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Room-temperature Raman scattering has been measured in barium tungstate �BaWO4� up to 16 GPa. We
report the pressure dependence of all the Raman active first-order phonons of the tetragonal scheelite phase
�BaWO4-I, space group I41/a�, which is stable at normal conditions. As pressure increases the Raman spec-
trum undergoes significant changes around 6.9 GPa due to the onset of the structural phase transition to the
monoclinic BaWO4-II phase �space group P21/n�. This transition is only completed above 9.5 GPa. A further
change in the spectrum is observed at 7.5 GPa related to a scheelite-to-fergusonite transition. The scheelite,
BaWO4-II, and fergusonite phases coexist up to 9.0 GPa due to the sluggishness of the I→ II phase transition.
Further to the experimental study, we have performed ab initio lattice dynamics calculations that have greatly
helped us in assigning and discussing the pressure behavior of the observed Raman modes of the three phases.
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I. INTRODUCTION

Alkaline-earth tungstates are key compounds in the im-
provement of instrumentation for low-background particle
physics experiments. The development of cryogenic phonon-
scintillation detectors1 could provide simultaneous measure-
ment of phonon and scintillation signals, making possible
event-type discrimination measurements for the search of
rare events.2–4 For this application, the understanding of the
lattice dynamics of these compounds is important in order to
improve the knowledge and control of their thermal and op-
tical properties.

Barium tungstate �BaWO4� is the heaviest member of the
family of the alkaline-earth tungstates. Like many other
ABX4-type compounds, BaWO4 crystallizes at ambient con-
ditions in the tetragonal scheelite-type structure �space group
�SG�: I41/a, No. 88, Z=4�.5 BaWO4 has also been observed
at ambient conditions in a metastable monoclinic polymorph
named BaWO4-II �SG: P21/n, No. 14, Z=8�, which can be
obtained from the scheelite phase after a high-pressure high-
temperature treatment.6 This monoclinic structure was thus
considered as a potential stable structure for tungstates at
moderately high pressures and room temperature �RT�.7,8

High-pressure Raman studies of alkaline-earth tungstates
�CaWO4, SrWO4, BaWO4�7 and PbWO4

8 were performed
up to 9 GPa by Jayaraman et al. motivated by previous stud-
ies on CaWO4,9 and on SrWO4

10 up to 4 GPa. These authors
found that BaWO4 underwent a phase transition near
6.5 GPa and suggested that the high-pressure phase could
have octahedral W coordination as in the HgWO4-type struc-
ture �SG: C2/c, No. 15, Z=4�.7 More recent Raman studies
on CaWO4 and SrWO4 have also found a phase transition
above 10 GPa.11,12 These authors concluded that the fourfold
W coordination in the scheelite phase was retained in the
high-pressure phase, which is consistent with a transition to-
wards the monoclinic M-fergusonite structure �SG: I2/a, No.
15, Z=4�, hereafter called simply fergusonite. Indeed, the RT
pressure-driven scheelite-to-fergusonite transition has been
recently observed in angle dispersive powder x-ray diffrac-
tion �ADXRD� and near-edge x-ray absorption structure

�XANES� experiments under pressure on several alkaline-
earth tungstates.13–17 On the basis of these structural studies,
it can be concluded that the high-pressure Raman spectra of
CaWO4

11 and SrWO4
12 above 12 GPa and up to 20 GPa can

be undoubtedly assigned to the fergusonite phase. In
BaWO4, the phase transition to the fergusonite phase has
been reported to occur near 7 GPa.14,17 However, the Raman
spectra of the high-pressure phase of BaWO4 previously
measured above 6.5 GPa7 does not seem to resemble those of
the high-pressure phase of CaWO4 and SrWO4.11,12 In addi-
tion, the comparison of the Raman spectra of BaWO4 above
6.5 GPa7 and the results reported for PbWO4 above 4.5 GPa8

show significant differences. These differences led to Jayara-
man et al. to conclude that the high-pressure phase of
BaWO4 likely was of the HgWO4-type and different to that
of the high-pressure phase of PbWO4.8

In order to shed light on the high-pressure phase transi-
tions in these important and complex compounds, Errando-
nea et al. have recently conducted ADXRD and XANES
measurements under pressure on CaWO4, SrWO4, BaWO4,
and PbWO4.16,17 They observed the scheelite-to-fergusonite
transition in the four tungstates investigated and suggested
the existence of other pressure-induced transitions. In par-
ticular, a scheelite-to-BaWO4-II phase transition was sug-
gested for BaWO4.17 Their ab initio calculations established
that the scheelite phase in BaWO4 was unstable in respect to
the BaWO4-II and fergusonite phases at 5 and 7.5 GPa,
respectively.17 However, the structural ADXRD measure-
ments of Errandonea et al. performed in powder samples
of BaWO4 evidenced the fergusonite phase before the
BaWO4-II phase. They interpreted their findings in terms of
a large activation barrier associated to the scheelite-to-
BaWO4-II phase transition.17 In fact, the similarity between
the scheelite and fergusonite phases made difficult even the
observation of the fergusonite phase, which could be only
inferred from very subtle diffraction peaks in the ADXRD
spectra.17 The pressure for the first phase transition in
BaWO4 obtained from ADXRD measurements in Ref. 17
�7.1 GPa� is in reasonable agreement with the previous
ADXRD measurements of Panchal et al. �7.0 GPa�,14 and
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with previous Raman measurements of Jayaraman et al.
�6.5 GPa�.7 Furthermore, it also agrees with an estimate of
the transition pressure based on a systematic study of
scheelite-related compounds �5.9 GPa�.18

The previous Raman work on BaWO4 of Jayaraman et
al.7 neither reported the second phase transition in BaWO4,
nor discussed the nature of the modes of the first high-
pressure phase observed.7 Similarly, their Raman measure-
ments in PbWO4 neither reported Raman spectra at high
pressures nor discussed the nature of the modes of the ob-
served high-pressure phase.8 To fill this gap we have per-
formed a systematic study of the lattice dynamics of the low-
and high-pressure phases in both compounds as part of our
project to study the stability of scheelite-structured ortho-
tungstates. Our objective is to shed some light into the com-
plex high-pressure phase diagram of these interesting mate-
rials and give a comprehensive description of the behavior of
the Raman modes of their low and high-pressure phases and
their related compounds. In this paper �part I� we present a
RT Raman study of single crystals of BaWO4 up to 16 GPa,
while in Ref. 19 �part II� the same is done for PbWO4. The
Raman measurements are complemented with ab initio lat-
tice dynamics calculations in order to help us in the assign-
ment and discussion of the behavior of the zone-center
phonons in the different structural phases. Raman scattering
is a subtle probe capable of distinguishing small traces of
various local phases coexisting in a compound and thus has
the ability to detect pressure-induced phase transitions at
lower pressures than ADXRD and XANES measurements.20

We will show that the Raman spectra of BaWO4 under high
pressure phases reported by Jayaraman et al.7 can be com-
pletely understood on the light of the present work.

II. EXPERIMENTAL DETAILS

The BaWO4 samples used in this study were obtained
from scheelite-type bulk single crystals grown with the Czo-
chralski method. The starting raw powders had 5N purity.21

Small platelets �100 �m�100 �m�30 �m� were cleaved
from these crystals along the �101� natural cleavage plane22

and inserted in a diamond-anvil cell �DAC�. The pressure-
transmitting medium used was a 4:1 methanol-ethanol mix-
ture and the pressure was determined by calibration with the
ruby photoluminescence.23 RT Raman experiments were per-
formed in backscattering geometry using the 488 nm line of
an Ar+-ion laser with a power of less than 100 mW before
the DAC. Dispersed light was analyzed with a Jobin-Yvon
T64000 triple spectrometer equipped with a confocal micro-
scope in combination with a liquid nitrogen-cooled multi-
channel CCD detector. Spectral resolution was better than
1 cm−1 and Ar and He plasma lines were used to calibrate the
Raman and photoluminescence spectra.

III. Ab initio LATTICE DYNAMICS CALCULATIONS

Along with the experimental data of our Raman study we
will also present results of a theoretical ab initio calculation
of the phonon modes of the scheelite, fergusonite, and
BaWO4-II phases at the zone center �� point�. Besides its

inherent interest for the sake of comparison with the experi-
ment, the results of this theoretical study have allowed us to
assign the observed modes among the three structures in
their pressure region of coexistence as well as providing in-
formation about the symmetry of the modes and polarization
vectors which is not readily accessible in the present experi-
ment. All the calculations were done within the framework
of the density functional theory �DFT� using the Vienna ab
initio simulation package �VASP� of which a detailed ac-
count can be found in Ref. 24 and references therein. The
exchange and correlation energy was initially taken in the
local density approximation �LDA� for tests and afterwards
taken in the generalized gradient approximation �GGA� ac-
cording to Perdew-Burke-Ernzerhof �GGA-PBE� for a more
exact calculation. The projector-augmented wave �PAW�
scheme25 was adopted and the semicore 5s and 5p electrons
of Ba were dealt with explicitly in the calculations. The set
of plane waves used extended up to a kinetic energy cutoff of
910 eV. This large cutoff was required to deal with the O
atoms within the PAW scheme. The Monkhorst-Pack grid
used for Brillouin-zone integrations ensured highly con-
verged results �to about 1 meV per formula unit�. At each
selected volume, the structures were fully relaxed to their
equilibrium configuration through the calculation of the
forces on atoms and the stress tensor �see Ref. 17�. In the
relaxed equilibrium configuration, the forces are less than
0.002 eV/A and the deviation of the stress tensor from a
diagonal hydrostatic form is less than 1 kbar. The highly
converged results on forces are required for the calculation
of the dynamical matrix using the direct force constant ap-
proach �or supercell method�.26 The construction of the dy-
namical matrix at the � point is particularly simple and in-
volves separate calculations of the forces in which a fixed
displacement from the equilibrium configuration of the at-
oms within the primitive unit cell is considered. Symmetry
aids by reducing the number of such independent distortions
to a mere 36 independent displacements in the BaWO4-II
phase, which is the more demanding of all the structures
considered. Diagonalization of the dynamical matrix pro-
vides both the frequencies of the normal modes and their
polarization vectors.

