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High-pressure Raman study of alkaline-earth tungstates
and a new pressure-induced phase transition in BaWO4
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The pressure dependence of the Raman peaks of the scheelite-type alkaline-earth tungstates

CaWO4, SrW04, and BaWO4 have been investigated to 90 kbar hydrostatic pressure, with the use of
the diamond anvil cell. The (dv/dP)'s are all positive, except in the case of the lowest-frequency

external mode. In BaWO4, a new reversible first-order phase transition occurs near 65 kbar, where

the Raman peaks shift abruptly to lower frequencies. From the observed decrease in the W—0
bond-stretching mode frequencies and the increased number of W—0 bond-bending modes it is con-

cluded that the oxygen coordination for tungsten becomes octahedral, and the phase transition itself

is postulated to be to the monoclinic HgWO4 structure. The previously noted phase transitions in

CaW04 and SrWO4 are not confirmed in the present study.

INTRODUCTION

The alkaline-earth tungstates crystallize in the so-called
scheelite structure, of which CaWO4 is the archetype corn-
pound. The Raman and infrared spectra of scheelite-
structure compounds have been investigated in a number
of earlier studies' at ambient pressure. The observed
phonon frequencies have been assigned in accordance with
the phonon modes expected for the crystal symmetry and
BO4 tetrahedra, where 8 is Mo or W. In two pressure-
Raman studies ' to 40 kbar, the effect of pressure on the
scheelite-structure compounds CaMo04, CaWOz, SrW04,
and PbMoO& has been investigated. In the present study
we have investigated BaW04 for the first time by high-
pressure-Raman spectroscopy, and we present evidence for
a new reversible first-order phase transition near 65 kbar
at room temperature. This phase transition appears to be
different from the phase transition reported in the high-
pressure and high-temperature quenching studies of Fujita
et al. and Kawada et al. Also, our results for CaW04
and SrWO4 to 90 kbar hydrostatic pressure do not con-
firm the previously reported ' transitions in them. The
results of these studies will be presented and discussed.

MATERIALS AND EXPERIMENTS

Because of their interest as laser hosts a large number of
rare-earth-metal-doped tungstates and molybdates were
grown in our laboratories. The tungstates CaW04,
SrW04, and BaW04 were very lightly doped with rare
earths. However, the percentage of doping was insignifi-
cantly small to affect the properties that we were interest-
ed in studying. The crystals were clear and were about a
few millimeters in linear dimensions.

High pressure was generated in a gasketed diamond an-
vil cell' with 4:1 methanol-ethanol mixture as the
pressure-transmitting medium. Pressure was measured by
the well-known ruby fluorescence technique. " For
pressure-Raman studies a small crystal fragment of about
SO—100 pm in linear dimensions and about SO pm thick-
ness was placed in the cell. No particular attention was
paid to orient the crystal in the cell for polarized Raman

study.
Raman spectra with the pressure cell were recorded in

the backscattering geometry using a Spex double mono-
chromator and a conventional photon-counting system.
For excitation, the 5145-A radiation from an argon-ion
laser was used at a power level of 30 mW. All measure-
ments were carried out at room temperature, both on in-
creasing and decreasing pressure.

The Raman spectra of BaWO4 taken at four different
pressures are presented in Fig. 1. In Fig. 2 the pressure
dependence of the phonons are plotted. At a pressure near
6S+ 3 kbar, the crystal when viewed under a microscope
turns abruptly to light brown in color and some texture is
also evident. Remarkable changes are observed in the Ra-
man spectrum. The high-frequency internal-mode region
is strongly affected, involving the modes near 800, 840,
and 920 cm '. Evaluated at 65 kbar, these mode frequen-
cies abruptly jump from 815 to 794 cm ', 844 to 810
cm ', and 944 to 900 cm ' in the high-pressure phase.
In the spectrum taken at 68 kbar, both sets are seen (see
Fig. 1) and only at 85 kbar the peaks belonging to the
low-pressure phase have almost vanished. This large
abrupt change in the frequencies and the coexistence of
two peaks over a range of pressure speak definitely for a
first-order phase transition in BaWOq at about 65+2 kbar.
The phase transition is reversible but there is an -20-kbar
hysteresis. Another notable aspect is that the peaks at
810, 794, and 900 cm ' of the high-pressure phase are
broader compared to the corresponding peaks of the low-
pressure phase. The external as well as other internal
modes are undoubtedly also affected in the phase transi-
tion, but it proved difficult to obtain all the peaks, because
of the large background scattering (Rayleigh tail) caused
by the coloration and texture of the sample. In Fig. 1 the
peaks belonging to the high-pressure phase are marked by
an arrow.

