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ABSTRACT: The high-pressure behavior of CaWO, was
analyzed at room temperature by Raman spectroscopy.
Pressure was generated using a diamond-anvil cell and Ne as
pressure-transmitting medium. The pressure range of previous
studies has been extended from 23.4 to 46.3 GPa. The
experiments reveal the existence of two reversible phase
transitions. The first one occurs from the tetragonal scheelite
structure to the monoclinic fergusonite structure and is
observed at 10 GPa. The onset of a previously unknown
second transition is found at 33.4 GPa. The two high-pressure
phases coexist up to 39.4 GPa. The Raman spectra measured
for the low-pressure phase and the first high-pressure phase are
consistent with previous studies in the pressure range where
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comparison is possible. The pressure dependence of all the Raman-active modes is reported for different phases. We also report
total-energy and lattice-dynamics calculations, which determine the occurrence of two phase transitions in the pressure range
covered by the experiments. The first transition is in full agreement with experiments (scheelite-to-fergusonite). According to
calculations, the second-highest pressure phase has an orthorhombic structure (space group Cmca). Details of this structure, its
Raman modes, and its electronic band structure are given. The reliability of the reported results is supported by the consistency
between the theoretical and experimental values obtained for transition pressures, phonon frequencies, and phonon pressure

coeflicients.

1. INTRODUCTION

CaWO,, the mineral scheelite, crystallizes at ambient pressure
and room temperature (RT) in a tetragonal structure with
space group (SG) no. 88, I4,/a, Z = 4. CaWO, is isomorphic
with the alkaline-earth orthotungstates StWO, and BaWO,.'
These compounds are technologically important materials and
have a long history of practical applications, which include their
use as solid-state scintillators,” laser-host materials,® detectors
for X-rays and y-rays in medical applications,* and in
optoelectronic devices.” Additionally, several scheelite-struc-
tured and related zircon-structured oxides are found in Earth’s
crust. Therefore, the study of their high-pressure (HP) behavior
has important geophysical implications.® In particular, scheelite
is known to be the crystal structure of the HP phase of many
zircon-type oxides, CaWO, being considered a prototype
material for improving the understanding of the properties of
ABO, oxides under extreme compression, which is an
important focus of current work in condensed-matter science

-4 ACS Publications  © 2014 American Chemical Society

9729

and inorganic chemistry.® When submitted to extreme pressure
conditions, CaWOQ,, and other orthotungstates exhibit several
lattice instabilities, giving rise to a rich polymorphism.6 As a
consequence, they have been extensively studied under
compression. However, further investigations are needed in
order to define exactly the HP behavior of CaWO,.

Raman spectroscopy is one of the most informative probes
for studies of material properties under extreme conditions of
HP.” This technique has been already used to study CaWO,.
The Raman spectrum of CaWO, at ambient conditions was
first measured during the 1960s.* HP Raman studies were
carried out at the beginning of the 1970s.” In this pioneer work,
the existence of a pressure-induced transition at 1.5 GPa in
CaWO, was reported. This study was carried out using NaCl as
pressure-transmitting medium (PTM). Subsequent Raman
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experiments extended the pressure range up to 4.2 GPa, using a
4:1 methanol—ethanol (ME) mixture as PTM, and found that
the scheelite structure remained stable.'® The pressure range of
Raman experiments was extended up to 23.4 GPa by the end of
the 20th century.'’ In this case, using ME as PTM a phase
transition was found at 10 GPa. This transition has been
confirmed by X-ray diffraction (XRD) and ab initio
calculations.””™"* The structure of the HP phase has been
assigned to the monoclinic fergusonite structure (SG no. 15,
12/a, Z = 4). This structure is found to remain stable up to the
highest pressure covered by XRD experiments (28 GPa),'* but
calculations predicted the occurrence of a second phase
transition at 29 GPa.'’ Post-fergusonite phases have been
found in related compounds,” but they have never been
observed before in alkaline-earth orthotungstates. Another
interesting fact on the HP behavior of these compounds is that
transition pressures and structural properties can be influenced
by the choice of the PTM used for the experiments.'*'*'” All
these facts evidence that more efforts are needed to accurately
characterize the HP structural behavior of CaWO,.

In this work, we report HP Raman measurements performed
in CaWO, at RT using neon (Ne) as quasi-hydrostatic PTM.
We extended the pressure range covered by Raman experi-
ments from 23.4 GPa to 46.3 GPa. We found the existence of
two reversible phase transitions. The scheelite—fergusonite
transition is observed at 10 GPa, and the onset of a previously
unknown transition at 34.4 GPa. We also carried out new ab
initio calculations, which support the conclusions extracted
from experiments, and propose a crystal structure for the
second HP phase. Furthermore, we also theoretically studied
the lattice vibrations and electronic properties of CaWO, under
compression. The pressure evolution of all Raman modes of the
scheelite, fergusonite, and new HP phases is reported. The
results are discussed in comparison with previous investiga-
tions. They call for XRD and theoretical studies to determine
the structure of the new HP phase found in this study.