IV. RESULTS AND DISCUSSION

A. Low-pressure phase: Scheelite structure

The scheelite structure of BaWO4, adopted by BaWO4 at
low pressures, is centrosymmetric and has space group I41/a
�C4h

6 in Schoenflies notation� with four formula units per
body centered unit cell. The Ba and W atoms occupy S4 sites
and the sixteen oxygen atoms are on C1 sites. Group theo-
retical considerations lead to the following vibrational repre-
sentation at the � point for scheelite BaWO4,27 in standard
notation

� = �3Ag + 3Bu� + �5Bg + 5Au� + �5Eg + 5Eu� , �1�

A and B modes are nondegenerate, whereas the E modes are
doubly degenerate. The subindex g and u stand for even and
odd, respectively, and indicate parity under inversion in cen-
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trosymmetric crystals. One Au and one Eu correspond to zero
frequency acoustic modes, the rest are optic modes. The
pairs of species enclosed in parenthesis arise from the same
motion of the BaWO4 molecule. In scheelites, the first mem-
ber of the pairs �g� is Raman active and the second member
�u� is infrared �IR� active, except for the Bu silent modes that
are not IR active. Consequently, we expect 13 zone-center
Raman active modes in scheelite BaWO4

� = 3Ag + 5Bg + 5Eg �2�

The vibrational spectra of ABO4 scheelites have been in-
terpreted in terms of modes of the BO4 tetrahedra,28 inas-
much as these tetrahedra remain relatively undistorted and
independent units in the scheelite phase. Thus, the scheelite
modes have been classified either as internal, when the BO4
center of mass does not move, or as external, when they
imply movement of BO4 tetrahedra as rigid units. The frame-
work for this description can be readily established as fol-
lows. The BO4 molecule has 5 atoms and thus supports 15
modes of motion, including 3 pure rotations and 3 pure trans-
lations. The Td symmetry of the BO4 molecule leads to 6
zone-center modes following the decomposition

�15 = A1 + E + F1 + 3F2, �3�

where F1 corresponds to a pure rotation �noted as R in the
literature�, and one of the F2 is a pure translation �noted as
T�. R and T modes are related to the external modes observed
in ABO4 scheelites. The scheelite modes derived from the
tetrahedral A1, E, and 2F2 modes are usually named as �1,
�2, �3 and �4,29 respectively, and are considered as internal
modes of the BO4 tetrahedra in ABO4 scheelites.

In scheelite BaWO4, the W site has S4 symmetry instead
of the full Td tetrahedral symmetry of the WO4 group. The
reduction of the Td representation under the S4 symmetry of
the WO4 site in the BaWO4 scheelite lattice, and the corre-
lation of the S4 site symmetry to the C4h point group corre-
sponding to �, leads to the following 13 zone-center Raman-
active modes

� = �1�Ag� + �2�Ag� + �2�Bg� + �3�Bg� + �3�Eg� + �4�Bg�

+ �4�Eg� + R�Ag� + R�Eg� + 2T�Bg� + 2T�Eg� . �4�

The translational modes are the lowest in frequency, the in-
ternal modes are the highest in frequency, and the frequen-
cies of the rotational modes are between those of the trans-
lational and the internal modes. To the best of our knowledge
only twelve of the thirteen modes in scheelite BaWO4 are
known,7 with the internal mode �2�Ag� being the only un-
known one. However, only the pressure dependence of nine
of the twelve modes has been previously reported.7

Figure 1 shows the RT Raman spectra of scheelite
BaWO4 at different pressures up to 7.5 GPa. The Raman
spectra should correspond to a mixture of polarizations per-
pendicular and parallel to the c axis because of our sample
orientation. In order to assign the different Raman modes of
scheelite BaWO4 we have followed the notation of Liegeois-
Duyckaerts and Tarte.30 In Fig. 1, we have marked at the
bottom the ab initio calculated frequencies of the Raman
modes in scheelite BaWO4 at 1 atm. The Raman spectrum of

the scheelite phase is dominated by the �1�Ag� and �2�Bg�
modes near 926 cm−1 and 332 cm−1 at 1 atm, respectively.
At first sight, one can distinguish twelve out of the thirteen
modes in the Raman spectrum of scheelite BaWO4 up to
6.9 GPa. The �2�Ag� mode is the only mode that cannot be
clearly observed. However, the mode located near 332 cm−1

at 1 atm, which was initially attributed to the �2�Bg� mode, is
indeed a double mode. This can be inferred from the asym-
metry of the peak after a careful inspection of the experimen-
tal spectra made on the basis of the closeness of our theo-
retically calculated �2 modes �see Fig. 1 and Table I�. These
experimental observations and theoretical calculations are in
agreement with suggestions of previous authors that consid-
ered that both the two �2 and the two �4 modes were very
close in frequency with the splitting between the two �2
modes being smaller than that of the two �4 modes, and with
the intensities of the �2 modes being in general considerably
larger than the �4 ones.31,32

A detail of the Raman spectra near the double mode at
several pressures is shown in Fig. 2. The spectra at different
pressures have been shifted in frequency in order to bring the
�2�Bg� mode into coincidence, so as to show the relative shift
of the low-frequency shoulder with respect to the main mode
as a function of pressure. A marked broadening of the �2�Bg�
mode in its low-frequency tail is observed in Fig. 2 with
increasing pressure. We think that this broadening is the
marked feature of the presence of the �2�Ag� mode at the low

FIG. 1. Room-temperature Raman spectra of the scheelite-type
BaWO4 at different pressures between 1 atm and 7.5 GPa. Arrows
mark the new peaks appearing in the Raman spectrum above
6.9 GPa. Note that small interferences due to N2 in air are observed
in the all spectra below 150 cm−1. The dashed line indicates the
position of a plasma line of Ar+ at 104 cm−1 used for calibration of
Raman spectra. The ab initio calculated frequencies of the scheelite
Raman modes at 1 atm are marked at the bottom.
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frequency side of the �2�Bg� mode. The assignment of the
�2�Ag� mode is based on the ordering of the two modes and
on the slightly smaller pressure coefficient of the �2�Ag�
mode than that of the �2�Bg� mode, as indicated by our ab
initio lattice dynamics calculations. The smaller pressure co-
efficient of the �2�Ag� mode leads to an apparent broadening
of the low-frequency side of the �2�Bg� mode when both
modes separate each other. The reason for the different pres-
sure coefficients of the two �2 modes is that the �2�Ag� mode
only implies the movement of O atoms while the �2�Bg�
mode introduces an additional displacement of Ba along the
c axis and thus it should be more sensitive to pressure.28 In
order to improve the estimation of the pressure coefficient of
the �2�Ag� mode with respect to the �2�Bg� mode, we have
performed the numerical second derivative of the Raman
spectra �see inset of Fig. 2�. This technique allows us to track
small changes in the Raman profiles.33 In this way, we have
located the low-frequency �2�Ag� mode at 331 cm−1 at 1 atm.

Figure 3 shows the pressure �P� dependence of all the
frequency of all the Raman modes �solid circles� of scheelite
BaWO4 up to 7 GPa. Table I summarizes the frequencies ���
of all the scheelite Raman modes, their pressure coefficients
�d� /dP�, and Grüneisen parameters ��=B0 /� ·d� /dP, with
B0=52 GPa being the scheelite bulk modulus at ambient
pressure17�. In Table I, we also compare the experimental
results for scheelite BaWO4 to those from our ab initio lat-
tice dynamics calculations, and to those from previous ex-
perimental results for other alkaline-earth tungstates.7,11,12

For completeness, Table II summarizes our calculated

frequencies and frequency pressure coefficients for the IR
modes of scheelite BaWO4 at 1 atm. The frequencies of
the IR modes compare well with those reported

FIG. 2. Detail of the scheelite �2 mode in BaWO4 at different
pressures. The Raman spectra at 1.6, 4.1, 5.1, 6.2, and 6.9 GPa have
been shifted by 2.6, 10.45, 13.4, 16.8, and 18.3 cm−1, respectively
in order to bring the stronger �2�Bg� mode into coincidence at all
pressures. The inset shows the second derivative of the Raman
spectra that have been used to follow the pressure dependence of
the �2�Ag� and �4�Bg� modes with respect to the frequency of the
�2�Bg� mode.

TABLE I. Ab initio calculated and experimental zero-pressure frequencies, pressure coefficients, and Grüneisen parameters of the Raman
modes in scheelite BaWO4. For obtaining the experimental Grüneisen parameter, �=B0 /	 ·d� /dP, we have taken the zero-pressure bulk
modulus of scheelite BaWO4, B0=52 GPa �Ref. 17�. Raman modes in other scheelite alkaline-earth tungstates SrWO4 and CaWO4 are also
given for comparison.

Peak
/mode

BaWO4 �theory� BaWO4 �experiment� SrWO4 CaWO4

��0�
cm−1

d� /dP
cm−1/GPa �

��0�
cm−1

d� /dP
cm−1/GPa �

��0�
cm−1

d� /dP
cm−1/GPa �

��0�
cm−1

d� /dP
cm−1/GPa �

T�Bg� 55 −1.4 −1.40 63 −0.8 −0.7a,−0.64b 75 −0.4c −0.66c, −0.32b 84 −0.4d −0.43d, −1.2b

T�Eg� 81 1.0 0.63 74 1.0 0.7a, 0.43b 102 1.3c 0.78c, 1.00b 116 1.7d 1.33d, 1.10b

T�Eg� 110 3.2 1.42 101 3.3 1.7a, 0b,e 135 2.9c 1.23c, 1.73b 196 3.7d 1.72d, 2.10b

T�Bg� 145 4.1 1.50 133 4.1 1.6a 171 3.4c 1.23c 227 4.7d 1.88d

R�Ag� 149 5.4 1.70 150 4.2 1.5a, 1.17b 190 4.4c 1.42c, 1.55b 212 3.8d 1.63d, 1.70b

R�Eg� 209 6.9 1.64 191 6.3 1.7a 238 6.8c 1.76c, 1.70b 276 7.0d 2.31d

�2�Ag� 328 3.0 0.46 331 2.5 0.4a, 0.38b 337 3.3c 0.60c, 0.58b 334 2.5d 0.68d, 0.65b

�2�Bg� 329 3.9 0.56 332 3.0 0.5a, 0.38b 337 3.3c 0.60c, 0.58b 334 2.5d 0.68d, 0.64b

�4�Bg� 339 2.7 0.44 344 2.0 0.3a, 0.23b 371 4.1c 0.68c, 0.62b 402 4.1d 0.93d, 1.10b

�4�Eg� 348 3.8 0.57 352 3.4 0.5a 380 4.6c 0.74c, 0.64b 406 4.6d 1.03d

�3�Eg� 797 3.0 0.20 795 3.2 0.2a, 0.16b 799 3.0c 0.23c, 0.25b 797 3.0d 0.34d, 0.34b

�3�Bg� 823 2.0 0.13 831 2.0 0.13a, 0.11b 837 2.1c 0.15c, 0.14b 838 1.9d 0.21d, 0.17b

�1�Ag� 928 2.8 0.16 926 2.7 0.15a, 0.12b 921 2.2c 0.15c, 0.16b 911 1.5d 0.15d, 0.14b

aThis work.
bReference 7 after correcting the bulk modulus of BaWO4
cReference 11.
dReference 12
eSee text.
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experimentally.34–36 Note that the polar IR modes Au and Eu
split into a TO and a LO mode. Both modes are given in
Table II after Ref. 34, but only the TO mode can be com-
pared to our calculated values.

