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In this work we report high-pressure (HP) and high-temperature (HT) ex situ and in situ experiments in
BaWO,. Starting from powder samples of BaWOQ,, scheelite structure (/4,/a), we reached conditions of
2.5-5.5 GPa and 400-1100 K using a Paris-Edinburgh press. The quenched samples were characterized by
x-ray diffraction and Raman measurements at ambient conditions. Depending upon the final P-T conditions we
found either the scheelite or the monoclinic BaWO,-1I (P2,/n) structure. We also performed HP-HT in situ
Raman measurements in a single crystal of BaWO, using a resistive-heated diamond-anvil cell. The transition
from scheelite to the BaWO,-II phase was observed at 5 GPa for T=621 K. Ab initio lattice-dynamics
calculations have been performed in order to characterize the vibrations of the BaWO,-II phase. Finally we
carried out in situ powder angle-dispersive x-ray diffraction synchrotron measurements on BaWQO, compound
following different P-T paths, extending its measured phase diagram in the 2-6 GPa and 300-2000 K range.
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I. INTRODUCTION

Barium tungstate (BaWQ,) crystallizes at ambient condi-
tions in the tetragonal scheelite structure [space group (SG)
I4,/a, No. 88, Z=4]. In this structure the WO cations are
surrounded by four O~ anions in a tetrahedral configuration,
whereas the Ba®* cations have eight oxygen ions nearest
neighbors in a pseudocubic configuration.! This material has
attracted the attention of crystals growers due to its excellent
scintillating efficiency. In fact it has been shown to be an
excellent laser-host material” and has been used in the con-
struction of scintillating detectors.> Moreover from the fun-
damental point of view BaWQ, presents remarkable features.
The high-pressure (HP) and high-temperature (HT) phase
diagram of BaWQ, has been characterized by the ex situ
experiments of Fujita et al.* This work reveals the appear-
ance of either the scheelite or the monoclinic BaWO,-II
phase (SG P2,/n, No. 14, Z=8), in the samples quenched
from HP-HT depending on the P-T path followed in the
experiments. The monoclinic phase has no direct resem-
blance with scheelite. It consists of WOy octahedra con-
nected by edge and corner to irregular BaO, polyhedra. The
coordination number of the tungsten atoms increases from
four to six and that of the barium atoms increases from eight
to 12 in comparison with scheelite.” In addition in Ref. 4 an
ex situ phase boundary between both structures is reported,
P (GPa)=2.67+0.00265 T (°C); T=600-1000 °C. Re-
cently, the structural stability of BaWO, was studied upon
compression at room temperature (RT).%” In these works two
pressure-induced phase transitions are reported at 7 and 10
GPa involving monoclinic phases. In particular, Ref. 6 as-
signed the M-fergusonite structure (SG 12/a, No. 13, Z=4)
to the first high-pressure phase and a BaWO,-II-type phase
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to the one found beyond 10 GPa. In addition, ab initio
calculations® clearly show that for P>5 GPa the energeti-
cally most favorable structure is the BaWO,-II-type one.
Also they noted that the M-fergusonite phase would be more
stable than scheelite beyond 7.5 GPa. Recently, we made in
situ angle-dispersive x-ray diffraction (ADXRD) synchrotron
measurements in BaWO, at 7.5 GPa and up to 800 K.® We
concluded that beyond 7 GPa a coexistence of scheelite and
fergusonite is present at both RT and HT with no trace of the
BaWO,-II phase. From this and previous results we estab-
lished a polymorphism zone in the P-T phase diagram in the
range of 4-12 GPa and 300-800 K. The fact that different
crystallographic structures are found at the same P-T condi-
tions depending on the methods used in the studies, pointed
out to the existence of kinetic barriers and possible nonhy-
drostatic experimental conditions.

Additional studies are needed to better understand the P-T
phase diagram of BaWO,. In particular there is a lack of in
situ measurements in the 0—6 GPa; 300-1300 K range. These
measurements are essential to characterize properly the
HP-HT BaWO, phase diagram, to analyze in situ the transi-
tion from scheelite to the BaWO,-II phase, and to test the ex
situ phase boundary reported by Fujita et al.* With the mo-
tivation of understanding the nature of the BaWQO,-II phase,
we present in this paper both ex situ and in situ studies using
different experimental techniques. The ex situ measurements
consisted of x-ray and Raman experiments on powder
samples quenched from different P-T conditions (2.5-5.5
GPa and 400-1100 K), which have been obtained by means
of a Paris-Edinburgh press. On the other hand we performed
an in situ HP-HT Raman experiment on a single crystal of
BaWQ, in a diamond-anvil cell (DAC) at 5 GPa up to 621
K. Ab initio lattice-dynamics calculations have been per-
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formed in order to characterize the vibrations of the phase II.
Finally we have performed in sifu ADXRD synchrotron mea-
surements on powder samples for different P-T paths cover-
ing the range: 2—6 GPa and 300-2000 K. Thermal expansion
coefficients are reported for both scheelite and BaWO,-II
structures for different values of pressure.