2. EXPERIMENTAL METHODS

Samples used in the present experiments were obtained from a high-
purity CaWO, single crystal that was grown with the Czochralski
method starting from raw powders having SN purity.'® It was
confirmed by XRD and Raman spectroscopy at ambient conditions
that the crystal has only one phase with the scheelite structure. For the
HP Raman experiment a 10 um thick plate was cleaved from the
crystal and loaded in a 300 um culet diamond-anvil cell (DAC)
together with a few ruby spheres of about 2 ym in diameter. The
sample was loaded into a chamber 100 ym in diameter and 40 ym
thick drilled in an Inconel gasket. Ne was used as PTM," and pressure
was determined by the ruby fluorescence technique.*® The accuracy of
the pressure determination was 0.1 GPa. Room-temperature Raman
experiments were performed in the backscattering geometry using the
514.5 nm line of an Ar*-ion laser. Recording spectra at different laser
powers we found that an incident power of less than 100 mW before
the DAC was appropriate for the present study. Under these
conditions, the signal—noise ratio is optimized. Additionally, laser
heating of the sample by the 514.5 nm laser is negligible in all the
experiments we carried out because the laser energy is always below
the band gap of CaWO, in the pressure range covered by the
experiments.”’ A Mitutoyo 20X long working distance objective was
employed for focusing the laser on the sample and for collecting the
Raman spectra. The scattered light was analyzed with a Jobin-Yvon
T64000 triple spectrometer equipped with a confocal microscope in
combination with a low-background liquid-nitrogen-cooled multi-
channel charge-coupled device detector. In the experiments we used a
1200 grooves/mm grating and a 100 um entrance slit. The
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wavenumber position was calibrated with reference to the first-order
Raman line of a single crystal of silicon and Ar plasma lines. The

spectral resolution in our measurements was better than 1 em™,

3. OVERVIEW OF THE CALCULATIONS

The crystal structure and vibrational properties were simulated
by means of ab initio total-energy calculations performed within
the framework of the density functional theory (DFT).** The
VASP*® package has been used to carry out calculations with
the pseudopotential method with a plane-wave expansion of the
wave functions and the projector augmented wave scheme
(PAW).** We employed PAW since it has more accurate
pseudopotentials, which replace the core electrons and make
smoothed pseudovalence wave functions; these pseudopoten-
tials are different from those used in a previous study."> Highly
converged results were achieved by extending the set of plane
waves up to a kinetic energy cutoff of 520 eV. The exchange—
correlation energy was taken in the generalized gradient
approximation (GGA) with the Perdew—Burke—Ernzerhof
(PBE*) 2prescription (we also used the PBE for solids,
PBESOL,”® and prescription, and we will report some results
for comparison, but PBE was selected due to the systematic
improvement of transition pressures). We also performed
calculations using the exchange—correlation functional of
Ceperley and Alder”” (CA) parametrized by Perdew and
Zunger”® in the local density approximation (LDA). A dense
Monkhorst—Pack® grid of k-special points was used to perform
integrations along the Brillouin zone (BZ) in order to obtain
very well converged energies and forces. 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. In the final relaxed configurations at each
specific volume (V) and pressure (P), the forces on the atoms
are less than 0.003 eV/A, and deviations of the stress tensor
from a diagonal hydrostatic form are less than 0.1 GPa. It
should be noted that the theoretical pressure, P(V), can be
obtained within the DFT formalism at the same time as the
total energy, E(V). The theoretical pressure, P, like other
derivatives of the energy, is obtained from the calculated stress.
From the theoretical point of view a phase transition between
two structures occurs when at a given pressure the enthalpy (H
= E + PV) is the same for both structures (all the simulations
are at 0 K and do not include the zero-point contribution); this
method has been well tested in many compounds related to
CaWO0,.*® We analyzed a limited number of structures and
obtained clear candidates to explain the phase transition
sequence, so we cannot excluded other possible unanalyzed
structures.

Lattice-dynamics calculations were performed at the zone
center (I point) of the BZ. Highly converged results on forces
are required for the calculation of the dynamical matrix using
the harmonic approximation in the direct force constant
approach.®>’ The construction of the dynamical matrix at the T’
point of the BZ involves separate calculations of the forces in
which a fixed small displacement from the equilibrium
configuration of the atoms within the primitive cell is
considered. The number of such independent displacements
for the different structures is reduced due to the crystal
symmetry. Diagonalization of the dynamical matrix provides
the frequencies of the normal modes. Moreover, these
calculations allow identifying the symmetry and eigenvectors
of the phonon modes in each structure at the I' point. For
completeness we also carried out band-structure calculations,

dx.doi.org/10.1021/ic5012555 | Inorg. Chem. 2014, 53, 9729-9738



Inorganic Chemistry

which have been performed with VASP. Technical details of
these calculations can be found in our previous works, where
the methodology is extensively described.>>**

To close this section, we will make a comment on spin—orbit
(SO) interaction. Due to the heavy mass of the W atoms, this
interaction is not negligible for 5d transition metals such as
W.3* Therefore, we also performed, at selected pressures,
calculations of the different physical properties of CaWO,
including the SO coupling. This greatly increases the
computational time required for the simulations. However,
the obtained results considering the SO coupling do not
appreciably differ from the results achieved without including
SO effects. Thus, to systematically evaluate the effect of
pressure on the different phases of CaWO,, calculations were
performed neglecting the SO interaction.

4. EXPERIMENTAL RESULTS

It is well known that group-theory considerations lead for the scheelite
structure to 13 zone-center Raman-active modes: I' = 3A; + SB; +
SEg.g’”’35 In this structure each W is surrounded by four equivalent
oxygen atoms forming an isolated tetrahedron. On the other hand,
each Ca is surrounded by eight oxygen atoms forming a
dodecahedron. As a consequence, the Raman modes have been
classified either as internal (v), when the WO, center of mass does not
move, or as external, when they imply movement of the WO,
tetrahedron as a rigid unit. The external (lattice) modes can be
divided into those involving rotations (R) or translations (T).3¢ Figure
1 shows a selection of Raman spectra collected in CaWO, up to 31.6
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Figure 1. Selection of Raman spectra collected under compression up
to 31.6 GPa. For P < 9.7 GPa they correspond to the scheelite phase
and for P > 11 GPa to the fergusonite phase. Ticks identifying Raman
modes are given together with the mode assignment at 0.5, 9.7, and 11
GPa.