Our measured frequencies, pressure coefficients, and Grü-
neisen parameters in scheelite BaWO4 agree reasonably with
our calculated values of these magnitudes at the same pres-
sure. Our results also agree with the values reported by Ja-
yaraman et al.7 once their Grüneisen parameters are cor-
rected using the more recently measured bulk modulus
values �52 �Ref. 17� and 57 GPa �Ref. 14��. The only devia-
tion with respect to Jayaraman et al. corresponds to the pres-
sure coefficient of the T�Bg� mode. While these authors re-
ported a zero pressure coefficient for this mode located at
104 cm−1 at 1 atm,7 we have measured a relatively high posi-
tive pressure coefficient �3.3 cm−1/GPa� for this mode,
which we have located at 101 cm−1 at 1 atm in good agree-
ment with the previously reported value �102 cm−1�.30 We
think that a possible reason for the discrepancy in the pres-
sure coefficient of this mode between Jayaraman et al. and us
is that the mode measured at 104 cm−1 by Jayaraman et al.
could be an Ar-ion plasma line instead of the T�Bg� mode. In
fact, we have used a plasma line at 104 cm−1 with respect to
the 488 nm laser line to calibrate our Raman spectra �see
vertical dashed line in Figs. 1, 4, and 5�a��.

B. High-pressure phases

Figure 4 shows the Raman spectra of BaWO4 at different
pressures ranging from 6.9 up to 16 GPa. At 6.9 GPa many

Raman modes of the scheelite phase still can be observed
together with some new Raman peaks that do not correspond
to the scheelite phase �see double arrows in Fig. 4�. There-

TABLE II. Mode frequencies, pressure coefficients, and Grü-
neisen parameters of the calculated IR modes in scheelite BaWO4

at zero pressure. Experimentally measured IR modes �TO,LO� at
RT are also reported for comparison. The frequencies of the silent
Bu modes are also shown for completeness.

Peak/
mode

��0�
�cm−1�

d� /dP
�cm−1/GPa� �

��0� �exp.�
�cm−1�

T�Au� 0 - - 0

T�Eu� 0 - - 0

T�Eu� 101 −1.0 −0.5 �98,104�a, 109b

T�Au� 128 3.6 1.5 �110,113�a, 129b

R�Eu� 141 3.8 1.4 �135,159�a, 142b

R�Bu� 196 0.4 0.1

�4�Au� 250 2.0 0.4 �258,296�a, 283b

�4�Eu� 297 3.0 0.5 �292,317�a, 313b

�2�Au� 375 4.6 0.6 �374,384�a, 379b

�2�Bu� 387 5.5 0.7

�3�Au� 801 2.7 0.18 �790,886�a, 828b, 887c

�3�Eu� 807 2.8 0.18 �796,894�a, 828b, 806c

�1�Bu� 934 2.4 0.13

aReference 34 �single crystal�.
bReference 35 �powder samples�.
cReference 36 �powder samples�.

FIG. 4. Room-temperature Raman spectra of the fergusonite and
BaWO4-II phases of BaWO4 at different pressures between 6.9 and
16 GPa. Arrows indicate the position of some Raman peaks of the
fergusonite phase that disappear above 9 GPa. Double arrows indi-
cate the positions of some Raman peaks of the BaWO4-II phase that
appear above 6.9 GPa. The dashed line indicates the position of a
plasma line of Ar+ at 104 cm−1 used for calibration of Raman
spectra.

FIG. 3. Pressure dependence of the Raman mode frequencies of
the scheelite �solid circles�, fergusonite �blank squares� and
BaWO4-II �solid triangles� phases of BaWO4 up to 16 GPa. Dotted
lines show the onset of the scheelite-to-BaWO4-II phase transition
and of the scheelite-to-fergusonite transition. Dashed line indicates
the pressure for the completion of the scheelite-to-BaWO4-II tran-
sition. The solid lines are guides to the eye.
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fore, we take this value as the pressure of the onset of the
first phase transition �see dotted line in Fig. 3�. In this sense,
we must note that on decreasing pressure from 16 GPa the
scheelite phase of BaWO4 was recovered below 3 GPa after

a considerable hysteresis. It can be seen that, apart from the
new peaks appearing at 6.9 GPa, there are new Raman peaks
appearing at 7.5 GPa. We will show in the following that this
pressure marks the onset of a second phase transition �see
also dotted line in Fig. 3�. In order to distinguish between
modes of these two phase transitions, we have marked the
positions of the Raman peaks appearing at 6.9 GPa �both at
6.9 and 7.5 GPa� with double arrows in Fig. 4. The Raman
modes of the two new phases that appear at 6.9 and 7.5 GPa
coexist with those of the scheelite phase up to 9.0 GPa since
evidence of the presence of the �1�Ag� mode of the scheelite
structure is observed up to this pressure.

The Raman spectra of BaWO4 above 7.5 GPa are com-
pletely different to that of the scheelite phase. They are
dominated by three high-frequency modes and a broad band
near 350 cm−1 showing a number of peaks. The most striking
features of the spectrum at 7.5 GPa are: �1� the large number
of modes observed, as compared to the scheelite phase,
which is even larger than the number expected for the fergu-
sonite phase, as will be discussed below. Some of the new
modes are located between 400 and 800 cm−1, a previously
deserted range; �2� the sudden broadening of the scheelite
�1�Ag� mode; �3� the appearance of two modes near the
scheelite �1�Ag� mode; �4� the splitting of the scheelite �3

modes near 800 cm−1 in a number of weak modes; and �5�
the appearance of several modes near 350 cm−1. In particu-
lar, a mode located at 338 cm−1 appears at 7.5 GPa and dis-
appears already at 8.2 GPa.

In the following discussion we will show that the new
Raman peaks appearing at 6.9 GPa correspond to the
BaWO4-II phase, while the new Raman modes appearing at
7.5 GPa correspond to the fergusonite phase. The assignment
of the Raman modes appearing above 6.9 GPa to these two
different phases is based on the classification of these modes
into two types of modes: �1� modes that appear at 7.5 GPa
and disappear above 9.0 GPa; �2� modes that can be fol-
lowed in pressure up to almost 16 GPa, some of them al-
ready appearing at 6.9 GPa. The different pressure behavior
of these two types of modes leads us to believe that between
7.5 and 9.0 GPa we have a mixture of two high-pressure
phases with the scheelite one. The different pressure behav-
ior of the two types of new modes is most clearly observed
in the three strong high-frequency stretching modes appear-
ing in the Raman spectra between 900 and 950 cm−1 above
7.5 GPa �see Fig. 4�. It can be seen that the broad mode near
940 cm−1 present at 7.5 and 8.2 GPa disappears at 9 GPa
�see arrow in Fig. 4� while the other two strong high-
frequency stretching modes remain up to the highest pressure
attained in the experiment. Therefore, the strong mode near
940 cm−1 is assigned to the fergusonite phase while the other
two strong modes are assigned to the BaWO4-II phase. A
similar decrease in intensity between 7.5 and 9 GPa can be
clearly observed in three modes near 830 cm−1, in the lowest
frequency mode near 40 cm−1, and in the sudden appearance
and disappearance of the mode located at 338 cm−1 at
7.5 GPa �see arrows in Fig. 4�. All these modes appearing at
7.5 GPa and disappearing at most at 9 GPa are assigned to
the fergusonite phase. In Secs. IV B 1 and IV B 2 we will
discuss the nature of the different modes assigned to the
high-pressure phases.

FIG. 5. Detail of the Raman spectra of BaWO4 between 6.9 and
9 GPa at low frequencies �a� and high frequencies �b�. The dashed
line indicates the position of a plasma line of Ar+ at 104 cm−1 used
for calibration of Raman spectra. Arrows indicate the position of
some weak modes of the scheelite phase. Asterisks indicate the
position of the modes of the fergusonite phase. Exclamation marks
indicate the position of peaks attributed to the BaWO4-II phase. At
the bottom of the figures the ab initio calculated frequencies of the
fergusonite phase at 8.2 GPa and of the BaWO4-II phase at 6.9 GPa
are shown.
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1. Fergusonite phase

In order to study the nature of the Raman modes of the
high-pressure phases let us begin with the modes expected
for the fergusonite phase since the scheelite-to-fergusonite
transition has been observed by previous powder ADXRD
and XANES measurements.13–17 Besides, we can compare
our high-pressure Raman spectra for BaWO4 with those
available in the literature for CaWO4, SrWO4, and
BaWO4.11,12,7 In this respect, it is mandatory to say that the
Raman modes of CaWO4 and SrWO4 reported between 12
and 20 GPa �Refs. 11 and 12� correspond to the fergusonite
phase since this phase is the only one found in ADXRD and
XANES measurements in that pressure range.16

The body-centered monoclinic fergusonite structure is
centrosymmetric and has space group I2/a �C6

2h� with four
formula units per conventional unit cell �i.e., two formula
units per primitive unit cell�. Group theoretical consider-
ations indicate that fergusonite BaWO4 should have 36 vi-
brational modes at the zone center with the following me-
chanical representation27

� = 8Ag + 8Au + 10Bg + 10Bu �5�

with the 18 gerade �g� modes being Raman active and the 18
ungerade �u� modes being IR active. The 18 Raman active
modes derive from the reduction of the tetragonal C4h sym-
metry of the scheelite structure to the monoclinic C2h sym-
metry of the fergusonite structure. In particular, every Ag and
every Bg scheelite mode transforms into an Ag mode of the
monoclinic symmetry, while every doubly degenerate Eg
scheelite mode transforms into two Bg modes of the mono-
clinic symmetry. Therefore, we expect 18 zone-center Ra-
man active modes after the scheelite-to-fergusonite phase
transition.

Above 6.9 GPa many Raman modes of the scheelite
structure have either weakened considerably or disappeared,
and the number of new modes measured exceeded the num-
ber of modes expected for the fergusonite structure. These
results suggest that either the high-pressure phase is not
fergusonite or that there is a mixture of phases with one
of them being fergusonite, as concluded from ADXRD
measurements.17 The above classification of the two classes
of Raman modes appearing above 6.9 GPa and 7.5 GPa
made clear that there is a mixture of phases between 7.5 and
9.0 GPa. Therefore, taking into account first of all that recent
ADXRD measurements observed a fergusonite phase above
7.1 GPa,14,17 that the results of ab initio total-energy calcu-
lations showed the larger stability of the BaWO4-II phase
respect to the fergusonite phase at high pressures,17 and fi-
nally that the number of modes appearing at 7.5 GPa and
disappearing near 9 GPa is around twelve, we attribute these
modes to the fergusonite phase, whereas the modes that ap-
pear at 6.9 GPa and last up to almost 16 GPa are attributed
to the BaWO4-II phase.

Figures 5�a� and 5�b� show details of the Raman spectra
of BaWO4 between 6.9 and 9 GPa in two different wave-
length ranges. The ab initio calculated frequencies of the
eighteen fergusonite Raman modes at 8.2 GPa are marked at
the bottom of Figs. 5�a� and 5�b�. In these figures one can

observe the appearance of the modes assigned to the fergu-
sonite phase �marked by asterisks� at 7.5 GPa and their fad-
ing around 9 GPa. Figure 3 shows the frequency pressure
dependence of the fergusonite modes �blank squares�, and
Table III summarizes the experimental Raman frequencies
and pressure coefficients of the observed modes of ferguso-
nite BaWO4 at 7.5 GPa.