II. EXPERIMENTAL AND THEORETICAL DETAILS

The BaWO, samples used in our experiments consisted of
either single crystals grown by the Czochralski method® or
fine grained powder obtained from Alfa Aesar (99.9% pu-
rity). Several experimental in sifu and ex sifu techniques
have been used in this work to characterize the HP-HT phase
diagram of BaWOQ,. Starting from powder samples, a Paris-
Edinburgh press!® has allowed us to reach different P-T ex-
perimental conditions. In the case of the ex situ experiments
we first reached the desired pressure, then (under constant
load) we increased slowly the temperature up to the one we
wanted by means of a step by step current source. Finally,
once we got the P-T final conditions required, we waited for
stabilization 10 min, afterwards the current source was dis-
connected and the load in the press removed smoothly up to
ambient conditions. Pressure and temperature were deter-
mined, respectively, by load-applied and power-temperature
calibration curves'' with experimental error less than 5%.
The samples quenched to ambient conditions were character-
ized ex situ by x-ray diffraction measurements, using a
Panalytical X’Pert Pro x-ray diffractometer working with
the Cu wavelengths: K,,;=1.5405 A and K,=1.5444 A.In-
dexation and analysis of the structure were done using
POWDERCELL.!? Furthermore, we also performed Raman ex-
periments on the quenched samples in the backscattering ge-
ometry using the 514.5 nm (2.41 eV) line of an Ar*-ion laser
with a power of less than 100 mW before the sample to avoid
sample heating. A Mitutoyo 20X long working distance ob-
jective was used for focusing the laser on the sample and
for collecting the Raman spectra. The scattered light was
analyzed with a Jobin-Yvon T64000 triple spectrometer
equipped with a confocal microscope in combination with a
liquid-nitrogen-cooled multichannel charge-coupled-device
detector. The spectral resolution was better than 1 cm™!. Us-
ing the Paris-Edinburgh press, we have also performed in
situ ADXRD synchrotron measurements at the ID 27 beam-
line of the ESRF (Grenoble, France). Experimental details
could be found in Ref. 13. In this case the pressure was
determined from the equation of state (EOS) of h-BN (Ref.
14) and the temperature was obtained from the mentioned
power-temperature calibration curves. Monochromatic syn-
chrotron radiation at A=0.3738 A was used for data collec-
tion. The size of the x-ray beam was focused and collimated
down to 50X50 wm. A multichannel collimator (Soller
slits) was used to isolate the diffraction signal of the sample
from the surrounding environment. The diffraction images
were integrated and corrected for distortions using FIT2D
(Ref. 15) to yield intensity versus 26 diagrams. Again, struc-
ture analysis was performed using POWDERCELL.'? Finally,
we used a 380 um culet DAC with external an internal re-
sistive heating'® in order to perform an in situ HP-HT Raman
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experiment. The BaWO, sample consisted of a 20X20
X5 um? not oriented single crystal. It was placed together
with a ruby chip and a little piece of SrB,O,:Sm”" in a
125 um hole of a rhenium gasket. As pressure-transmitting
medium we used argon. The temperature was measured di-
rectly from a thermocouple placed in the internal furnace
with a precision of =1 K. However due to the existence of a
temperature gradient the sample temperature is estimated to
be 5 K smaller to that determined with the thermocouple.!’
The pressure was obtained by the 'Dy—°F, fluorescence of
StB,0,:Sm?**.!8 We also followed the R, line of the ruby!®
as a guide.