GPa. From ambient pressure to 9.7 GPa the 13 modes of the scheelite-
type structure have been identified. As typical in scheelites, the most
intense mode is the highest frequency mode associated with a
symmetric stretching internal vibration of the WO, tetrahedron."!
Table 1 summarizes the Raman frequencies (@,) at ambient pressure,
which are compared with previous experiments.*~"' The agreement
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with different studies is quite good. The mode assignment has been
done following the literature® " and our calculations.

From the experiments, we follow the pressure evolution of all the
Raman modes of the scheelite-type CaWO,, which is shown in Figure
2. The dependence of the phonon frequencies with pressure is nearly
linear. The pressure coefficients (dw/0P) calculated assuming linear
dependences are summarized in Table 1. The reported Griineisen
parameters, ¥y = (By/w,)(0w/0P), were calculated assuming for the
bulk modulus an average of the values determined from quasi-
hydrostatic experiments, By = 76 GPa.'* In the table, it can be seen
that most modes harden under compression. The E, mode at 274
cm™ is the hardest one (see Figure 2). This mode is associated with a
rotation lattice mode.”® On the other hand, the internal Ay (332 em™)
and B, modes (334 cm™'), which are very close in frequency at
ambient pressure, gradually split into two well-resolved peaks under
compression. In particular, at 9.7 GPa their frequencies are 358 cm™
(Ay and 372 cm™! (By). The reason for the different pressure
coefficients of the two modes is that the A; mode only implies the
movement of O atoms, while the B, mode introduces an additional
displacement of Ca along the c-axis, and thus it should be more
sensitive to pressure.® Another feature to highlight is that the lowest
frequency mode (Bg at 85 cm™) is found to soften with pressure. This
is a translation lattice mode.”® The softening of this mode upon
compression is a typical feature of scheelite-type oxides.”**” In Table
1, it can be seen that our quasi-hydrostatic experiments give slightly
different pressure coeflicients for the Raman modes than non-
hydrostatic experiments.””"" When compared with experiments done
using ME as PTM, differences are mainly within 10%, but with the
experiment done under NaCl the differences are larger. The
comparison with calculations will be done in the next section, where
the good agreement between our experiments and the calculations will
be shown.

When compressing CaWO, from 9.7 GPa to 11 GPa, several
modifications on the Raman spectra take place. In particular,
numerous extra modes appear, reaching a total of 18 Raman modes.
The observed changes can be assigned to the occurrence of a phase
transition in agreement with previous Raman'' and XRD"7™"
experiments that reported the transition at a similar pressure. The
structure of the HP phase has been undoubtedly assigned to the
monoclinic fergusonite structure.”””** In contrast with previous
experiments'' no evidence of phase coexistence of the low- and
high-pressure phases has been detected in our experiments. This is
probably because radial pressure gradients are small in our experiments
thanks to the use of Ne as PTM. According to group theory, the
fergusonite structure has 18 Raman-active modes: I' = 8A, + 10B,.
This is in agreement with our observation. Previously only 15 modes
of the 18 were reported."' In Table 2, we show the Raman-active
phonons detected in the fergusonite phase and their pressure
coefficients. Some modes happened to be difficult to identify because
there were two modes very close in frequency (e.g, the A, and B,
modes at 339 and 346 cm™; see Table 2). However, with the help of
the present calculations, after doing a Lorentzian multipeak fitting
analysis, we have been able to deconvolute the different modes and to
determine the frequency of the 18 modes of fergusonite CaWO,. Note
that because of the pressure-induced mode merging (see Figure 2),
some modes can be detected only up to 27.6 or 36 GPa, as indicated in
Table 2. The mode assignment for fergusonite CaWO, has been done
based upon our calculations, because we performed nonpolarized
Raman measurements.

The pressure evolution of the Raman modes is shown in Figure 2.
As reported by Christofilos et al," it can be seen in the figure that
there is a change in the pressure behavior of some modes near 15.5
GPa. One clear example of this phenomenon is two of the high-
frequency modes (B, 796 cm™" and Ag 833 cm™'), which after the
transition have a negative pressure coefficient up to 15.5 GPa, but
beyond this pressure the phonon frequencies increase under
compression. The change observed in the pressure coefficients dw/
dP is much larger than the uncertainty of this magnitude. The same
nonlinear pressure dependence for some of the phonons of the HP
phase has been observed in SrtWO,."" A similar unusual behavior has
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Table 1. Frequencies at Ambient Pressure (@), Pressure Coefficients (dw/dP), and Griineisen Parameters (y = (B,/@,)(0w/

OP)) for the Raman-Active Modes of Scheelite CaWO,*

0.’  dw/dP? 0y dw/dP° @,  dw/dP? w,°  dw/dP° o @,  dw/dPE¥  w®,”  dw/dP”
mode cm' cm™'/GPa 7 cm™' am!/GPa ecm™ @m'/GPa ! m!/GPa ' ccm' m!/GPa cm! cm™'/GPa
T(Bg) 85 —0.1 —0.08 86 —-1.1 84 —-0.4 86 0 84 76 —-0.8 83 —-0.8
T(E) 117 17 110 117 14 116 17 117 0-39 117 115 1.8 110 19
T(EQ 197 4.0 1.48 195 4.5 196 3.7 195 3.9 195 191 4.7 176 5.6
T(Ag) 210 4.0 1.45 210 3.9 212 3.8 210 4.3 210 210 4.1 197 4.1
R(BQ 226 4.2 1.41 227 4.7 218 6.1 218 218 6.1 200 7.3
R(Eg) 274 7.7 2.14 273 276 7.0 275 8.6 275 274 7.5 251 7.2
0(A) 332 27 062 334 24 334 2.5 336 25 336 318 24 313 20
0(B) 334 41 0.93 334 2.5 336 49 336 322 42 312 43
(B 401 44 083 401 438 402 4.1 401 43 401 388 41 377 3.6
U4(Eg) 404 4.6 0.86 406 4.6 409 4.0 409 393 4.9 380 4.8
Uy (Eg) 798 3.1 0.30 797 3.0 797 3.0 797 2.0-6.6 797 789 3.1 774 3.5
U3(Bg) 839 1.9 0.17 838 1.6 838 19 838 0 838 823 1.9 812 2.4
n(ay) 912 1.5 013 912 14 911 15 912 21 912 895 1.6 886 17