The structural similarities between the scheelite and fer-
gusonite phases give clues for the identification and assign-
ment of the modes in the fergusonite phase. Since the fergu-
sonite phase retains the tetrahedral coordination of W �see
Sec. IV C�, with only a slight distortion of the WO4 tetrahe-
dra, we expect small changes in the frequencies of the inter-
nal modes. However, the change in lattice parameters be-
tween the two phases; in particular, the shear of alternate
�100� cation planes and the small distortion of the 
 angle,
lead to expect larger changes in the frequencies of the exter-
nal modes. On the other hand, it can be observed that the
most intense Raman modes in the fergusonite structure de-
rive from the most intense modes in the scheelite phase. This
means that the strong �1 and �2 modes in scheelite BaWO4
are transformed into strong modes in the fergusonite phase.
This observation is coherent, for instance, with the fact that
the Ag Raman modes in the scheelite phases are only due to
O vibrations in the 16f Wyckoff positions, and also O vibra-
tions give the main contribution to Ag modes in the ferguso-
nite phase.37 Therefore, the Raman modes of the scheelite
and fergusonite phases are not only related but they seem to

TABLE III. Frequencies at 7.5 GPa and zero-pressure coeffi-
cients of the Raman modes of fergusonite BaWO4 as obtained from
fittings to the data using ��P�=��0�+d� /dP · P. The fergusonite
frequencies and pressure coefficients obtained after ab initio calcu-
lations at 8.2 GPa are also given for comparison.

Peak/
mode

��7.5�
cm−1

d� /dP
cm−1/GPa

��8.2�a

cm−1
d� /dPa

cm−1/GPa

F1�Ag� 37.5�4� −0.6�1� 56 −1.8

F2�Bg� 59�1� 0.8�1� 83 1.2

F3�Bg� 67�1� 0.6�1� 84 0.6

F4�Bg� 93�1� 2.2�1� 121 2.4

F5�Bg� 118�1� 1.2�1� 122 2.6

F6�Ag� 161�1� 1.8�1� 158 2.9

F7�Ag� 192�1� 3.3�1� 181 5.6

F8�Bg� 233 6.2

F9�Bg� 234 6.4

F10�Ag� 338�1� - 339 2.5

F11�Ag� 342 2.7

F12�Ag� 352 3.8

F13�Bg� 362 3.9

F14�Bg� 363 3.9

F15�Bg� 826�2� 1.8�1� 809 2.3

F16�Bg� 839�3� 4.1�1� 810 3.0

F17�Ag� 859�1� 0.5�1� 833 1.2

F18�Ag� 940�1� 0.5�1� 935 0.1

aAb initio calculations.
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exhibit similar scattering cross sections. We have also taken
this feature as a key for the assignment of the nature of the
different Raman modes in the fergusonite phase.

Additional support for the location and assignment of the
fergusonite modes is provided by our ab initio lattice dynam-
ics calculations �see marks at the bottom of Figs. 5�a� and
5�b��. Table III summarizes the calculated Raman mode fre-
quencies, their pressure coefficients, and their symmetry for
fergusonite BaWO4 at 8.2 GPa. For completeness, we also
report in Table IV the frequencies and the frequency pressure
coefficients of the calculated IR active modes of fergusonite
BaWO4 at 8.2 GPa. A major conclusion drawn from our cal-
culations is that there is a phonon gap between 400 and
800 cm−1 in fergusonite BaWO4 similar to the one observed
in scheelite BaWO4. This result not only allows us to con-
firm that the fergusonite phase retains the tetrahedral W-O
coordination of the scheelite phase �see Sec. IV C�, but it
also leads us to conclude that the Raman modes observed at
high pressures in this phonon gap belong to a phase other
than the scheelite or the fergusonite. As regards to the nature
of the fergusonite Raman modes, it is difficult to assign the
symmetry of all the modes in this structure despite of having
the aid of the ab initio calculations because we have only
found 12 of the 18 Raman active modes of the fergusonite
phase, and also because the small pressure range in which
the fergusonite Raman modes are observed �7.5–9.0 GPa�
limited the accuracy of the measured pressure coefficients.

A clearly identified fergusonite mode is the stretching Ag
mode arising from the scheelite �1�Ag� mode �F18 in Table
III�. This high-frequency stretching mode is experimentally
found around 940 cm−1 between 7.5 GPa and 8.2 GPa and is

the responsible for the apparent sudden broadening of the
scheelite �1�Ag� Raman peak at these two pressures. There-
fore, the mode near 940 cm−1 is indeed a wide double mode
composed of a low-frequency Ag mode of the fergusonite
phase and a high-frequency �1�Ag� mode of the scheelite
phase. The instability of both phases at 9 GPa, according to
ab initio calculations,17 is reflected in the experimental spec-
tra by the gradual disappearance of both peaks between 7.5
and 9 GPa �see Fig. 5�b��. Additional support for the assign-
ment of the high-frequency stretching Ag mode of the fergu-
sonite phase derived from the scheelite �1�Ag� mode comes
on the one hand from the calculated frequency �935 cm−1 at
8.2 GPa�, and on the other hand from the comparison of the
frequencies of the scheelite and fergusonite modes in
BaWO4 with those measured in CaWO4 and SrWO4 under
high pressure, as discussed below.

A comparative study of the frequencies of the scheelite
and fergusonite Raman modes in BaWO4 and the corre-
sponding modes in CaWO4 and SrWO4 �Refs. 11 and 12�
allows us to exploit the trends induced by cation substitution
in the series Ca, Sr, Ba. In particular, the high-frequency
stretching modes in the fergusonite structure seem to behave
in a coherent way in the three compounds after the scheelite-
to-fergusonite phase transition. The Ag fergusonite mode
arising from the �1�Ag� mode is harder than its predecessor in
CaWO4,11 has the same frequency at the phase transition
than its predecessor in SrWO4,12 and should be slightly be-
low its predecessor in BaWO4, as it has been indeed found
and discussed above.

The opposite behavior is found for the fergusonite high-
frequency stretching Ag mode arising from the scheelite
�3�Bg� mode. In CaWO4, the Ag mode is below the �3�Bg�
mode at the phase transition; in SrWO4 the Ag mode is at the
same frequency that the �3�Bg� mode at the phase transition;
and in BaWO4 it is expected to be above the scheelite �3�Bg�
mode at the phase transition. Since the scheelite �3�Bg� mode
in BaWO4 at 7.5 GPa is at 844 cm−1 �see arrows in Fig.
5�b��, it is reasonable to attribute the mode around 858 cm−1

�see asterisk in Fig. 5�b�� to the fergusonite Ag mode derived
from the scheelite �3�Bg� mode. In this case, our calculated
frequency for this mode is 25 cm−1 �3%� below the experi-
mental frequency.

As regards to the fergusonite stretching Bg modes arising
from the doubly degenerate scheelite �3�Eg� mode, it should
be noted that this mode shows a strange behavior in CaWO4
and SrWO4 since only one of the two modes has been ob-
served in these compounds, and the observed mode shows a
nonlinear behavior with pressure.11,12 The measured ferguso-
nite Bg frequencies in CaWO4 and SrWO4 are below that of
the �3�Eg� mode at the phase transition. Instead, we have
tentatively located the fergusonite Bg modes near 826 and
839 cm−1 at 7.5 GPa, i.e., slightly above the scheelite �3�Eg�
mode at 818 cm−1 at 7.5 GPa. Support for this assignment
comes from the closeness between these two modes accord-
ing to our calculations that again seem to underestimate the
frequency by about 20–25 cm−1 with respect to our experi-
mentally measured values.

Other modes of the fergusonite structure are the Ag modes
arising from the scheelite �2�Ag� and �2�Bg� modes around

TABLE IV. IR mode frequencies and pressure coefficients in
fergusonite BaWO4 as obtained from ab initio calculations at
8.2 GPa.

Peak/
mode

��8.2�
cm−1

d� /dP
cm−1/GPa

F1�Au� 0 -

F2�Bu� 0 -

F3�Bu� 0 -

F4�Au� 99 0.6

F5�Bu� 101 0.05

F6�Bu� 138 2.2

F7�Au� 155 2.3

F8�Bu� 156 2.4

F9�Bu� 204 0.6

F10�Au� 248 5.3

F11�Au� 309 3.1

F12�Au� 310 3.2

F13�Bu� 394 4.0

F14�Bu� 409 4.9

F15�Bu� 812 2.1

F16�Bu� 817 2.3

F17�Au� 818 2.1

F18�Au� 933 2.5
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332 cm−1 at ambient pressure. In BaWO4 these two scheelite
modes are almost degenerate like in SrWO4.12 However, the
high intensity of the low-frequency member of this pair in
the fergusonite phase of CaWO4 and SrWO4,11,12 and their
splitting in SrWO4, in contrast with CaWO4, where both
modes are observed at the same frequency that their parent
modes at the phase transition, lead us to think that the strong
mode at 338 cm−1 at 7.5 GPa �see asterisk in Fig. 5�a�� could
be the low-frequency Ag mode of this pair. This assignment
is supported by our calculations that locate this mode at al-
most the same frequency as experimentally observed �see
Table III�. Regarding the high-frequency Ag mode of this
pair, it should be 20 cm−1 above the lower one in BaWO4 if
one follows the increase of separation between the two Ag
modes with increasing the mass of the A cation in the series
Ca, Sr, and Ba. Our ab initio calculations locate several Ag
modes some 10–20 cm−1 above the lower one, but the small
intensity of this mode and the overlapping with other stron-
ger modes assigned to the BaWO4-II phase prevents us from
observing it. The disappearance of the Ag mode of 338 cm−1

at 8.2 GPa has precluded us to measure its frequency pres-
sure coefficient.

With respect to the three fergusonite modes coming from
the scheelite �4�Bg+Eg� modes, they have been found be-
tween 450 and 500 cm−1 in CaWO4 and SrWO4,11,12 there-
fore we thought that they should be also at similar frequen-
cies in BaWO4. However, our ab initio calculations suggest
that these three modes are close to the two modes arising
from the �2�Ag� and �2�Bg� modes below 400 cm−1. The
smaller distance between the scheelite �2 and �4 modes in
BaWO4 as compared to CaWO4 and SrWO4 supports the
closeness of their related fergusonite modes as obtained in
our calculations. Likewise to the �2 modes, the overlapping
of the �4 modes with other modes of higher intensity, as-
signed to the BaWO4-II phase, has precluded us to measure
their behavior under pressure.