Lattice-dynamics calculations were performed within a
standard first-principles scheme based on the density-
functional theory and the pseudopotential method, as imple-
mented in the Vienna ab initio simulation package (VASP)
(see Ref. 20). The local-density approximation was adopted
for the exchange and correlation potential. Projector-
augmented wave?!?> pseudopotentials were used and the
semicore 5p electrons of W were treated explicitly as valence
states. A kinetic-energy cutoff of 530 eV was used for the
plane waves included in the basis set. The Monkhorst-Pack?
method for integrations in the reciprocal space was used with
dense grids appropriate to each structure. With these param-
eters, highly converged total energies of at least I meV per
formula unit were obtained. At each selected volume, the
structures were fully relaxed to their equilibrium configura-
tion through the calculation of the forces on atoms, and the
stress tensor.>* In the relaxed equilibrium configuration, the
forces were less than 0.001 eV/A and the deviation of the
stress tensor from a diagonal hydrostatic form was less than
0.1 GPa. These highly converged forces are required for the
calculation of the phonon spectra at the I' point using the
direct force constant approach, or supercell method, as
implemented in the PHONON program.?>2® In this method, the
dynamical matrix is obtained from the calculation of the
forces over all atoms when each one individually is displaced
from its equilibrium configuration. Only the atoms in the
primitive cell have to be considered for the I' point and crys-
tal symmetry may further reduce the computational cost by
identifying the independent distortions. Diagonalization of
the dynamical matrix then provides both the frequencies of
the normal modes and their polarization vectors, and allows
the identification of the irreducible representation and char-
acter of the phonon modes. Note that the BaWO,-II structure
is centrosymmetric with Z=8. The vibrational modes have
the following mechanical representation at I':?” T'=36A
+36A,+36B,+36B,, with 72 Raman active (g) modes and
72 IR active (u) modes, of which one A, and two B, are
zero-frequency acoustic modes.

III. RESULTS AND DISCUSSIONS
A. Ex situ x-ray and Raman experiments

The aim of these experiments was to extend the ex sifu
study of Fujita ef al.* and to present an experimental Raman
characterization of the BaWQ,-II phase. For these purposes
we reached different P-T experimental conditions in the
range of 2.5-5.5 GPa and 400-1100 K. Our experiments re-
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FIG. 1. Typical x-ray diffraction patterns obtained from the samples quenched to ambient conditions from the ex sifu experiments,
recovering either the (a) scheelite or (b) the BaWO,-II structures. Also we present the ex situ P-T phase diagram of the BaWO, compound
(c) in the range we performed the study. Inverted triangles: present work; small squares, Ref. 4. In both cases solid symbols correspond to
the scheelite phase and open crossed symbols with the BaWQO,-II phase. The solid line corresponds to the ex sifu equilibrium curve and the

dashed one is its extrapolation.

veal that the samples quenched to ambient conditions have
either the scheelite or the BaWO,-II structure. In Figs. 1(a)
and 1(b) we present the typical x-ray diffraction patterns ob-
tained. In all cases we identify only one predominant phase
for every quenched sample. The lattice parameters for each
structure are presented in Table I, being in good agreement
with previous works.*> We also summarize in Fig. 1(c) the
ex situ P-T phase diagram of BaWQ, in the zone of interest.
Basically we have followed the ex situ equilibrium curve
reported by Fujita et al.* performing experiments in an ex-
tended P-T range. As it can be seen our results are in perfect
agreement with the previous ones beyond 750 K.* However,
up to 600 K we have just recovered the scheelite phase.
Further on, in this paper, we will see that this fact supports
the idea of the existence of kinetic barriers, which just make
possible the appearance of the BaWO,-II for particular val-
ues of pressure and temperature.®

Figure 2 presents the collected Raman spectra. For
scheelite we observed 13 Raman actives modes, in agree-
ment with previous works.?” In Table II we report our experi-
mental results compared with previous studies. In the case of
BaWO,-II phase we have performed lattice-dynamical calcu-
lations at ambient conditions. They reveal the existence of
groups of modes quite close to each other with a total num-
ber of Raman active modes of 72. Experimentally we are
able to assign 39 Raman-active modes to the various groups

of neighboring modes. In Table III we associate each experi-
mental mode with a theoretical or group of theoretical
modes. The experimental and theoretical results are in fairly
good agreement. For completion in the appendices we in-

TABLE 1. Lattice parameters and volume of the samples
quenched to ambient conditions from the Paris-Edinburgh experi-
ments, which presented either scheelite or BaWOy-1I structure. In
the second column are presented data from previous works.

Scheelite (I4,/a)

a=5.616 A ®
c=12.728 A ®
V=401.434 A3 2

a=13.185 A ®
b=7.175 A ®
c=7.514 A*
B=93.76° 2
V=709.358 A3 2

a=5.61 A®
c=1271 A®
V=400.01 A3®P

BaWO,-II (P2,/n)

a=13.159 A ¢
b=7.161 A ¢
c=7499 A ¢
B=93.76° €

V=705.122 A3 ¢

4Present work.
PReference 7.
‘References 4 and 5.