The Raman spectrum of CaWO4 and SrWO4 taken at a
pressure of about 42 kbar are shown in Fig. 3. Nicol and
Durana and Cxanguly and Nicol reported splitting of the
Es modes at 117 and 797 cm ' in the case of CaW04
above 15 kbar, and splitting of the corresponding modes
in the case of SrWO4 at 102 and 800 cm ' above 20 kbar.
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FIG. 1. Raman spectra of BaWO4 at 1, 56, 68, and 84 kbar
hydrostatic pressure. Spectrum at 68 kbar has Raman peaks
from the high-pressure (marked by arrows) as well as the scheel-
ite phase. Abrupt decrease in the internal-mode frequencies
occurs in the high-pressure phase. Spectrum at 84 kbar is purely
from the high-pressure phase. Frequency shifts are given in
units of cm

In our spectra taken under hydrostatic pressure, there are
no such splittings, and we believe that the use of a solid
pressure-transmitting medium in the above two studies '

may have resulted in uniaxial stress and caused the split-
tings. The pressure dependence of the phonon frequencies
in CaWO4 and SrWO4 are presented in Figs. 4 and 5.
Table I presents the observed frequencies and their assign-
ments from Ref. 5. The mode-Griineisen parameters are
also given.

DISCUSSION

For scheelite structure, group theory predicts 13
Raman-active phonons of the type 3Ag+58g+5Eg. Of
these, seven are internal modes of the WO4 tetrahedra:
Stretching v~ (Ag ), v3(8g ), and v3(Eg ); bending v2(Ag ) and
v2(8g), and v4,(8g) and v4(Eg). The remaining six are
external modes —two rotations Ag and Eg and four
translations 2' and 2Eg The observed frequencies have
been assigned by Liegeois-Duyckaerts and Tarte, from a
detailed study of the infrared and polarized Raman spec-
tra of pure compounds, their isotropic substitutions, and
solid-solution systems. The Raman data obtained in the
present study agree well with the previous work. Now the
question is what is the nature of the high-pressure phase.

In high-pressure —high-temperature quenching experi-
ments, Fujita et al. obtained a high-pressure form of
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FIG. 2. Pressure dependence of phonon frequencies in
BaWO4. Phase transition is indicated by the dotted line.
Abrupt changes in the Raman frequencies at the transition is
evident. Lowest-frequency external mode softens with pressure
in the scheelite phase.
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FIG. 3. Raman spectrum of CaWO4 and SrWO4 at 42 kbar
are shown to indicate the absence of any splittings (see text).

BaWO4 which was retained at ambient pressure. From
single-crystal x-ray-diffraction study of this quenched
BaWO4(II), Kawada et al. determined the structure as
monoclltuc with the space group p2&/m (C2I, ); a = 13.159
A, b =7.161 A, c =7.499 A, P=93'45', z =g,
and D=7.26 g/cm . The increase in density was found to
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TABLE I. Observed Raman frequencies and their mode-Gruneisen parameters. y is the mode-
Cxruneisen parameter d inn;/dlnU =(Bo/m;)(dc@;/dp ), where Bo is the bulk modulus, co; is the phonon
frequency. For evaluating y the following values for Bo were used: Bo=910 kbar for CaWO4, Bo=615
kbar for SrWO4, and Bo——400 kbar for BaWO4., the latter Bo values were obtained from an Anderson-
Nafe plot of the bulk-modulus data obtained by Hazen (private communication) for the scheelite-
structure compounds CaWO4, CaMoO4, and CdMoO& from high-pressure x-ray data.