As regards to the fergusonite modes related to the external
modes in the scheelite phase, one fergusonite mode with high
intensity in SrWO4 is the Ag mode arising from the external
scheelite R�Ag� mode.12 This fergusonite Ag mode is at a
lower frequency than its parent mode at the phase transition
in CaWO4 and at the same frequency in SrWO4 so we expect
it at slightly higher frequency than its parent in BaWO4. On
this basis, we think that this mode could be the 192 cm−1

mode at 7.5 GPa. Furthermore, the increase of the pressure
coefficient of this mode when increasing the A cation mass
from 2 cm−1/GPa in CaWO4 to 3.3 cm−1/GPa in BaWO4
and the location of this mode at 181 cm−1 at 8.2 GPa accord-
ing to our ab initio calculations support the present assign-
ment. Curiously enough, our calculations locate the two fer-
gusonite Bg modes related to the external scheelite R�Eg�
mode around 233 cm−1; however, we have not observed evi-
dence of their presence. This result is similar to what has
been reported in CaWO4 and SrWO4, where these two fer-
gusonite modes were not found.11,12 At present we have no
idea why these two modes have not been observed.

Another fergusonite mode with high intensity in SrWO4 is
the Ag mode arising from the topmost scheelite T�Bg�
mode.12 This Ag mode is expected to be at slightly lower

frequency in BaWO4 than its parent at the phase transition.
Since the T�Bg� mode is at 160.6 cm−1 at 6.9 GPa, we think
that the related Ag mode could be a weak mode near
161 cm−1 at 7.5 GPa. Support for this assignment comes
from the location of this mode at 158 cm−1 at 8.2 GPa ac-
cording to our calculations. The remaining fergusonite Ag
mode in BaWO4 would be the one arising from the lowest
scheelite T�Bg�. We have found a fergusonite mode with
negative pressure coefficient at 37 cm−1 at 7.5 GPa. We be-
lieve this is the lowest fergusonite Ag mode, despite our cal-
culations locate it between 38 and 56 cm−1 depending on the
approximation to the exchange-correlation potential used,
LDA or GGA-PBE, respectively. It is rather striking that this
mode with negative pressure coefficient has not been ob-
served neither in CaWO4 nor in SrWO4 where the mode
derived from the lowest scheelite T�Bg� mode has positive
pressure coefficient.11,12 We think that the observation of this
fergusonite mode with negative pressure coefficient in
BaWO4 is indicative of the instability of the fergusonite
phase at high pressures in BaWO4 as compared to CaWO4
and SrWO4. This result is in agreement with the smaller
stability of the fergusonite phase at high pressures, as com-
pared to the BaWO4-II phase, already obtained from previ-
ous calculations.17

Finally, as regards to the fergusonite Bg modes arising
from the two scheelite T�Eg� modes, we have observed two
close modes at 57 and 69 cm−1 at 7.5 GPa that could corre-
spond to the fergusonite Bg modes coming from the lowest
T�Eg� mode. The mode at 57 cm−1 appears at 7.5 GPa just
above the frequency of the lowest scheelite T�Bg� mode with
negative Grüneisen parameter. The mode at 69 cm−1 is ob-
served as a shoulder of a double peak corresponding to the
two high-pressure phases. Our calculations for these two
modes are 83 and 84 cm−1 at 8.2 GPa. Support for this as-
signment comes from the behavior of these two modes in the
series Ca, Sr, Ba. In CaWO4 the two Bg modes derived from
the topmost scheelite T�Eg� mode are one well above and the
other slightly below the frequency of the parent mode at the
phase transition.11 In SrWO4 only one mode, that we believe
is the mode with higher frequency, is found slightly above
the frequency of the parent mode at the phase transition.12

Therefore, we expect both fergusonite Bg modes being below
the frequency of the T�Eg� mode at the phase transition in
BaWO4. As regards to the two fergusonite Bg modes coming
from the topmost scheelite T�Eg� mode, we have found two
modes that appear as shoulders near 93 and 118 cm−1 at
7.5 GPa and that we have attributed to the fergusonite phase.
Our calculations locate these two modes around 120 cm−1 at
8.2 GPa. Our assignment for these latter modes cannot be
supported by the Raman measurements in CaWO4 and
SrWO4 because only one mode out of two was observed in
CaWO4,11 while none of the two modes was observed in
SrWO4.12

2. BaWO4-II phase

The possibility for a high-pressure structure in BaWO4
having the BaWO4-II structure �SG No. 14� �Ref. 6� has
been recently suggested by Errandonea et al.17 The experi-
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mental powder ADXRD patterns above 11 GPa are compat-
ible with the BaWO4-II structure.17 The appearance of Ra-
man modes at 6.9 GPa; i.e., before the appearance of modes
corresponding to the fergusonite phase at 7.5 GPa, is consis-
tent with the ab initio total-energy calculations, which yield a
lower value �5.1 GPa� for the scheelite/BaWO4-II coexist-
ence pressure than for the scheelite/fergusonite one
�7.5 GPa�.17 Therefore, we attribute the new Raman modes
that appear at 6.9 GPa and last up to 16 GPa to the
BaWO4-II phase �marked by exclamations signs in Figs. 5�a�
and 5�b��. In this section, we will show with the help of our
theoretical study that the Raman modes of BaWO4 appearing
above 6.9 GPa and remaining up to the highest pressures
achieved of about 16 GPa are indeed compatible with the
high-pressure phase BaWO4-II. In particular, the BaWO4-II
phase shows a distorted octahedral W-O coordination which
can give account for the Raman modes observed above
6.9 GPa in the phonon gap of the scheelite and fergusonite
phases between 400 and 800 cm−1. Similar modes have also
been observed in the phase after the fergusonite structure
taking place in BaMoO4 above 9 GPa.38,39

The BaWO4-II structure is centrosymmetric and has space
group P21/n �C2h

5 � �SG No. 14� with Z=8.6 The vibrational
modes have the following mechanical representation at �
�Ref. 27�

� = 36Ag + 36Au + 36Bg + 36Bu �6�

with 72 Raman active �g� modes and 72 IR active �u� modes,
of which one Au and two Bu are zero-frequency acoustic
modes. One thus expects four times more Raman modes in
the BaWO4-II structure than in the fergusonite structure. The
experimental assignment of the mode symmetry in the
BaWO4-II phase is difficult because of the lack of informa-
tion on polarization inside the DAC, and because the number
of modes that can be clearly resolved in the experimental
Raman spectra above 6.9 GPa is around 40; i.e., about half
the number of expected modes for the BaWO4-II phase.

We think that the nonobservation of all modes in the
BaWO4-II structure can be due to a number of factors,
namely: �1� limited spectral resolution �since many peaks are
very close to one another, especially those forming pairs, as
evidenced by our ab initio calculations�; �2� the small scat-
tering cross section of some modes; and �3� overlapping with
modes of the fergusonite phase and decrease in intensity of
the BaWO4-II modes above 9 GPa. In any case, the obser-
vation of at least three of the four ab initio predicted modes
for the BaWO4-II phase in certain wave number ranges, es-
pecially in the phonon gap of the scheelite and fergusonite
phases, suggests that there is no other structure with higher
symmetry, like monoclinic LaTaO4 or raspite phases with
SG No. 14 and with half the number of expected modes than
the BaWO4-II phase, which could give account for the ex-
perimentally observed modes.

Figure 3 shows the pressure dependence of the Raman
modes observed experimentally and attributed to the
BaWO4-II phase �black triangles�. Table V summarizes the
experimentally observed frequencies of the Raman modes
attributed to the BaWO4-II phase at 9 GPa. The assignment
of the modes corresponding to the BaWO4-II phase has been

done with the help of ab initio lattice dynamics calculations
of this phase at 6.9 GPa. Tables VI and VII summarize the
calculated frequencies and symmetries of the Raman and IR
modes attributed to the BaWO4-II phase at 6.9 GPa, respec-
tively. The calculated frequencies of the Raman modes in the
BaWO4-II phase at 6.9 GPa are also marked at the bottom of
Figs. 5�a� and 5�b�.

As previously commented, the assignment of the high-
pressure phase of BaWO4 stable between 6.9 GPa and
16 GPa to the BaWO4-II phase is supported by the observa-
tion, in several cases, of the four peaks expected for each
fergusonite mode at frequencies close to those obtained from
ab initio lattice dynamics calculations. Clear examples of
this fact can be observed in the high-frequency region above
500 cm−1, due to the smaller density of modes in this region.
The Raman spectra of the high-pressure phase above 9 GPa
show two strong high-frequency modes, located at 906 and
923 cm−1 at 9 GPa, plus two weak high-frequency modes,
located at 950 and 960 cm−1 at 9 GPa. The two weak modes
appear as shoulders rather than as peaks. In particular, the
broad band around 950 cm−1 is not well observed because it
overlaps with the scheelite �1�Ag� and fergusonite Ag modes,
and it can only be observed above 9 GPa once the scheelite
and fergusonite modes fade �see Fig. 4�. Ab initio calcula-
tions for the BaWO4-II phase at 6.9 GPa show that many
modes in this phase are grouped in pairs �see marks at the
bottom of Figs. 5�a� and 5�b��. In particular, there are two
groups of high-frequency modes located around 880 and

TABLE V. Frequencies at 9 GPa and zero-pressure coefficients
of the Raman modes observed in the BaWO4-II phase as obtained
from fittings to the data using ��P�=��0�+d� /dP · P.

Peak
/mode

��9�
�cm−1�

d� /dP
�cm−1/GPa�

Peak
/mode

��9�
�cm−1�

d� /dP
�cm−1/GPa�

B1 70.6�7� 0.3�3� B22 435�3� 4.3�5�
B2 98.5�6� 0.5�8� B23 478�3� 2.9�5�
B3 130.3�5� 1.2�9� B24 495�2� 4.0�9�
B4 152�2� 2.1�7� B25 532�2� 2.3�2�
B5 164�2� 2.6�4� B26 546�3� 4.3�7�
B6 181�2� 2.6�4� B27 614�3� 2.1�3�
B7 209�3� 2.5�6� B28 634�3� 2.1�4�
B8 218�2� 1.7�1� B29 658�2� 1.5�2�
B9 234�2� 2.7�6� B30 673�2� 0.5�4�
B10 258�3� 3.1�2� B31 697�2� 2.6�7�
B11 287�3� 1.7�6� B32 745�2� 2.4�4�
B12 302�2� 2.6�4� B33 770�2� 3.5�5�
B13 304�2� 0.5�2� B34 798�2� 3.5�7�
B14 326�1� 2.0�5� B35 815�2� 3.9�8�
B15 330�1� 2.8�4� B36 843�2� 2.4�5�
B16 359�2� 2.5�3� B37 877�2� 2.8�6�
B17 369�3� 2.1�4� B38 906�1� 3.2�2�
B18 400�1� 1.7�6� B39 923�1� 2.8�2�
B19 404�2� 1.8�7� B40 950�2� 3.2�8�
B20 417�3� 2.6�9� B41 963�2� 2.9�7�
B21 432�3� 3.2�5�
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920 cm−1 at 6.9 GPa approximately 25 cm−1 �3%� below our
experimentally observed modes. Therefore, we attribute
these four high-frequency modes to the modes in the
BaWO4-II phase that likely arise from the splitting of the
scheelite �1�Ag� mode or the fergusonite Ag mode. This is the
clearest example we have found for the observation of four

modes in the BaWO4-II phase for every fergusonite mode,
what supports the BaWO4-II nature of the high-pressure
phase. In fact, ab initio calculations show four fergusonite
modes and sixteen BaWO4-II modes above 600 cm−1 �see
Fig. 5�b��, what is in agreement with the 4:1 BaWO4-II/
fergusonite mode ratio, and with the assignment done above.