144117-3



LACOMBA-PERALES et al.

_'(a)'"""""""_

€y
 TBR(Ap R(E)

I DANTR
50 100 150 200
vilap

Intensity (Arbitrary Units)

Intensity (Arbitrary Units)
g
g
H

1000 0 200 400 600 800 1000
Raman Shift (cm™)

0 200 400 600 800
Raman Shift (cm™)

FIG. 2. Regular Raman spectra obtained from the quenched
samples to ambient conditions, recovering either (a) the scheelite or
(b) the BaWO,-II structures. The ticks indicate the calculated posi-
tions for the Raman active phonons.

clude the calculated Raman and IR modes of BaWO,-1II and
their pressure coefficients. If we compare the scheelite and
the BaWO,-II Raman spectra, first we note that in both cases
the lowest mode appears beyond 50 cm~'. Moreover, be-
sides the much larger number of vibrations in phase II com-
pared to scheelite, we would like to highlight that the ab-
sence of modes in the ~360-800 cm~' range found in the
scheelite spectrum is not observed in the BaWQO,-II one. An-
other characteristic difference between the Raman spectra of
the two structures is that the most intense peak in phase II is
located at 882 cm™! followed by a less intense one at

PHYSICAL REVIEW B 81, 144117 (2010)

918 cm™!, and at 928 cm™' for the scheelite. This relative
46 cm™' shift between the most intense peaks of each struc-
ture could be useful in order to discriminate them in an in
situ experiment.

Recently, Tan et al.”® reported the Raman spectrum of
BaWO,-II at ambient conditions. This spectrum is similar to
that plotted in Fig. 2(b), however, due to experimental limi-
tations, there are no Raman modes below 100 cm™!. These
authors also showed that quenched BaWO,-II remains stable
at RT up to 14.8 GPa. Despite the similitude between their
Raman spectra with those here and in Ref. 27 assigned to
BaWO,-II, they claimed that the HP phase previously ob-
served at RT beyond 10 GPa (Ref. 6) could not be the
BaWO,-II one. This conclusion is contradicted by our ex-
periments. In Fig. 3 we show a Raman spectrum of a single
crystal of BaWOQ, taken at RT and 7.6 GPa in a DAC using
neon as pressure-transmitting medium and a spectrum of
BaWO,-II at ambient conditions. Although the peaks
broaden, there are appreciable similarities between the spec-
tra. Similar features can be seen in the Raman spectrum mea-
sured by Manjon et al. at 9 GPa,?’ where 41 Raman modes
were identified and assigned to a BaWO,-II-type phase.
Clearly in both spectra there are similar modes below
100 cm™'. Also we remark the group of modes in the range
from 200 to 450 cm™!; in the case of the spectrum at RT and
7.6 GPa the modes overlap probably due to the effect of
pressure. We can also see peaks at 500 cm~' and an absence
of them from 550 to 600 cm~'. Finally, beyond 600 cm™!
we can nearly identify all the groups of peaks noting the
intense mode at 900 ¢cm~' and the less intense one immedi-
ately subsequent. In view of these comments we think there

L 28

TABLE II. Summary of the Raman results in scheelite BaWQ,. The first two columns correspond to
previous theoretical calculations and experimental data at ambient conditions. The third column are the
modes from our ex situ studies of the quenched samples to ambient conditions which presented the scheelite
structure. In the last column we present the in situ modes of the scheelite at 5 GPa and RT as well as the slope
of their temperature dependence. We could neither find nor follow the R(E,) in our measurements.

Previous?®
Theory Experiment  Experiment (Ex sifu) Experiment (In situ)
w(em™) w(em™) w(em™) (dw! IT)5 Gpa
P=0;T=293 K P=0;T=293 K P=5 GPa; T=293 K (cm™!/mK)

T(B,) 55 63 67 59 -7*3
T(E,) 81 74 78 78 192
T(E,) 110 101 104 116 ~16=2
T(Bg) 145 133 136 157 -20*+6
R(Ag) 149 150 153 170 -32=*3
R(E,) 209 191 194
vy(A,) 328 331 336 347 -9+3
vz(Bg) 329 332 336 347 -9+3
v4(Bg) 339 344 348 347 -9+3
v4(Eg) 348 352 357 368 -9*4
v3(Eg) 797 795 798 811 —-11*+2
V3(Bg) 823 831 834 842 -7%3
Vl(Ag) 928 926 928 940 -9%2

4Reference 11.
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TABLE III. Theoretical and experimental Raman active modes of the BaWOy-II structure at ambient conditions. The experimental modes
are obtained directly from the spectrum in Fig. 2(b) and assigned to one theoretical or group of theoretical modes.