“To calculate 7, we used B, = 76 GPa.'* Present experimental frequencies are given with an accuracy of 1 cm™ and pressure coefficients with an
accuracy of 0.1 cm™'/GPa. “Present experimental results are compared with the literature. “Ref 10. “Ref 11. “Ref 9./Ref 8. The results from the
present theoretical calculations are also given for comparison. £PBESOL functional. "PBE functional.
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Figure 2. Pressure dependence of the Raman modes of the scheelite
(circles), fergusonite (triangles), and new HP (squares) phases. For
scheelite and fergusonite, solid lines represent a fit to the experimental
data (see text); for the new phase they are a guide to the eye. All data
points were obtained from spectra collected under compression. The
vertical dashed lines indicate the scheelite—fergusonite transition
pressure (left), the pressure where a slope change is found for some
modes in fergusonite (center), and the onset pressure of the second
phase transition (right).

been found in superconducting arsenates,®® being identified with a
lattice modification induced by pressure. In the case of CaWO,,
according to XRD experiments,"* the unit-cell parameters of the
fergusonite phase also have nonlinear pressure dependences. In
particular, the a-axis increases with pressure from 10 to 15 GPa,
reaching a maximum at this pressure and decreasing beyond 15 GPa."*
This fact induces a reduction of the spontaneous strain of the
monoclinic structure,”® which should be reflected in the vibrational
properties of fergusonite. In the following, we will use the correlation
between the nonlinear behavior of the unit-cell parameters of CaWO,
(and consequently of bond distances) and of some of the phonon
frequencies to try to explain the nonlinear behavior of several of the
Raman modes of the fergusonite phase. The WO, tetrahedron in
scheelite is regular, but after the transition to fergusonite, it becomes
nonregular, having two different W—O distances. *Asa consequence,
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one of the modes assigned to an internal vibration of the WO,
tetrahedron in scheelite splits into two modes of fergusonite. These are
the B, (796 cm™) and Ag (833 cm™) modes, which show a nonlinear
behavior. They correspond basically to stretching vibrations associated
with the short W—O distance. From the structural data reported in ref
14 and from our calculations, it can be seen that the structural changes
induced by pressure in fergusonite cause a nonisotropic deformation of
the WO, tetrahedron. Up to 15 GPa the tetrahedron deformation is
accompanied by a small tilting of it. This causes a decrease with
pressure of the long W—O distance and an increase of the short W—0O
distance (the total volume of the tetrahedron is reduced). We think
that this bond increase can be the cause of the phonon softening
observed up to 15.5 GPa. At pressures higher than 15 GPa, the
tetrahedral tilting is negligible and the WO, is compressed in a nearly
isotropic way. Then it is reasonable that both the B, (796 cm™') and
A, (833 cm™') modes harden upon compression beyond 15.5 GPa.
The same correlation can be made with the response to pressure of
Ca—W distances and the low-frequency external modes that follow a
nonlinear behavior. A deeper discussion about the origin of the
unusual pressure behavior above-described for some phonons of
fergusonite is beyond the scope of this work.

In Table 2 it can be seen that our frequencies determined for
fergusonite at 11 GPa compare well with those of the 15 modes
previously determined at 10.5 GPa.'' In addition, we report the
frequency of the three modes previously undetected for fergusonite
CaWO,. These modes are those we found at 118, 339, and 796 cm™".
Regarding the pressure coeflicients, only 10 of them were reported
before."! Here, we report the 18 pressure coefficients. For the modes
following a linear behavior, dw/dP was determined from the whole
pressure range where the modes can be detected (as indicated in Table
2). For the five modes that follow a nonlinear behavior we provide the
pressure coefficient determined for P > 15.5 GPa, which was
determined assuming linear pressure dependences for the phonons
on the selected pressure range (see Table 2). For these five modes
pressure coefficients have not been determined for P < 15.5 GPa
because we have only three data points for this pressure range. The
agreement of the pressure coefficients here and previously''
determined is not as good as the agreement of the frequencies (see
Table 2). In particular, we found large discrepancies for the A, modes
with a frequency 278 cm™". For this mode, our pressure coefficient is
less than half of the value previously reported.'’ We attribute this
discrepancy to the use of different PTM in the experiments. This
hypothesis is supported by two facts: (1) It is well known that beyond
10 GPa Ne is much more quasi-hydrostatic than ME." (2) It is known
that deviatoric stresses influence the pressure behavior of the Raman
vibrations in scheelite-type oxides.'®"’
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Table 2. Frequencies and Pressure Coefficients for the Raman-Active Modes of Fergusonite CaWO,”