TABLE VI. Raman mode symmetries and frequencies in the BaWO4-II phase as obtained from ab initio calculations at 6.9 GPa.

Mode
�sym�

��6.9�
�cm−1�

Mode
�sym�

��6.9�
�cm−1�

Mode
�sym�

��6.9�
�cm−1�

Mode
�sym�

��6.9�
�cm−1�

R1�Ag� 54 R19�Ag� 145 R37�Ag� 286 R55�Ag� 517

R2�Bg� 59 R20�Bg� 146 R38�Bg� 288 R56�Bg� 520

R3�Ag� 66 R21�Bg� 159 R39�Ag� 328 R57�Ag� 623

R4�Bg� 69 R22�Ag� 163 R40�Bg� 329 R58�Bg� 624

R5�Ag� 86 R23�Bg� 178 R41�Ag� 338 R59�Ag� 633

R6�Ag� 87 R24�Ag� 179 R42�Bg� 339 R60�Bg� 635

R7�Ag� 89 R25�Ag� 186 R43�Ag� 341 R61�Bg� 698

R8�Bg� 90 R26�Bg� 188 R44�Bg� 352 R62�Ag� 699

R9�Bg� 95 R27�Bg� 198 R45�Bg� 380 R63�Bg� 734

R10�Bg� 98 R28�Ag� 205 R46�Ag� 381 R64�Ag� 737

R11�Ag� 104 R29�Ag� 229 R47�Ag� 395 R65�Ag� 755

R12�Ag� 115 R30�Bg� 235 R48�Bg� 397 R66�Bg� 789

R13�Bg� 118 R31�Bg� 245 R49�Ag� 410 R67�Ag� 795

R14�Bg� 122 R32�Ag� 256 R50�Bg� 423 R68�Bg� 830

R15�Ag� 123 R33�Bg� 258 R51�Bg� 440 R69�Ag� 876

R16�Bg� 128 R34�Ag� 263 R52�Ag� 445 R70�Bg� 880

R17�Ag� 138 R35�Ag� 276 R53�Ag� 479 R71�Ag� 912

R18�Bg� 141 R36�Bg� 278 R54�Bg� 482 R72�Bg� 913

TABLE VII. IR mode symmetries and frequencies in the BaWO4-II phase as obtained from ab initio calculations at 6.9 GPa.

Mode
�sym�

��6.9�
�cm−1�

Mode
�sym�

��6.9�
�cm−1�

Mode
�sym�

��6.9�
�cm−1�

Mode
�sym�

��6.9�
�cm−1�

I1�Bu� 0 I19�Bu� 133 I37�Bu� 299 I55�Bu� 447

I2�Au� 0 I20�Au� 134 I38�Au� 302 I56�Au� 461

I3�Bu� 0 I21�Au� 149 I39�Au� 308 I57�Au� 586

I4�Bu� 42 I22�Bu� 160 I40�Bu� 311 I58�Bu� 588

I5�Au� 46 I23�Au� 161 I41�Bu� 338 I59�Bu� 595

I6�Au� 64 I24�Bu� 164 I42�Au� 341 I60�Au� 600

I7�Bu� 73 I25�Au� 185 I43�Bu� 356 I61�Bu� 716

I8�Au� 75 I26�Bu� 187 I44�Au� 358 I62�Au� 719

I9�Bu� 81 I27�Bu� 202 I45�Au� 381 I63�Bu� 735

I10�Bu� 84 I28�Au� 203 I46�Bu� 386 I64�Au� 748

I11�Au� 91 I29�Bu� 217 I47�Bu� 392 I65�Bu� 774

I12�Au� 93 I30�Au� 219 I48�Au� 394 I66�Au� 788

I13�Bu� 99 I31�Au� 236 I49�Au� 406 I67�Au� 798

I14�Au� 105 I32�Bu� 240 I50�Bu� 407 I68�Bu� 828

I15�Bu� 110 I33�Au� 257 I51�Bu� 412 I69�Bu� 866

I16�Au� 113 I34�Bu� 260 I52�Au� 414 I70�Au� 870

I17�Au� 121 I35�Bu� 285 I53�Bu� 434 I71�Bu� 894

I18�Bu� 123 I36�Au� 288 I54�Au� 444 I72�Au� 908
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The two modes of the ab initio calculated pairs can be
experimentally observed in some other cases above
500 cm−1. For instance, there are two pairs of calculated
modes around 625 cm−1 at 6.9 GPa. Again, one can distin-
guish three of the four modes between 600 and 680 cm−1 at
pressures between 6.9 and 9.0 GPa �see exclamation marks
in Fig. 5�b�� and a fourth one above 10 GPa. In a similar
way, there is a pair of calculated modes slightly below
800 cm−1 at 6.9 GPa. We attribute the two modes of the pair
to the most prominent peaks slightly above 800 cm−1, that
dominate the Raman spectrum above 10 GPa �see Figs. 4
and 5�b��. Furthermore, we attribute the weak mode located
at 877 cm−1 at 9 GPa and visible in all the spectra between
7.5 and 16 GPa �see Table V� to the single calculated mode
located at 830 cm−1 at 6.9 GPa; i.e., underestimated in cal-
culations by almost 40 cm−1 �5%�. Similarly, there are two
pairs of calculated modes around 500 cm−1 at 6.9 GPa �see
marks at the bottom of Fig. 5�b��. One can distinguish three
of the four modes between 470 and 530 cm−1 at pressures
between 6.9 and 9.0 GPa �see exclamation marks in Fig.
5�b��. In addition, a fourth one can be also distinguished
above 10 GPa. All these examples give evidence that, despite
the number of Raman modes distinguished in the experimen-
tal high-pressure spectra is well below the 72 modes ex-
pected for the BaWO4-II phase, this phase can be reasonably
identified.

The presence of two strong and two weak high-frequency
stretching modes above 10 GPa arising from the strong
scheelite �1�Ag� mode, and located at 906 and 923 cm−1, and
at 950 and 960 cm−1 at 9 GPa, respectively, suggests that the
rule by which strong modes in a high-pressure phase derive
from strong modes in the low pressure phase, already ob-
served for many modes of the fergusonite phase seems not to
be valid for the BaWO4-II phase derived from the scheelite
phase. We think that the reason why the strong scheelite
�1�Ag�� mode splits into two strong and two weak modes in
the BaWO4-II structure is related to the change of the atomic
symmetry in these two phases. As commented previously, the
Ag modes of the scheelite structure only have contribution
from the vibration of the O modes in a 16f Wyckoff position.
However, in the BaWO4-II structure all atoms occupy a 4e
Wyckoff position and contribute to the Ag and Bg modes.37

Therefore, it is expected that the four modes derived from a
strong mode in the scheelite structure do not have the same
scattering cross section and some of them could have small
Raman scattering cross sections. This could be one of the
reasons why we observe approximately half the number of
Raman modes that were expected for the BaWO4-II phase.

A striking feature of the transformation to the BaWO4-II
phase can be clearly seen in the Raman spectra of 7.5 and
8.2 GPa near 330 cm−1. The fergusonite mode located at
338 cm−1 at 7.5 GPa disappears at 8.2 GPa. Instead, a mode
around 330 cm−1, not present before, appears in the spectrum
at 8.2 GPa. The difference in frequency of these modes on
going from the fergusonite to the BaWO4-II structure is in
complete agreement with our lattice dynamics calculations
that show a fergusonite mode around 339 cm−1 at 8.2 GPa
that leads to four modes with the lowest one at 327 cm−1 in
the BaWO4-II phase at 6.9 GPa �see Fig. 5�a��.

We should mention that the coexistence of the three
phases �scheelite, fergusonite, and BaWO4-II� is possible due

to the kinetic hindrance of the reconstructive scheelite-to-
BaWO4-II phase transition and the displacive second-order
nature of the scheelite-to-fergusonite phase transition.40 The
kinetic hindrance of the scheelite-to-BaWO4-II transition can
be clearly observed in our Raman spectra between 6.9 and
10 GPa by checking the intensity of the two stronger high-
frequency peaks attributed to the BaWO4-II phase. The low-
frequency mode of the pair already appears at 6.9 GPa, fol-
lowed by the high-frequency mode at 7.5 GPa. However,
both modes do not achieve their final intensity up to 10 GPa.
Therefore, we can conclude that the transformation to the
BaWO4-II structure is completed above 9.5–10 GPa �see
dashed line in Fig. 3�. This result is in agreement with
ADXRD measurements that reported the x-ray diffraction
patterns indexed with the BaWO4-II structure above
11 GPa.17 Furthermore, we think that the BaWO4-II struc-
ture is retained up to 16 GPa �maximum pressure attained in
this study� and that the decrease in signal with increasing
pressure can be due to a tendency of the sample to amorphi-
sation before the completion of the next phase transition, as
already suggested in Ref. 17 on the basis of the loss of in-
tensity of the x-ray pattern observed above 10 GPa.

In summary, we finish Sec. IV B by concluding that the
onset of the scheelite-to-BaWO4-II phase transition is found
around 6.9 GPa, being followed by a scheelite-to-fergusonite
phase transition around 7.5 GPa. These phase transition pres-
sures are in excellent agreement with the pressure of the
scheelite-to-BaWO4-II transition �5.1 GPa� and the pressure
of the scheelite-to-fergusonite transition �7.5 GPa� found re-
cently by ab initio total-energy calculations.17 They also
agree with the observation of a first phase transition at
6.8 GPa in previous Raman scattering measurements,7 and of
two phase transitions around 7 and 11 GPa in powder
ADXRD measurements.14,17 The observation of the coexist-
ence of the scheelite, fergusonite, and BaWO4-II structures
between 7.5 GPa and 9.0 GPa can only be explained by the
hindrance of the reconstructive scheelite-to-BaWO4-II phase
transition �due to its slow kinetics likely caused by an acti-
vation barrier� that favors the observation of the second-
order scheelite-to-fergusonite phase transition, as already
discussed in Refs. 17 and 40.