Mode  teo  exp Mode w teo w exp Mode  teo  exp Mode  teo  exp
(sym) em™  (em™  Gym)  (em™)  (em™)  Gym) (em™)  (em™)  ym)  (em™)  (em™)
A, 534 53 A, 140.2 149 B, 280.9 288 A, 529.9 536
B, 544 B, 1442 A, 283.1 B, 533.0

A, 60.9 57 B, 155.0 160 Ay, 327.5 334 A, 624.8 624
B, 67.9 68 A, 159.9 B, 329.7 B, 626.0

A, 824 80 A, 179.1 178 A, 336.5 341 A, 638.8 636
B, 86.2 83 B, 179.5 B, 338.3 B, 639.9

A, 86.7 A, 186.2 185 A, 338.8 B, 714.1 713
A, 89.5 89 B, 190.9 B, 349.7 350 A, 7153

B, 94.6 92 B, 201.0 201 B, 375.7 388 B, 736.0 736
B, 95.3 A, 208.7 A, 380.3 A, 738.0

A, 103.3 107 A, 224.1 226 A, 395.7 403 A, 752.0 754
A, 112.5 115 B, 229.9 B, 400.9 B, 784.4 787
B, 116.9 B, 246.1 253 A, 411.2 414 A, 792.0

A, 117.6 A, 250.9 B, 423.1 B, 829.6 827
B, 118.4 B, 255.5 B, 438.1 439 A, 875.6 882
B, 129.3 130 A, 262.0 265 A, 444.0 B, 880.8

B, 136.8 136 A, 273.1 270 A, 492.9 486 B, 913.0 918
A 137.1 B 276.7 B 496.6 A 914.8

)
[

og
og

is enough evidence to support that the RT-HP phase has a
BaWO,-II-type structure. This hypothesis is consistent also
with ab initio calculations,® optical absorption,” x-ray
diffraction,® and Raman measurements.?’

B. In situ Raman experiment

Once we had a characterization of the Raman modes for
the BaWO,-II phase, our next objective has been to analyze

Intensity (Arbitrary Units)

0 200 400 600 800 1000
Raman Shift (cm™)

FIG. 3. Raman spectra of: (a) BaWO,-II phase at ambient con-
ditions and (b) single crystal of BaWO, at 7.6 GPa with neon as
pressure-transmission medium. The similarities found in both spec-
tra could confirm that the RT-HP phase of the BaWO, compound is
the monoclinic BaWO,-II structure.

in situ the phase transition from the scheelite to the
BaWO,-1II structure by means of HP-HT Raman spectros-
copy. In Fig. 4 we present a summary of the collected Raman
spectra. In this experiment the pressure was first increased up
to 5 GPa at RT. Then the temperature was increased keeping
the pressure constant at 5 GPa. As we show in Fig. 5, most of
the scheelite Raman active modes can be followed up to 571
K. In Table I we sum up the modes of the scheelite at 5 GPa

5GPa ;571K
|

850 900 950

N WMMMK W;

5GPa; 621K

5GPa; 571 K

Intensity (Arbitrary Units)

J 5 GPa ; 366 K

5 GPa; RT

0.1 GPa; RT

0 200 400 600 800
Raman Shift (cm™)

FIG. 4. In situ Raman spectra at HP and HT for a single crystal
of BaWOQ,. Changes in the spectra are found at 5 GPa and 621 K.
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FIG. 5. Temperature dependence of the Raman-active modes for
the scheelite structure in BaWO, at 5 GPa.

and RT and their temperature coefficients for that pressure
that are all negative. At 5 GPa and 621 K dramatic changes
appear in the Raman spectrum (Fig. 4). Peaks appear both at
low and high frequency, and the most intense peak is placed
at 889 cm~! instead of 938 cm™! at lower temperature (see
the inset in Fig. 4). Figure 6 shows pictures of the pressur-
ized sample: up to 571 K the sample is transparent and com-
pact, at 621 K it becomes opaque and several defects appear
on it. Yet it is not clear if the nature of these defects is related
to the kinetics of the transition or to a nucleation and growth
process. This evidence points out that a phase transition took
place. In order to confirm that the new phase corresponds to
the BaWO,-IT one, Fig. 7 shows both the ex siru Raman
spectrum at ambient conditions and the in situ one obtained
at 5 GPa and 621 K. The resemblance between both spectra
is evident. So, we can conclude that we have seen in situ the
phase transition from the scheelite to the BaWO,-II struc-
ture. At that point, we quenched the sample to ambient con-
ditions and we recovered the scheelite structure. This result

a
StB,0,:Sm?*
BaWoO,
(scheelite) Ruby
BaWO,=—
(BaWO,-IT)

