculated by minimization
of the free energy, reproduce the anisotropic behaviour of the
compression of lattice parameters a and c (figure 3). The
computed volume as a function of pressure for LuVO4 in the
zircon and scheelite phases plotted in figure 4 is in reasonable
agreement with measurements. The calculated volume change
of about 11% from zircon to scheelite phase transition is in
good agreement with experimental observation (figure 4).

The bulk modulus and its pressure derivative have been
determined by fitting the calculated volume data at different
pressures to the Murnaghan equation of state [25]. The
calculated values of the bulk modulus and its pressure
derivative are B = 166 GPa and B ′ = 4.8 for zircon phase
and B = 173 GPa and B ′ = 5.3 for scheelite phase. These
values are in fair agreement with the measurements given in
section 4.1.

5. Conclusions

Results of investigation on the structural stability of LuVO4 up
33 GPa are reported. The results support the existence of a
zircon to scheelite type first-order phase transition in zircon-
structured LuVO4. The lattice dynamical calculations support
the experimental observations. The scheelite to monoclinic
fergusonite transition is found to take place at about 16 GPa
with no evidence of any further structural phase transition up
to 33 GPa. The scheelite phase can be pressure quenched.

References

[1] Chakoumakos B C, Abraham M M and Boatner L A 1994
J. Solid State Chem. 109 197

[2] Boatner L A, Beall G W, Abraham M M, Finch C B,
Huray P G and Rappaz M 1980 The Scientific Basis for
Nuclear Waste Management vol II, ed C J Northrup
(New York: Plenum) p 289

Hayhurst T, Shalimoff G, Edelstein N, Boatner L A and
Abraham M M 1981 J. Chem. Phys. 74 5449

[3] Skanthakumar S, Loong C-K, Soderholm L,
Richardson J W Jr, Abraham M M and Boatner L A 1995
Phys. Rev. B 51 5644

[4] Duclos S J, Jayaraman A, Cooper G P and Maines R G 1989
J. Phys. Chem. Solids 50 769

[5] Jayaraman A, Kourouklis G A, Espinosa G P and
Cooper A S 1987 J. Phys. Chem. Solids 50 759

[6] Rao R, Sakuntala T, Mittal R, Deb S K, Chaplot S L,
Karanjikar N P and Roy A P 1998 Int. Conf. on Raman
Scattering (Cape Town)

[7] Knittle E and Williams Q 1993 Am. Mineral. 78 245
[8] Ono S, Tange Y, Katayama I and Kikegawa T 2004

Am. Mineral. 89 185
[9] Manoun B, Downs R T and Saxena S K 2006 Am. Mineral.

91 1888
[10] Wang X, Loa I, Syassen K, Hanfland M and Ferrand B 2004

Phys. Rev. B 70 64109
[11a] Errandonea D, Pellicer-Porres J, Manjon F J, Segura A,

Ferrer-Roca Ch, Kumar R S, Tschauner O, Lopez-Solano J,
Rodriguez-Hernandez P, Radescu S, Mujica A,
Munoz A and Aquilanti G 2006 Phys. Rev. B 73 224103

[11b] Grzechnik A, Syassen K, Loa I, Hanfland M and Gesland J Y
2002 Phys. Rev. B 65 104102

[12] Sen A, Chaplot S L and Mittal R 2003 Phys. Rev. B
68 134105

[13] Hammersley A P 1995 Report No. EXP/AH/95-01
[14] Vijayakumar V 1986 High-pressure investigation on some

metals and alloys PhD Thesis University of Bombay
[15] Chaplot S L, Choudhury N, Ghose S, Rao M N, Mittal R and

Prabhatasree K N 2002 Eur. J. Mineral. 14 291
[16] Mittal R, Chaplot S L and Choudhury N 2006 Prog. Mater.

Sci. 51 211
[17] Venkatraman G, Feldkamp L and Sahni V C 1975 Dynamics

of Perfect Crystals (Cambridge: MIT Press)
[18a] Santos C C, Silva E N, Ayala A P, Guedes I, Pizani P S,

Loong C-K and Boatner L A 2007 J. Appl. Phys.
101 053511

[18b] Armbruster A 1976 J. Phys. Chem. Solids 37 321
[19] Mittal R, Chaplot S L, Parthasarathy R, Bull M J and

Harris M J 2000 Phys. Rev. B 62 12089
Chaplot S L, Pintschovius L, Choudhury N and Mittal R 2006

Phys. Rev. B 73 94308
[20] Sen A, Chaplot S L and Mittal R 2005 Physica B 363 213
[21] Chaplot S L 1992 unpublished
[22] Rodriguez-Carvajal J 1992 Physica B 192 55
[23] Larson A C and van Dreele R B 2000 GSAS: general structure

analysis system Los Alamos National Laboratory, Report
LAUR 86-748

[24] Toby B H 2006 Powder Diffract. 21 67
[25] Birch F 1952 J. Geophys. Res. 57 227

7

http://dx.doi.org/10.1006/jssc.1994.1091
http://dx.doi.org/10.1063/1.440949
http://dx.doi.org/10.1103/PhysRevB.51.5644
http://dx.doi.org/10.1016/0022-3697(89)90055-3
http://dx.doi.org/10.2138/am.2006.2070
http://dx.doi.org/10.1103/PhysRevB.70.064109
http://dx.doi.org/10.1103/PhysRevB.73.224103
http://dx.doi.org/10.1103/PhysRevB.65.104102
http://dx.doi.org/10.1103/PhysRevB.68.134105
http://dx.doi.org/10.1127/0935-1221/2002/0014-0291
http://dx.doi.org/10.1016/j.pmatsci.2005.08.001
http://dx.doi.org/10.1063/1.2437676
http://dx.doi.org/10.1016/0022-3697(76)90094-9
http://dx.doi.org/10.1103/PhysRevB.62.12089
http://dx.doi.org/10.1103/PhysRevB.73.094308
http://dx.doi.org/10.1016/j.physb.2005.03.023
http://dx.doi.org/10.1016/0921-4526(93)90108-I

	1. Introduction
	2. Experimental details
	3. Lattice dynamic calculations
	4. Results and discussion
	4.1. X-ray diffraction measurements at high pressures
	4.2. Electrical resistance measurements
	4.3. Raman and infrared modes, crystal structure and phase stability from lattice dynamical calculations

	5. Conclusions
	References