We want to close this section showing that our results for
the fergusonite and BaWO4-II phases can also give account
for the Raman spectra of BaWO4 reported at 6.8 and 8.4 GPa
by Jayaraman et al.7 in the same way as in Sec. IV B 1 we
showed that our results for scheelite BaWO4 are consistent
with those previously reported.7 To us, the Raman spectrum
at 6.8 GPa in Ref. 7 corresponds to a mixture of the three
phases. At this pressure, the scheelite phase is the dominant
one and evidence of the BaWO4-II phase is given by the
901 cm−1 peak. Evidence of the fergusonite phase at this
pressure is given by the broadening of the 944.5 cm−1 peak,
as compared to the same peak at 5.6 GPa, and by the pres-
ence of new peaks near the scheelite ones, like the mode that
we observed at 338 cm−1 at 7.5 GPa. As regards to the Ra-
man spectrum at 8.4 GPa in Ref. 7, it mainly corresponds to
the BaWO4-II phase, since the high-frequency modes of the
scheelite and fergusonite phases have completely disap-
peared, and also the mode at 338 cm−1 of the fergusonite
phase is also gone. However, it is strange for us that the
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authors of Ref. 7 did not report the strong high-frequency
mode of the BaWO4-II phase near 920 cm−1. In fact, one can
guess it from the high-frequency shoulder of the 906 cm−1

peak at 8.4 GPa, but it is not clearly present in the spectra of
Ref. 7. Support for the assignment of the spectrum at
8.4 GPa in Ref. 7 to the BaWO4-II phase comes from the
appearance of new modes near 302, 330, and 403 cm−1 simi-
lar to ours. In summary, we think that the Raman spectra of
BaWO4 in Ref. 7, agree qualitatively with ours with only
two differences: �1� our Raman spectra show larger resolu-
tion than those of Jayaraman et al. what explains our obser-
vation of more modes than in their spectra; and �2� the phase
transitions we have seen in their work appear at slightly
smaller pressures than those reported in this work.

C. Tungsten coordination in high-pressure phases

Our assignment of the Raman modes in the high-pressure
phases to the fergusonite and BaWO4-II phases is coherent
with the change of W coordination from tetrahedral to octa-
hedral with increasing pressure. The feature that suggests a
tetrahedral W coordination in the fergusonite phase and an
octahedral W coordination in the BaWO4-II phase is the ap-
pearance of modes in the phonon gap of the scheelite and
fergusonite structures between 400 and 800 cm−1 after the
scheelite-to-BaWO4-II phase transition. Another feature sup-
porting this change in coordination is the decrease of the
strong highest-frequency stretching Ag mode from 945 cm−1,
in the scheelite phase, to 940 cm−1, in the fergusonite phase,
and to 900 and 920 cm−1 in the BaWO4-II phase at the phase
transition. The small decrease of the high frequency Ag
stretching mode in the scheelite-to-fergusonite transition
means that there is a small increase of the shorter W-O bond
distance after the phase transition that is still compatible with
the tetrahedral coordination of W ions in the fergusonite
structure. However, the large decrease of the highest-
frequency modes �more than 20 cm−1� in the scheelite-to-
BaWO4-II transition suggests a large increase of the shortest
W-O bond distances that must be due to the change of the
coordination of W ions from tetrahedral to octahedral. This
was also evidenced by XANES measurements above
9.8 GPa.17

According to Hardcastle and Wachs, there is a relation-
ship between the frequencies of the stretching W-O modes
and the bond distance R �in Å� between W and O in tungsten
oxides41

��cm−1� = 25823 exp�− 1.902 · R� . �7�

On the other hand, according to Brown and Wu, there is a
relationship between the bond distance R �in Å� and the
Pauling’s bond strengths, which for tungsten oxides is42

sW-O = �R/1.904�−6 �8�

with sW-O given in valence units �v.u.�. It is possible to get an
empirical relationship between the Raman stretching mode
frequency and the Pauling’s W-O bond strengths using Eqs.
�7� and �8�:

sW-O = �0.276 13 ln�25 823/���−6 �9�

thus, following Hardcastle and Wachs, it is possible to esti-
mate the coordination of the W ion in a tungsten oxide ma-
terial if we know all the stretching frequencies of the mate-
rial, that usually fall in the high-frequency region above
400 cm−1.41

By taking as the stretching frequencies of the scheelite
structure those of the modes at 795, 831, and 926 cm−1 at
1 atm �see Table I�, we have estimated W-O bonding dis-
tances of 1.83, 1.81, and 1.75 Å, giving bond strengths of
1.27, 1.37, and 1.66 v.u., respectively. With these numbers
and knowing that the W coordination in the scheelite struc-
ture is fourfold we get the estimated total valence of 1.27
+1.37+1.66+1.66=5.96� 6 that is the formal valence of the
W ion. To get this result we have had to consider a double
contribution of the shorter W-O bond distance �1.75 Å�. In
such a case, we get an average W-O bond distance of
1.784 Å that agrees with the estimated W-O bond distance
from XRD measurements, and with the expected ideal W-O
bond distance in tetrahedral coordination �1.78 Å�, which
corresponds to a Pauling’s bond strength of 1.5 v.u. in Eq.
�8� for each of the four W-O bonds.42

Similarly, by taking as the stretching frequencies of the
fergusonite structure the modes at 826, 839, 859, and
940 cm−1 at 7.5 GPa �see Table III�, we have estimated W-O
bond distances of 1.81, 1.80, 1.79, and 1.74 Å giving
strengths of 1.36, 1.39, 1.45, and 1.71 v.u., respectively.
With these numbers we have estimated a total valence of
5.91 for W, that is very close to the formal valence of 6, and
evidences that the distinction between external and internal
modes in the fergusonite phase could be still applicable at
least in BaWO4,41 and that the configuration for the W ions
is a tetrahedral configuration, as expected in the fergusonite
structure.

Since the fergusonite structure retains the tetrahedral co-
ordination of the W ion, we can use the same but reverse
reasoning to CaWO4 and SrWO4 in order to estimate the
frequency of the lost fergusonite high-frequency Bg stretch-
ing mode. For this purpose we have taken the frequencies of
800, 865, and 950 cm−1 as those of the stretching modes in
fergusonite CaWO4 at 15 GPa. With these data and Eq. �9�
one would obtain a total valence of 6 if an additional stretch-
ing mode was located around 878 cm−1 at 15 GPa. In the
case of fergusonite SrWO4, we have taken the frequencies of
790, 860, and 950 as those of the stretching modes in fergu-
sonite SrWO4 at 15 GPa. Again, one would obtain a total
valence of 6 if an additional stretching mode was located
around 890 cm−1 at 15 GPa. In CaWO4, the proximity of the
predicted mode at 878 cm−1 and the mode found at 865 cm−1

lead us to think that this last mode could be a double mode
indeed. A close inspection of the spectra of Ref. 11 suggests
a broadening of the mode at 865 cm−1 and the possible pres-
ence of a mode around 860 cm−1 at 15 GPa. If this is indeed
a double mode, our estimated result would be in extreme
good agreement with the observation given the small accu-
racy of the frequency �around 5%� that can be estimated with
Eq. �9�.41 In SrWO4, we cannot say anything because of the
limited definition of the reported experimental spectra.12 In
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any case, the tetrahedral W coordination in the three
alkaline-earth fergusonite tungstates CaWO4, SrWO4, and
BaWO4 is guaranteed by the shorter average W-O distances
found with Hardcastle and Wachs’ formula.41 According to
this formula and the available experimental Raman modes,
the average W-O bond distances for fergusonite CaWO4,
SrWO4, and BaWO4 at 15, 15, and 7.5 GPa are 1.783, 1.785,
and 1.786 Å, respectively. These average W-O distances
agree with the ideal W-O distance for tetrahedral coordina-
tion �1.78 Å�.42

The application of Hardcastle and Wachs’ rules to the
BaWO4-II can help in assigning the first-order stretching
modes of this low symmetry structure if the WO6 octahedra
can be regarded as almost independent units.41 In the char-
acterization of the BaWO4-II structure at 1 atm, the follow-
ing W-O bond distances were reported: 1.83, 1.83, 1.84,
1.84, 1.86, 1.88, 1.96, 1.97, 2.07, 2.13, 2.18, and 2.33 Å
corresponding to two nonequivalent WO6 octahedra.6 The
BaWO4-II structure shows a 4+2 coordination for W with
four W-O distances between 1.8 and 2.0 Å, and two longer
distances between 2.1 and 2.3 Å. These distances give an
average W-O distance of 1.977 Å, which is quite deviated
from the ideal W-O bond distance for octahedral W coordi-
nation �1.904 Å�, and quite close to the ideal W-O bond
distance for eightfold W coordination �1.99 Å� given by Eq.
�8�. If we take the six average W-O bond distances for the
BaWO4-II structure at 1 atm given in Ref. 6 we obtain: 1.83,
1.84, 1.87, 1.965, 2.10, and 2.255 Å, and application of Eq.
�8� yields the following average Pauling’s bond strengths:
1.27, 1.23, 1.11, 0.83, 0.55, and 0.36 v.u. Altogether they
sum 5.35 v.u., which do not fully agree with the 6 valence of
the W ion.41 Furthermore, Eq. �7� allows us to calculate the
stretching frequencies yielding: 795, 780, 751, 723, 621,
609, 504, 449, 408, and 307 cm−1. However, these values do
not agree neither with the experimentally observed high-
frequency Raman modes above 6.9 GPa nor with the calcu-
lated Raman modes at 6.9 GPa by first principles �see Table
V�. The deviation is significant for the modes with higher
frequencies that are experimentally found around 900 cm−1,
even considering the difference in pressure between 1 atm
�Ref. 6� and those of our observations and calculations. The
good behavior of Eqs. �7� and �8� in the case of the scheelite
and fergusonite structures, and the knowledge that the W
coordination of the BaWO4-II phase must be sixfold, lead us
to think that the previous estimations for the BaWO4-II
phase fail due to two possible reasons: �1� the W-O bond
distances reported in Ref. 6, in particular the shortest ones,
could be somewhat overestimated; �2� Eq. �7� is not valid for
the BaWO4-II structure because the WO6 octahedra cannot
be regarded as independent units and consequently the dis-
tinction between external and internal modes is no longer
valid in this complex structure, and one cannot deal with
pure stretching modes.

Since we do not know other experimental structural pa-
rameters of the BaWO4-II phase, we only can try to get a
deeper insight of the BaWO4-II phase if we calculate the
Raman stretching frequencies and bond strengths with Eqs.
�7� and �8� considering the structural parameters at 9 GPa
obtained by ab initio total-energy calculations.17 Those cal-
culations yielded the following W-O bond distances: 1.78,

1.80, 1.80, 1.81, 1.85, 1.88, 1.93, 1.95, 2.13, 2.14, 2.15, and
2.22 Å corresponding to the two nonequivalent WO6 octahe-
dra. These distances give an average W-O distance of
1.954 Å, which is intermediate between the ideal W-O bond
distance for octahedral W coordination �1.904 Å� and the
ideal W-O bond distance for eightfold W coordination
�1.99 Å�.42 If we take the six average W-O bond distances
for the BaWO4-II structure at 9 GPa we obtain: 1.79, 1.81
1.86, 1.94, 2.14, and 2.18 Å, and application of Eq. �8�
yields the following average Pauling’s bond strengths: 1.45,
1.39, 1.14, 0.90, 0.50, and 0.44 v.u. Altogether they sum
5.82 v.u., which agree with the 6 valence of the W ion. Fur-
thermore, Eq. �7� allows us to calculate the stretching fre-
quencies yielding: 878, 840, 821, 773, 723, 661, 629, 609,
446, 442, 436, and 380 cm−1. These values are relatively
close to experimentally measured values of Raman modes of
the BaWO4-II.