FIG. 6. Pictures corresponding to the HP-HT Raman measure-
ment in the DAC, (a) before the transition (5 GPa and 522 K) and
(b) after the transition (5 GPa and 621 K) where the appearance of
defects opacifies the sample.
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FIG. 7. Comparison of the Raman spectrum of BaWO, II at
ambient conditions with the Raman spectrum of BaWO, compound
at (a) 5.0 GPa and (b) 621 K. The similar features prove the occur-
rence of the phase transition from the scheelite to the BaWO,-11
structure.

is in agreement with our ex sifu measurements.

C. In situ ADXRD synchrotron experiments

We have performed in situ ADXRD synchrotron measure-
ments at the ID 27 beamline (ESRF) using a Paris-Edinburgh
press. In a first step we increased the pressure up to 6 GPa at

6.0 GPa; 1580 K

| 6.0GPa;1280K i
[~ 6.0 GPa; 980 K n

6.0 GPa ; 700 K
[ 6.0GPa; 550 K E

6.0 GPa ;300 K

Intensity (Arbitrary Units)

1 bar ; 300 K

2 4 6 8 10 12 14 16
2 0 (Degrees)

FIG. 8. Selected spectra from the in situ HP-HT synchrotron
ADXRD experiments performed on BaWO, compound. Changes
from the scheelite spectrum are observed at 6 GPa and 700 K. The
new HP-HT phase which corresponds with the BaWO,-II structure
is completed at 6 GPa and 980 K. Further temperature increase
induces the back transformation to the scheelite structure at 6 GPa
and 1580 K.
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TABLE IV. Experimental lattice parameters and cell volume for the monoclinic BaWO,-II structure at 6
GPa for different temperatures. The last row corresponds to the experimental values at 10.9 GPa and RT

reported in Ref. 6.

T (K) a (A) b (A) c (A) B (deg) V (A3
700 12.803 7.002 7.395 92.578 662.247
770 12.794 7.020 7.398 92.272 663.911
980 12.757 7.040 7.401 92.331 664.087
1280 12.779 7.072 7.425 92.344 671.777
10.9 GPa and RT 12.841 7.076 7.407 93.0 672.100

RT. Then, at constant load, we raised the temperature up to
1580 K. In Fig. 8 we show a summary of the collected spec-
tra. As it can be seen at 6 GPa changes in the spectra are
found at 700 K. The emergent phase, which perfectly corre-
sponds to the BaWO,-II structure is completed at 980 K. At
higher temperature, the BaWO,-II structure is preserved up
to 1280 K, and at 1580 K the scheelite phase reappears.
Table IV presents the lattice parameters and cell volume for
the BaWO,-II phase at 6 GPa and different temperatures. At
6 GPa and 700 K, the volume reduction is 6% compared to
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FIG. 9. Unit-cell volume of BaWOQ, as a function of temperature
at 6 GPa. The solid symbols correspond to the scheelite structure
and the open ones to the BaWO,-II phase. The inset at the top-left
corner shows the pressure dependence of the scheelite structure at
RT. The circles are the experimental data and the solid curve cor-
responds to the EOS reported in Ref. 6. The inset at the bottom-
right corner shows the temperature dependence of the unit-cell vol-
ume of BaWO, II at 6 GPa. The dashed lines are linear fits to the
HT data.

the ambient conditions (see Table I). The last row of Table
IV presents the experimental lattice parameters reported in
Ref. 6 at 10.9 GPa and RT and show that the lattice param-
eters of the RT and HP phase are similar to the HT-HP ones.
Figure 9 presents the temperature dependence of the unit-cell
volume for the several situations described above. The high-
pressure behavior of the scheelite phase at RT (up to 6 GPa)
is in good agreement with previous results.® The phases I and
II present a linear thermal volume expansion, whose value at
6 GPa is 2.5X 1075 K~! for the scheelite structure and of
1.8 X107 K~! for the BaWO,-II phase. The volume of the
“re-entrant” scheelite at 6 GPa and 1580 K is on the extrapo-
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FIG. 10. Extended phase diagram for the BaWO, compound.
Solid symbols correspond to the scheelite structure and open
crossed ones to the BaWO,-1I phase. Various symbols represent the
several experimental techniques used: small squares: data of Ref. 4;
inverted triangles: ex situ x-ray and Raman measurements presented
in Sec. III A; diamonds: in situ Raman data of Sec. III B; circles
and stars: in situ ADXRD synchrotron experiments shown in Sec.
III C. The straight line represents the phase boundary between the
scheelite and the BaWO, II reported in Ref. 4 while the dashed
lines are the kinetic barrier frontiers where the scheelite is
metastable.
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TABLE V. Theoretical Raman modes at 1 bar and their pressure coefficients.