@1 oo’ pressure dw/dP? @105 G{,a,‘ dw/dP,°

mode cm”™ range,” GPa  cm™'/GPa cm” cm™'/GPa
*A, 92 15.5-39.4 15 90

B, 118 11-394 14

*By 163 15.5-39.4 0.5 162

B, 223 11-394 1.9 217 1.8
Ay 246 11-27.6 2.3 242 2.0
B, 253 11-394 2.2 258 2.7
Ay 278 11-394 1.6 277 3.5
Ay 339 11-39.4 24

B, 346 11-394 3.0 355 3.1
Ay 363 11-394 2.4 359

B, 374 11-39.4 2.1 373 3.1
B, 447 11-36 2.8 445 3.0
B, 457 11-36 3.5 461 3.4

462 11-36 44 461

*By 796 15.5-39.4 2.2

>l’Ag 833 15.5-39.4 14 833

B, 850 11-394 29 848 3.9
*A, 937 11-394 3.0 935 29

@114 Gror” pressure dw/dP? ®124 Gror- pressure dw/dP,°
cm” range,” GPa  cm™'/GPa cm” range,° GPa  cm™!/GPa
112 9-21 3.5 95 18.5-29.4 12
123 9-21 3.1 114 10.7—-29.4 1.5
171 9-21 223 162 18.5—-29.4 0.5
214 9-21 2.9 210 10.7—-29.4 2.2
236 9-21 2.8 234 10.7-29.4 2.5
254 9-21 2.3 243 10.7—-29.4 2.2
268 9-21 2.1 265 10.7—-29.4 3.6
341 9-21 2.7 345 10.7-29.4 1.3
345 9-21 4.1 330 10.7—-29.4 3.9
369 9-21 23 355 10.7-29.4 2.3
379 9-21 4.8 363 10.7—-29.4 4.6
438 9-21 29 425 10.7-29.4 4.7
447 9-21 3.8 444 10.7—-29.4 2.8
472 9-21 4.0 449 10.7-29.4 4.2
761 9-21 2.3 765 18.5-29.4 2.4
786 9-21 0.59 798 18.5—29.4 1.4
844 9-21 3.2 832 10.7-29.4 3.6
924 9-21 34 912 10.7—-29.4 32

“Present experimental frequencies are given with an accuracy of 1 cm™ and pressure coefficients with an accuracy of 0.1 cm™'/GPa. The pressures at

which the frequencies are determined are indicated. In those modes in which a nonlinear behavior is found we provide pressure coefficients for a

pressures range where a nearly linear behavior can be assumed. The pressure range is indicated. The nonlinear modes are denoted with an asterisk.
Present experimental results are compared with the literature. “Ref 11 and present calculations. 4PBESOL. “PBE.

We will qualitatively comment now on the classification of the
Raman modes of the fergusonite phase of CaWO,. The structural
similarity between scheelite and fergusonite allows identifying the
Raman modes of the second structure also as internal and external
modes.>® It is known that in fergusonite the tetrahedral coordination
of W is retained,">™"* with only a slight distortion of the WO,
tetrahedron. Therefore, drastic changes are not expected in the
frequencies of the internal modes. This can be seen in Figures 1 and 2.
In particular, the main change in the internal modes at the transition is
the splitting of the E, modes of scheelite (which are double
degenerate). Note that if each of the five E, modes of scheelite splits
into one A; plus one B, mode, the 18 modes of fergusonite are
obtained. On the other hand, the structural changes that occur at the
phase transition'>™** are expected to induce larger changes in the
frequencies of the external modes as observed (see the low-frequency
region in Figures 1 and 2). An interesting fact to highlight is that the
most intense Raman modes of scheelite “are transformed” into the
strongest modes in the fergusonite phase. This observation is
consistent with the behavior observed at the analogous transition in
related tungstates®> and molybdates.'” Another fact that points to the
structural similarity between scheelite and fergusonite is the presence
of a phonon gap between 400/500 and 800 cm™ in both structures.

According to the present experiment, fergusonite CaWO, is the
only phase detected from 11 to 31.6 GPa. In this pressure range, the
Raman spectrum gradually evolves (see Figure 1) and no other
phonons than the 18 modes of fergusonite are detected. Above 31.6
GPa additional changes occur. This is shown in Figure 3, where
Raman spectra measured from 34.4 to 46.3 GPa are displayed. There,
changes occurring at 34.4 GPa can be seen. In particular, at least 12
new Raman modes (denoted by * in the figure) appear at 34.4 GPa.
They can be related to the onset of a second HP phase transition.
Upon further compression, the Raman modes of fergusonite gradually
vanish and the new modes become more prominent. The last traces of
fergusonite can be seen at 39.4 GPa. In particular, the most intense
mode of fergusonite (the highest frequency one) can still be detected
at this pressure. At 43.3 GPa all the modes of fergusonite have
disappeared, and therefore we assume the transition to the second HP
phase is completed. At 46.3 GPa we detect a total of 15 bands that can
be associated with Raman phonons of the new HP phase of CaWO,.
Their frequencies are 139, 184, 225, 337, 384, 404, 488, 609, 653, 729,

9733

T T T T T T T T T T T T
- P (GPa) —

46.3

Intensity (Arbitrary Units)

0 200 400 600 800
Raman Shift (cm™)

1000 1200

Figure 3. Selection of Raman spectra collected under compression
from 34.4 to 46.3 GPa. The asterisks show the 12 peaks appearing at
34.4 GPa, indicating the onset of a second phase transition and the 15
bands identified for the new HP phase at 46.3 GPa. Ticks identify the
fergusonite Raman modes at 34.4 GPa.

774, 795, 884, 984, and 1000 cm™'. We give these values to facilitate
comparison with them in future studies.