In this sense, it must be noted that Eq. �7� tends to under-
estimate the frequency of the Raman modes, especially in the
high-frequency region. According to Eq. �7� the Raman fre-
quency corresponding to the stretching mode of the ideal
WO4 tetrahedra is 874 cm−1. This is close to the average
stretching frequency in the scheelite phase �870 cm−1� and in
the fergusonite phase �866 cm−1� of BaWO4, but it is far
from the frequency of the highest stretching mode in the
scheelite and fergusonite phases �around 940 cm−1�. There-
fore, one has to deal carefully with estimations given by Eqs.
�7� and �8�. With this consideration in mind, we can conclude
that our above estimated frequencies obtained from the struc-
tural data of the BaWO4-II phase according to ab initio total-
energy calculations at 9 GPa, correlate relatively well with
experimentally reported values if we add typically some
20 to 40 cm−1 to the estimated frequencies. Finally, we can
conclude that structural data of the BaWO4-II phase at
9 GPa according to ab initio total-energy calculations17 give
a rather accurate description of the BaWO4-II structure that
allowed us to verify the validity of Eqs. �7� and �8�. Further-
more, we consider that either the W-O bond distances re-
ported in Ref. 6, in particular the shortest ones, are somewhat
overestimated, or they correspond to a W coordination higher
than six for this structure at ambient conditions.

D. Phase transitions in other related compounds

Raman spectra of CaWO4 and SrWO4 above 12 GPa and
of BaWO4 above 7.5 GPa mainly correspond to the ferguso-
nite structure as ADXRD measurements demonstrate. The
fergusonite nature of these Raman spectra is partially sup-
ported by the comparison with the Raman spectrum of
HgWO4 at 1 atm.43 HgWO4 is a compound crystallizing in a
monoclinic structure �C2/c, SG No. 15, Z=4� which re-
sembles fergusonite in some structural features. The W ion in
HgWO4 has octahedral coordination �instead of tetrahedral
as fergusonite�, but it can be regarded as tetrahedral since
two W-O distances are considerably larger than the other
four. Therefore one can expect that the Raman spectrum in
HgWO4 exhibit similar characteristics to those of the fergu-
sonite phase in alkaline-earth tungstates. In this respect, there
is a high-frequency stretching mode around 930 cm−1 in
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HgWO4; i.e., at a similar frequency than the high-frequency
fergusonite Ag mode found in the three alkaline-earth tung-
states. There are also other two high-frequency modes at 850
and 815 cm−1 in HgWO4. These two modes agree with the
frequencies observed in CaWO4 and SrWO4 and are about
10 cm−1 below two of the modes we have found in BaWO4
at 7.5 GPa. The main difference in the stretching modes be-
tween the four compounds is found in the lowest-frequency
mode that is located near 700 cm−1 in HgWO4, i.e., at a
much smaller frequency than those found in the alkaline-
earth tungstates. This mode will be discussed in Ref. 19 in
connection with PbWO4. As regards to the low-frequency
modes in HgWO4, there are a couple of modes near
500 cm−1 that could be part of the three fergusonite modes
arising from the scheelite �4�Bg+Eg� modes. These modes
have been found at similar frequencies in CaWO4 and
SrWO4 and at smaller frequencies in BaWO4. In HgWO4,
there are also modes observed in the 200–400 cm−1 region
that could be related to those in the same region in alkaline
earth-tungstates. The modes at 380 and 335 cm−1 are likely
to be the two fergusonite modes coming from the scheelite
�2�Ag+Bg� mode, that are located at similar frequencies in
CaWO4 and SrWO4 at 15 GPa. The two strong modes at 285
and 300 cm−1 will likely correspond to the two fergusonite
modes derived from the scheelite R�Eg� mode that have not
been observed in the alkaline-earth tungstates but are ex-
pected in that region. The mode at 235 cm−1 is likely to be
the fergusonite mode derived from the scheelite R�Ag� mode,
and the strong mode at 180 cm−1 in HgWO4 is likely to be an
Ag mode deriving from the topmost scheelite T�Bg� mode.
This last assignment is due to the tendency in AWO4
scheelite tungstates with heavy A cations to have the R�Ag�
mode above the topmost T�Bg� mode.30 In any case, new and
more detailed RT Raman spectra of monoclinic fergusonite-
like HgWO4 would be of help in the definite assignment of
all its modes, especially in the low frequency region.

Finally, it is also interesting to compare the behavior of
the Raman modes in BaWO4 under pressure with those re-
ported for BaMoO4 under pressure. Several works have re-
cently appeared reporting the Raman spectra of BaMoO4 un-
der pressure.38,39,44 In a similar fashion to the recent powder
ADXRD studies of BaWO4 under pressure, recent powder
ADXRD measurements in BaMoO4 under pressure have
shown a first phase transition to the fergusonite structure
around 6 GPa.38 Such a phase transition is also characterized
by the appearance of new Raman modes near the frequency
of the scheelite �1�Ag� mode, the splitting of the scheelite �3

modes, and the appearance of many modes between 300 and
400 cm−1, and also near 100 and 200 cm−1.38,39,44 It can be
observed that almost all modes in the new phase form groups
of bands. Furthermore, as in BaWO4, a second phase transi-
tion has been observed in BaMoO4 above 9 GPa.38,44 The
second high-pressure phase has been suggested to be a
monoclinic structure with octahedral W-O coordination and
space group P21/c �SG No. 14�. The Raman spectrum of the
second high-pressure phase is characterized by: �1� strong
bands near the frequency of the scheelite �1�Ag� mode; �2�
the increase of the intensity of a couple of bands near the
frequency of the scheelite �3 modes; �3� the appearance of

several broad bands between 600 and 700 cm−1; and �4� the
appearance of a single mode near 440 cm−1. These features
look like similar, at similar frequencies, and at similar pres-
sures than those observed by us in the Raman spectra of
BaWO4 above 6.9 GPa. Therefore, considering that the pres-
sure behavior of BaMoO4 and BaWO4 should be similar on
the light of their similar positions in Fukunaga and Yamao-
ka’s �Ref. 45� and in Bastide’s �Ref. 46� diagrams, we be-
lieve that a close inspection of the Raman spectra of
BaMoO4 at pressures between 6 and 10.8 GPa could lead to
the observation of the fergusonite and the BaWO4-II type
structures as we have found in this work.

V. CONCLUSIONS

We have performed RT Raman scattering measurements
under pressure in BaWO4 up to 16 GPa. The frequency pres-
sure dependence of all first-order modes of the scheelite
phase have been measured up to the onset of the scheelite-to-
BaWO4-II phase transition around 6.9 GPa. This value of the
transition pressure is in good agreement with the calculated
value of the I/II coexistence pressure �5.1 GPa� according to
recent ab initio total-energy calculations.17 Our measure-
ments show that the transition to the BaWO4-II phase is not
completed up to 9.5 GPa. Besides, we have found a phase
transition towards the metastable fergusonite phase at
7.5 GPa in complete agreement with ab initio total-energy
calculations and diffraction experiments �7.5 GPa�.14,17 In
summary, we have observed the following structural se-
quences in BaWO4: �1� scheelite between 1 atm and
6.9 GPa; �2� scheelite+BaWO4-II �incomplete transition�
between 6.9 and 7.5 GPa, �3� scheelite+BaWO4-II
+fergusonite between 7.5 and 9.0 GPa, and finally �4�
BaWO4-II from 9.5 GPa up to 16 GPa. On decreasing pres-
sure from 16 GPa, we have found that the scheelite structure
is recovered below 3 GPa in agreement with ADXRD
measurements.17

The observation of the scheelite-to-fergusonite phase tran-
sition at pressures above the scheelite-to-BaWO4-II phase
transition can only be explained by the kinetic hindrance of
the reconstructive scheelite-to-BaWO4-II phase transition
due to its slow kinetics likely caused by an activation barrier,
and the displacive second-order nature of the scheelite-to-
fergusonite phase transition, as already pointed out in Ref. 17
and discussed in Ref. 40. As a consequence of this, we have
observed the coexistence of the scheelite, fergusonite and
BaWO4-II phases in the pressure range of 7.5 to 9.0 GPa.
The phase coexistence observed in the present Raman study,
but not observed in previous ADXRD measurements, may be
related to: �1� the higher sensitivity of Raman measurements
to local phases with respect to ADXRD; and �2� the use of
“large” single crystals of BaWO4 in our Raman measure-
ments. The presence of dislocation glides is a typical feature
of scheelite-structured orthotungstates.22 The dislocation
density is expected to increase and propagate along large
single crystals under an applied stress, eventually favoring
the transformation of different parts of the scheelite sample
into different metastable polymorphs. However, the increase
and propagation of dislocations is unlikely to take place in
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micron-size powder samples which would explain the lack of
phase coexistence in previous ADXRD experiments.17

Therefore, the previous x-ray diffraction results of Errando-
nea et al. and Panchal et al. can be understood on the light of
the present study. The Raman peaks of the BaWO4-II phase
appear before those of the fergusonite, but once the ferguso-
nite phase appears its Raman peaks are stronger than those of
the BaWO4-II phase and dominate the spectrum. This result
explains why in the ADXRD study17 the fergusonite phase
was only observed within the 7.5–9 GPa pressure interval of
phase coexistence and why the ADXRD pattern of the
BaWO4-II phase appears only after the fergusonite phase
extinguishes above 9 GPa.

Additionally, we have performed ab initio lattice dynam-
ics calculations of BaWO4 at selected pressures in the
scheelite, fergusonite, and BaWO4-II phases. Our calculated
mode frequencies in the three structures agree with the fre-
quencies of the observed Raman modes and have allowed the
assignment and discussion of the nature of many modes in
the three phases. The Raman spectrum of the fergusonite
phase in BaWO4 compare well with those of the fergusonite
phase in CaWO4 and SrWO4. The intrinsic dynamic instabil-
ity of the fergusonite phase in BaWO4 is supported by the
presence of an external soft mode at an even lower frequency
than that of the scheelite phase, and by the rapid decrease of
the intensity of the Ag mode derived from the scheelite
�1�Ag� mode with increasing pressure. Furthermore, we have
shown with the help of Hardcastle and Wachs’, and of Brown
and Wu’s formulas, that the fergusonite phase of alkaline-
earth tungstates has tetrahedral W coordination while the
BaWO4-II phase has an octahedral coordination for the W
cation, and that the WO4 tetrahedra in the fergusonite phase

and the WO6 octahedra in the BaWO4-II phase can be re-
garded as almost independent units.

Finally, the comparison of the pressure behavior of
BaWO4 with BaMoO4 and the possible similar phase transi-
tions in BaMoO4 and BaWO4 according to Bastide’s dia-
gram suggests the revision of BaMoO4 data under pressure
in order to check if both compounds suffer similar phase
transitions. Furthermore, the comparison of the fergusonite
phase in BaWO4 with fergusonitelike HgWO4 invites to per-
form detailed Raman measurements in HgWO4 at room and
high pressures to understand the similarities and differences
between HgWO4 and alkaline-earth scheelite tungstates.
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