Mode 0} dw/dP Mode w dw/dP Mode ) dw/dP Mode 0} dw/dP
(sym) (em™')  (cm™'/GPa) (sym) (cm7') (cm™'/GPa) (sym) (cm™!) (cm™'/GPa) (sym) (cm™!)  (cm~!/GPa)
Ag 53.4 1.04 Ag 140.2 3.14 B, 280.9 2.71 Ag 529.9 1.30
B, 54.4 1.89 B, 144.2 2.24 Ag 283.1 1.98 B, 533.0 1.40
Ag 60.9 2.38 B, 155.0 3.44 Ag 327.5 -0.09 Ag 624.8 3.76
B, 67.9 1.04 A, 1599 4.07 B, 3297 0.58 B, 6260 372
Ag 82.4 1.85 Ag 179.1 1.33 A, 336.5 1.67 A, 638.8 3.86
B, 86.2 2.11 B, 179.5 1.38 B, 338.3 2.80 B, 639.9 3.86
A, 86.7 1.46 A, 1862 227 A, 3388 3.20 B, 7141 0.97
A, 89.5 0.97 B, 1909 1.97 B, 3497 191 A, 7153 0.88
B, 94.6 1.36 B, 2010 1.09 B, 3757 201 B, 7360 3.05
B, 95.3 25 A, 2087 1.04 A, 3803 1.77 A, 7380 3.8
A, 1033 2.44 A, 2241 216 A, 3957 171 A, 7520 343
A, 1125 1.90 B, 2299 2.89 B, 4009 1.65 B, 7844 371
Bg 116.9 2.47 Bg 246.1 0.22 Ag 411.2 2.56 Ag 792.0 4.17
Ag 117.6 3.05 Ag 250.9 2.07 Bg 423.1 2.34 Bg 829.6 3.58
Bg 118.4 2.17 Bg 255.5 2.41 Bg 438.1 3.84 Ag 875.6 2.86
B, 129.3 1.07 Ag 262.0 1.87 Ag 444.0 3.54 B, 880.8 3.08
B, 136.8 3.12 A, 2731 324 A, 4929 3.09 B, 9130 3.67
Ag 137.1 2.06 B, 276.7 2.73 B, 496.6 3.10 Ag 914.8 3.30

lation of the initial scheelite before the phase transition to the
BaWO,-II structure.

A second run was performed at 2 GPa vs temperature up
to 1950 K. No phase transition was observed, the sample
remaining in the scheelite structure for the whole studied
range. In addition, BaWQ, does present neither decomposi-

tion nor melting in the studied pressure-temperature range.
Actually in the case of the scheelite phase we can establish
an estimation of the lower limit for the melting temperature.
According to Ref. 31 the melting point at ambient pressure
for scheelite BaWO, is 7,,=1775 K. At 2 GPa and 1950 K
the sample is still solid in the scheelite structure. Hence,

TABLE VI. Theoretical IR modes at 1 bar and their pressure coefficients.