The most distinctive features of the Raman spectra of the new HP
phase are (1) Raman modes are much broader and weaker than in
scheelite and fergusonite; (2) the highest frequency mode detected is
at a lower frequency than in fergusonite; (3) there are Raman modes
appearing within the frequency region corresponding to the phonon
gap of scheelite and fergusonite (see the 600—800 cm™' region in
Figure 4); and (4) there is an increase in the number of Raman modes
in the high-frequency region. Unfortunately, the new HP phase is
found as a pure phase only at two different pressures, 43.3 and 46.3
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Figure 4. Selection of Raman spectra collected under compression
(black) and decompression (red). The two spectra on the top
correspond to the fergusonite phase, and the two spectra on the
bottom to the scheelite phase. (r) is used to indicate the
decompression pressure. Ticks are given to identify Raman modes
together with the mode assignment.

GPa. Therefore, we will limit the discussion to mention its possible
existence, leaving the assignation of its possible structure to the next
section, where we discuss our calculations in detail. We would like to
just mention here that, according to ab initio calculations, the post-
fergusonite phase of CaWO, is predicted to have an orthorhombic
structure, which doubles the formula unit per unit cell of the other two
phases and belongs to space group Cmca. We would like to note here
also that a similar structure has been proposed to be the post-
fergusonite phase in TbVO,."> The changes observed at this transition
in the Raman spectrum of TbVO, are similar to those observed here at
the second transition. If the orthorhombic Cmca structure is the new
HP phase of CaWO,, then it would involve a coordination increase for
W from tetrahedral to octahedral and an increase of the W—O
distances.'® An obvious consequence would be the increase in the
number of internal modes due to the change of coordination of W.
Another possible consequence of this would be a decrease of the bond
strength, which will cause a frequency drop in the internal stretching
modes*™ (those at the highest frequencies), as observed in our
experiments. Obviously from Raman spectroscopy alone it is not
possible to identify the actual structure of the new HP phase of
CaWO,. Thus, new HP XRD studies are needed to accurately identify
the crystal structure of the post-fergusonite phase of CaWO,.

Before concluding this section, we would like to mention that, on
pressure release, all detected transitions were reversible with little
hysteresis. This fact is illustrated in Figure 4 by the Raman spectra
collected on decompression at 14.5 and 0.1 GPa. In particular, the
fergusonite phase was recovered as a pure phase at 26.2 GPa, and
scheelite was fully recovered at 8.5 GPa. We would like to add here a
comment on a possible pressure-driven amorphization*' or chemical
decomposition,** which was previously reported in CaWO, and
related oxides. No evidence of chemical decomposition was found in
our experiments. In particular, the reversibility of the changes observed
in the Raman spectra supports that it does not occur up to 46.3 GPa.
On the other hand, the presence of broad but well-defined Raman
peaks up to the highest pressure covered by experiments implies that
total amorphization of CaWO, does not occur. However, the intensity
loss observed after the second phase transition might mean that the
creation of amorphous clusters cannot be disregarded. In fact, a
frustrated phase transition to the proposed orthorhombic structure
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with some amorphous component might be compatible with a
reversible phase transition where the crystalline clusters might act as
recrystallization seeds, reverting back to the transformation under
pressure release. This hypothesis should be clarified by future studies,
in particular by the extension of previous HP X-ray absorption
experiments to higher pressure. The use of a quasi-hydrostatic medium
in these experiments is crucial since it has been shown in related
compounds that amorphization and decomposition could be caused by
deviatoric stresses.*’

To conclude with the description of the experiments, we would like
to comment that color changes were observed in the CaWO, crystal
under compression. In the scheelite phase CaWO, is colorless and
transparent at all pressures. After the scheelite-to-fergusonite
transitions no color change is detected up to 34.4 GPa. At this
pressure the sample becomes yellowish. Additionally, macroscopic
defects can be visually detected in the sample. After the second
transition is completed, at 43.3 GPa, CaWO, becomes reddish. The
first color change is consistent with the gradual band gap closing
induced by pressure in fergusonite CaWO,.*® Indeed, the extrap-
olation of the results previously reported®® gives at 34.4 GPa an optical
band gap of 2.4 eV for fergusonite CaWO,, which is consistent with
the yellowish color of our sample at this pressure. The second color
change suggests that the new HP phase of CaWO, has a smaller band
gap than the other two phases. This fact should have consequences in
the electrical transport properties of CaWO,, which could be
confirmed by HP electrical measurements like those already performed
in BaWO,.** As we will discuss below, ab initio calculations support
these conclusions.

5. CALCULATIONS

We compare now our experiments with our theoretical study.
Along with the observed scheelite and fergusonite phases, we
have also considered previously proposed HP phases of related
compoundsé such as the orthorhombic structure (SG Cmca, 64,
Z = 8) we previously predicted to exist in CaWO, beyond 29
GPa."® As mentioned above, the present calculations have been
carried using two different GGA functionals for the exchange—
correlation term, PBE and PBESOL, and also with CA LDA
functionals. GGA calculations give an accurate description of
the scheelite structure at ambient pressure. In contrast, LDA
calculations underestimate the unit-cell volume and over-
estimate the bulk modulus. Figure 5 shows the energy—volume
and enthalpy—pressure curves for the structures of CaWO, that
we found to be stable under compression (for PBE). This figure
shows the scheelite phase as being stable at zero and low
pressure. Its compression is well described by a third-order
Birch—Murnaghan equation of state (EOS), with V, = 325.64
(308.49) A3, B, = 73 (80.94) GPa, and B, = 4.48 (4.38) for
PBE (PBESOL) calculations. These values compare well with
the experimental results,'” taking into account typical differ-
ences between DFT calculations and experiments, indicating
that our GGA calculations reproduce well the HP behavior of
scheelite CaWO,. LDA calculations give the following EOS V
=291.91 A% B, = 93.94 GPa, and B,’ = 4.71. The comparison
of the different EOS parameters clearly shows that GGA
calculations describe better than LDA calculations the pressure
behavior of scheelite-type CaWO,. GGA PBE gives also
transition pressures that agree better than LDA calculations
with the experiments. Therefore, for the rest of the results
presented here we will concentrate on GGA PBE/PBESOL
calculations. Before discussing the theoretical results on
pressure-driven transitions we would like to mention that the
fact that GGA works better than LDA in scheelite CaWO, does
not mean that the same will happen with other scheelite-
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Figure 5. (a) Total-energy vs unit-cell volume (normalized to volume
of scheelite). The inset is given to illustrate the small energy difference
between scheelite (black) and fergusonite (red). (b) Differences in
enthalpy vs pressure with respect to the scheelite phase. The inset
shows the pressure evolution of the S angle of the fergusonite
structure.