Internal modes
v&

v3{Bg)

v3(E )

v4(E, )

v4(Bg )

vp(Ag+Bg )

CaWO4

912
838
797

401
334

0.14
0.17
0.34

1.1
0.6S

SrWO4

921
837
800
382
374
336

0.16
0.14
0.25
0.64
0.62
0.58

BaWO4

925
830
796
353'
34S
332

0.12
0.11
0.16

0.23
0.38

Rotational modes

Ag

273'
210 1.7

238
190

1.7
1.55

191'
150 1.17

Translational modes

XX
WO (xy)WO (xy)
WO4(z)-WO4(z)

'Reported in Ref. 5.

195
117
86

2.1

1.1
—1.2

133
102
75

1.73
1

—0.32

133'
104
74
62

0
0.43

—0.64

and D =7.26 g/cm . The increase in density was found to
be 12.7%. According to II awada et al. the W atom is
surrounded by six oxygens and the WO6 octahedra are
slightly distorted, while the W atoms are slightly shifted
from their centers, in the quenched phase [BaWOq(II)].
The Ba atoms apparently have also a higher coordination
compared to the scheelite phase. Qur attempts to syn-
thesize BaWOq(II) at 40 kbar and 600 C in a piston-
cylinder device resulted in a quenched product which
turned out to be a mixture of the scheelite phase and
BaWO4(II), and the Raman spectrum of this powder
yielded the identifiable scheelite peaks as well as 23 peaks
from the quenched high-pressure phase. However, the
latter spectrum bears no resemblance to the presently ob-
tained high-pressure phase. This and the fact that our
phase transition is perfectly reversible at room tempera-
ture rules out the BaWO4(II) structure. A high-pressure
form of PbWQ4 has been reported, ' again in quenching
studies, but this is possibly also to a rnonoclinic phase
akin to BaWO„(II).

The other possibilities for ABQ4 structure compounds at
high pressure are the wolfrarnite and the HgMoO4 struc-
ture, both of which are monoclinic, belonging to the space
group I'2/c (Czq ) and C2/c (Czs) respectively. ' ' From
packing™efficiency considerations Sleight' has indicated
that a pressure-induced scheelite-to-wolframite transition
may be expected in ABQ4 compounds. This would result
in an increase in coordination from tetrahedral to octahe-
dral for W or Mo with respect to O. ' An increase in
coordination is usually followed by an increase in the bond
distance, a well-known effect, and this in turn should

abruptly decrease the W—0 stretching vibration frequen-
cy. This is precisely what is observed; an abrupt decrease
in frequency of v& and v3 at the phase transition. In addi-
tion the number of phonons involving bond bending
(300—400 cm ') increases in the high-pressure phase, pro-
viding further evidence of a change in the W—Q coordina-
tion. Hence our results would be consistent with a
scheelite-to-wolframite transition. However, the difficulty
is that the latter transition may be expected at even lower
pressures for SrWO4 and CaWO4 and this does not seem
to be the case. There is no pressure-induced phase transi-
tions in SrWQ4 and CaWQ4. up to 90 kbar hydrostatic
pressure.

The other alternative is that the transition in BaWQz is
to the monoclinic HgMo04-type structure [C2/c (Cqs)].
The latter structure is closely related to the wolframite
structure and the 8-cation —oxygen coordination is also
octahedral. ' The observed frequency decrease would be
consistent with this transition. Hence it may be that for
heavy cation tungstates and molybdates, the HgMoQ4
structure is favored at high pressure, and the compression
produced can never reach the radius-ratio —range favor-
able for the wolframite structure. That the high-pressure
BaWQ4 can assume the HgWO4 structure is in line with
the general trends of the effect of pressure on elements
and compounds, namely, that the lower-atomic-number
species elements and compounds assume the ambient-
pressure structure of the higher-atomic-number analogs at
high pressure. '6

Further pressure-Raman studies and in situ high-
pressure x-ray-diffraction studies on scheelite-type
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