Mode 0} dw/dP Mode [0} dw/dP Mode ) dw/dP Mode 0} dw/dP
(sym) (ecm™")  (em™'/GPa) (sym) (cm™') (ecm™'/GPa) (sym) (cm™) (cm™'/GPa) (sym) (cm™!)  (cm~!/GPa)
B, 0.0 B, 126.2 3.69 B, 305.1 0.97 B, 447.1 3.40
A, 0.0 A, 130.0 3.20 A, 306.9 0.90 A, 474.0 1.77
B, 0.0 A, 1433 2.89 A, 3090 1.50 A, 5818 3.75
A, 40.4 2.02 B, 155.5 3.31 B, 310.9 2.12 B, 582.7 3.90
B, 41.9 0.70 A, 158.6 3.53 B, 333.6 2.31 B, 599.6 3.47
A, 61.3 1.22 B, 162.8 3.37 A, 336.8 2.23 A, 605.2 3.30
B, 71.1 1.50 B, 1833 257 B, 3566 1.28 B, 7253 2.45
A, 737 1.87 A, 1850 1.85 A, 3590 1.10 A, 7290 2.63
B, 79.0 2.10 B, 2039 1.41 A, 3794 3.03 B, 7383 3.36
A, 85.8 276 A, 2045 1.76 B, 3840 2.66 A, 7454 3.34
B, 88.2 0.79 A, 2115 3.38 B, 4023 2.15 B, 7730 3.08
A, 95.2 1.86 B, 2119 2.79 A, 4049 1.67 A, 7948 337
B, 100.0 0.44 A, 2352 1.38 A, 4100 2.10 A, 7963 4.06
A, 103.8 1.74 B, 2366 1.68 B, 4100 1.94 B, 8297 332
B, 108.2 2.39 A, 2607 0.43 A, 4140 221 B, 8693 337
A, 109.8 1.41 B, 2662 0.03 B, 4158 2.35 A, 8736 3.13
B, 117.3 3.20 B, 2863 0.79 A, 4418 423 B, 8953 341
A 120.0 2.02 A 290.8 1.06 B 442.5 2.70 A 909.1 3.17

=
=
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T,/ dP>87 K GPa™!, a value similar to the low-pressure
melt slopes of many lower mantle minerals.??

D. Extended phase diagram for BaWQO, compound

Based upon previous results and our ex situ and in situ
measurements, we present in Fig. 10 an extension of the
phase diagram of BaWO,. Ab initio calculations® estimated
that beyond 5 GPa the most stable phase is the BaWO,-11
one. However, experimentally this phase was found above 11
GPa at RT.6 In fact, before the appearance of BaWO, II, an
M-fergusonite structure was observed around 7 GPa. A pos-
sible explanation for the discrepancy between the theoretical
and experimental results is the existence of kinetic barriers,
which inhibited the direct appearance of the BaWO,-II
phase.® Note that the scheelite-BaWO,-II transition is a first-
order transformation and the scheelite-fergusonite transition
is a second-order transformation. The data presented in Fig.
10 confirm this hypothesis. The picture is as follows. The
equilibrium curve with positive slope establishes the transi-
tion between the scheelite and the BaWO,-II structure. The
scheelite-BaWO,-II equilibrium boundary at RT is around 3
GPa. However the scheelite structure remains at the right-
hand side of this line and below the negative slope curve
obtained thanks to our in situ measurements. This curve es-
tablishes the P-T kinetic-barrier frontier that should be
crossed in order to obtain the BaWQO,-II phase. Actually its
extrapolation for high pressures gives a value around 11 GPa
at 300 K, just the pressure at which the BaWOQO,-II was ex-
perimentally observed at RT.® Finally, the in situ ADXRD at
6 GPa and HT measurement which showed the reappearance
of the scheelite above the equilibrium curve around 1600 K,
confirm our explanation of the P-T phase diagram of
BaWO4.

IV. CONCLUSIONS

Our work confirms that BaWO, II is the stable HP and
HT phase of BaWO,. This phase has been found in situ
under conditions of HP-HT by means of two different experi-
mental techniques: Raman in a resistive-heating DAC and
ADXRD synchrotron radiation experiments in a Paris-
Edinburgh press. We also have performed ex situ experi-

PHYSICAL REVIEW B 81, 144117 (2010)

ments and lattice-dynamics calculations which have allowed
us to better understand our in situ results. A P-T phase dia-
gram in the range 0-6 GPa and 300-1950 K for BaWO, has
been proposed. We found that the scheelite structure remains
metastable at low P-T conditions where the BaWO,-II phase
should be stable, proving the hypothesis that the phase tran-
sition between scheelite and BaWO,-II involves a complex
mechanism and the existence of kinetics barriers. Further-
more we provide evidence supporting that BaWO,-1I is the
structure obtained upon compression at RT. In addition the
Raman modes of BaWO,-II have been accurately studied.
We have been able to establish a good agreement between
our experiments at ambient conditions and the theoretical
modes. On the other hand, we have also reported the HT
evolution of the Raman active modes in the case of the
scheelite phase at 5 GPa. As well we have established ex-
perimentally the volume thermal expansion of the scheelite
and the BaWO,-II structures at 6 GPa. Finally, just to say
that in our experiments we have not found evidence of nei-
ther decomposition nor fusion of the sample.
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APPENDIX

For completion in Table V and Table VI we present, re-
spectively, the Raman active modes and the IR active modes
at 1 bar as well as their pressure coefficients for the
BaWO,-II phase, obtained from our ab initio lattice-
dynamics calculations.
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