structure oxides. For example in germanates LDA works better
than GGA.**

As pressure increases, the scheelite structure becomes
unstable against fergusonite, which emerges as a stable phase
above 10.7 GPa for PBE (9 GPa for PBESOL), in agreement
with present and previous experiments.''~'* The scheelite-to-
fergusonite transition is very subtle, and enthalpy differences
are too small to be distinguished in a plot (indeed the
enthalpies of scheelite and fergusonite are indistinguishable in
Figure Sb). Total-energy differences between both structures
are also small (see Figure Sa). In particular, structural
optimization indicates that the fergusonite structure, which is
a slight monoclinic distortion of the scheelite structure, reduces
to scheelite below the transition pressure. This can be seen in
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the inset of Figure Sb, where we represent the monoclinic /3
angle of the fergusonite phase versus pressure, a parameter that
clearly illustrates the occurrence of the scheelite—fergusonite
transition. The § angle becomes different from 90° only above
the transition pressure. At the same pressure also the
degeneracy of the tetragonal a-axis of scheelite is broken.
Upon further compression we found that a structure with
orthorhombic symmetry (SG no. 64, Cmca) has a lower
enthalpy and energy than the other phases considered. The
phase transition takes place above 21 GPa according to
PBESOL calculations and at 29.4 GPa according to PBE
calculations (see Figure S). The second value agrees better with
the experimental transition pressure. Structural details of the
new orthorhombic structure are given in Table 3.

Table 3. Calculated Structural Parameters for the
Orthorhombic Structure (SG Cmca) of CaWO,

atom site x y z
P =294 GPa, a=7398 A, b=12267 A, c=5068 A
Ca 8e 0.28 0.33581 0.28
w 8f 0.0 —0.090 19 0.725 50
O 8e 0.28 0.150 51 0.25
O 8f 0.0 0.710 59 0.007 88
(@) 8d 0.34403 0.0 0.0
O 8f 0.0 0.584 80 0.591 30
P =436 GPa, a=7303 A b=11913 A ¢ = 5000 A
Ca 8e 0.25 0.336 44 0.25
w 8f 0 —0.091 29 0.730 17
(@) 8e 0.25 0.151 51 0.25
O 8f 0.0 0.714 98 0.004 11
O 8d 0.34249 0.0 0.0
(¢) 8f 0.0 0.582 27 0.601 66

For the scheelite, fergusonite, and orthorhombic structures
we have calculated the Raman-active modes. The frequency and
pressure coefficients of the Raman modes are summarized in
Tables 1, 2, and 4. For scheelite, the agreement between

Table 4. Calculated Raman Phonons for the Orthorhombic
Structure at 43.6 GPa and Pressure Coefficients

Raman Raman
mode [oN dw/dP mode (o dw/dP
symmetry [cm™'] [ecm™'/GPa]  symmetry [cm™'] [cm™'/GPa]
Blg 96.9 0.40 B3g 448.3 0.11
B,, 136.1 2.1 B, 4511 2.40
Blg 142.7 1.80 Blg 482.8 1.74
Ag 164.4 141 Ag 5144 1.49
Blg 207.7 0.40 Bzg 530.4 0.86
By, 222.1 1.50 By, 576.5 1.64
Ag 229.0 0.66 Ag 591.6 3.50
B2g 2389 0.47 B3g 594.7 0.99
B, 2793 1.20 By, 602.8 174
B3g 297.5 1.20 Blg 715.6 3.10
Blg 302.7 0.86 Ag 725.1 1.16
Ag 315.1 1.82 B3g 728.8 0.94
B,, 3339 1.70 A, 745.8 028
B3g 335.8 0.59 Bzg 785.7 2.99
Blg 3379 3.77 Blg 789.8 2.63
By, 3819 151 By, 791.0 2.98
B3g 38S.5 —0.13 Ag 811.5 1.94
A, 3966 1.68 By 9006 215
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Figure 6. Calculated band structure of the orthorhombic structure of CaWO, at 35 GPa along the high-symmetry directions.

calculations and experiments is quite good (see Table 1). In
particular, the coincidence is better with the present quasi-
hydrostatic experiment than with previous experiments carried
out under less hydrostatic conditions. Phonon frequencies are
all slightly underestimated by calculations. For PBESOL
calculations the phonon frequencies agree within 4% with our
experiments, with the exception of the lowest frequency B,
mode, whose measured frequency is 85 cm™" and the calculated
one is 76 cm™. For PBE calculations the phonon frequencies
agree within 6% with experiments, larger differences being
observed only for the rotational modes (see Table 1).
Interestingly, according to PBESOL, the v,(A,) and v,(B)
follow the same order as determined from experiments.
However, PBE gives an inverse order (see Table 1), but
frequency differences of these “nearly degenerate” modes are
comparable with experimental and computational accuracy.
Regarding pressure coefficients, only those of the lowest B,
frequency mode and the R(A,) mode are significantly
overestimated. However, both calculations and experiments
found the B, mode to be a soft mode. For fergusonite the
agreement between calculations and present experiments is also
good. In particular, differences in frequencies are less than 10%.
Again, as for scheelite, PBESOL and PBE give a different order
for two modes, the “nearly degenerate” A, and B, modes of
fergusonite with frequencies near 340 cm™'. Differences in
pressure coefficients are a bit larger, but the overall description
of the pressure behavior of different modes is reasonable.
Calculations also give a nonlinear behavior for some of the
modes found to have nonlinear pressure dependences in
experiments. Before discussing the Raman modes of the new
orthorhombic structure, we would like to comment that all our
phonon calculations have been carried out within the harmonic
approximation. The good comparison of calculations with
experiments suggests that anharmonicity does not play an
important role in the room-temperature HP behavior of the
Raman-active modes of CaWQO,. A deeper discussion on the
effect of anharmonicity is beyond the scope of this work.

The Raman modes calculated for the orthorhombic structure
are shown in Table 4. This structure has 36 Raman-active
modes: I' = 9 A; + 9 By, + 7 By, + 11 By, Note that many
modes have close frequencies, which could explain the
detection of broad bands in the experiments. The calculated
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pressure coefficients are summarized in Table 4. A quantitative
comparison with experiments cannot be done because in the
experiments only broad bands are detected (see Figure 3).
However, with the exception of the broad band observed in
experiments near 1000 cm™’, the other bands observed in the
second HP phase have frequencies similar to frequencies
calculated for the orthorhombic structure. A remarkable feature
of the orthorhombic structure is that, according to calculations,
the phonon gap present in scheelite and fergusonite disappears
in the orthorhombic structure. Another interesting fact of the
orthorhombic structure is the presence of three soft modes, as
can be seen in Table 4. Unfortunately, the existence of the
orthorhombic Cmca structure cannot be confirmed with Raman
experiments only. Thus, our results are calling for new HP X-
ray diffraction experiments in CaWO, beyond 28 GPa
searching for the orthorhombic structure proposed here. It is
interesting to note that evidence of such a structure has already
been reported as a post-scheelite phase in TbVO, and
StM00,."*™"7 This structure has also been theoretically
predicted for S'WO,."* However, a different phase with
monoclinic structure was found in BaWO, and PbWO,.'**
Clearly the reached HP polymorphism of orthotungstates
deserves to be further studied.

The electronic band structure of the scheelite and fergusonite
structures of CaWO, have already been studied extensively by
us at ambient and high pressure.”' As discussed above, these
results fully agree with the present and previous findings.
Therefore, we will concentrate our efforts on calculating only
the electronic band structure of the new orthorhombic
structure. The calculated band structure at 35 GPa (a pressure
where the Cmca phase is predicted to be stable) is shown in
Figure 6. There it can be seen that orthorhombic CaWO, is a
semiconductor material with an indirect band gap. The top of
the valence band is at the I" point of the Brilllouin zone, and the
bottom of the conduction band at the R point. The calculated
band gap at 35 GPa is 2 eV (in fergusonite at 35 GPa it is 2.4
eV). This value implies a band gap collapse of around 0.4 eV at
the fergusonite—Cmca transition. The band gap collapse is
consistent with the color change we observed for CaWO, in the
experiments near 35 GPa. According to our calculations, the
band gap of the orthorhombic structure gradually closes under
compression at —20 meV/GPa; therefore if no further phase
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transition occurs, an extrapolation of our results suggests that
CaWO, will not metalize up to 135 GPa.

6. CONCLUDING REMARKS

Raman experiments have been carried out under quasi-
hydrostatic conditions in CaWO, up to 46.3 GPa, extending
the pressure range covered by previous nonhydrostatic
experiments by more than 20 GPa. Ab initio calculations have
been carried out for the same compound. Our study confirms
that the low-pressure scheelite phase undergoes a reversible
scheelite-to-fergusonite phase transition above 9.7 GPa.
Evidence of a second reversible (and previously unknown)
transition is found in the experiments at 34.4 GPa. This
transition is completed only at 43.3 GPa. No further change in
the Raman spectrum is detected up to 46.6 GPa. The pressure
evolution of the 13 (18) Raman modes of scheelite
(fergusonite) CaWO, is also reported. For the HP fergusonite
phase this is the first time that all its modes and their pressure
dependences are measured. In this phase a nonlinear behavior
is observed in several modes. The theoretical description of
Raman modes of the scheelite and fergusonite phases is in good
agreement with experiments. In particular, calculations helped
to deconvolute Raman modes of fergusonite that are very close
in frequency and that previously were assigned to only one
mode. Regarding the new HP phase, the frequencies of the 15
modes detected in the experiments are also given. Calculations
identify the new HP phase as an orthorhombic structure
belonging to space group Cmca. Details of this structure are
reported as well as its 36 Raman-active modes and their
pressure coefficients. Furthermore, the electronic band
structure of the new orthorhombic phase of CaWOQ, is studied
in detail by means of ab initio calculations. These results explain
the color change observed in the sample near 35 GPa. Results
are compared with those reported in previous experiments
performed under nonhydrostatic conditions. As observed in
related oxides,* the new HP phase of CaWO, has apparently a
smaller band gap than the already known phases. One
remarkable property of this compound is that the original
scheelite structure is recovered from the highest pressure
reached in the experiment, through two phase transitions. The
results reported here call for new XRD experiments to
accurately determine the crystal structure of the new HP
phase of CaWO,.
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