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Compression of scheelite-type SrMoO, under quasi-hydrostatic conditions:
Redefining the high-pressure structural sequence
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The high-pressure behavior of tetragonal StMoQO, was analyzed by Raman and optical-absorption
measurements. Pressures up to 46.1 GPa were generated using diamond-anvil cells and Ne or N, as
quasi-hydrostatic pressure-transmitting media. A reversible phase transition is observed at
17.7 GPa. A second transition is found at 28.8 GPa and the onset of a third one at 44.2 GPa. The
pressure dependence of Raman-active modes is reported for the different phases and the pressure
evolution of the fundamental band-gap reported for the low-pressure phase. The observed changes
in the Raman spectra contradict the structural sequence determined from previous experiments
performed under higher non-hydrostaticity. This fact suggests that deviatoric stresses can influence
pressure-driven transitions in scheelite-type oxides. We also report total-energy, lattice-dynamics,
and band-structure calculations. They reproduce accurately the behavior of the physical properties
of the low-pressure phase and predict the occurrence of phase transitions at pressures similar to
experimental transition pressures. According to theory, the high-pressure phases have monoclinic
and orthorhombic structures, which are much more compact than tetragonal scheelite. Theoretical
results and experiments are compared with previous studies. © 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4798374]

. INTRODUCTION

Orthomolybdates are very interesting materials due to
their applications. Strontium molybdate (StMoQy,) is a prom-
inent member of this family. It has attracted particular inter-
est as host for lanthanide-active lasers as well as scintillator
and photocatalytic material.' SrMoO, crystallizes in the
so-called scheelite structure (scheelite =CaWOy,),* which
belongs to the tetragonal space group (SG) /4;/a. The schee-
lite structure of SrMoQOy, is shown in Fig. 1. There, it can be
seen that in this structure each Mo site is surrounded by four
equivalent O sites in approximately tetrahedral symmetry.
On the other hand, each Sr site is surrounded by eight O sites
forming a bisdisphenoid.

After the pioneer work of Hazen et al.,5 in the last two
decades several high-pressure (HP) studies have been per-
formed in scheelite-type molybdates.®™'* They showed that
compression is an efficient tool to improve the understanding
of their main physical properties.'* In the case of SrMoO,,
previous studies include Raman® and x-ray diffraction
experiments'' up to 37 GPa. They reported the occurrence of
a pressure-driven phase transition near 13 GPa. The transition
is to a monoclinic structure isomorphic to the M-fergusonite
structure (SG 12/a),'" which remained stable up to the highest
pressure covered by experiments. However, previous experi-
ments have been carried out using a 4:1 methanol-ethanol
mixture or silicone oil as pressure-transmitting medium, being
known that non-hydrostaticity becomes important for these
pressure media beyond 10GPa,' i.e., pressures relevant for
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the studies performed in SrMoQO,. This fact could probably
influence the HP structural behavior of SrMoQO, as recently
shown for the related oxides BaWO, (Ref. 16) and CuWO,."”
In them, non-hydrostatic stresses strongly influenced their HP
structural sequence at pressures as low as 5 GPa calling for a
reexamination of HP studies on related oxides. With this aim,
we are reporting Raman and optical-absorption measurements
performed in StMoO, using quasi-hydrostatic pressure media
(Ne and N,)."> In addition, we extended the pressure range
covered by experiments up to 46.1 GPa. We found the
existence of at least two phase transitions, having none of the
HP phases the M-fergusonite structure. We also report theoret-
ical calculations to propose candidate structures for HP
phases. The results are discussed in comparison with previous
investigations.

Il. EXPERIMENTAL DETAILS

Samples used in the experiments were obtained from the
single crystal described in Ref. 11. It was confirmed by x-ray
diffraction and Raman spectroscopy 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 ruby spheres of about 1 um in diameter. The
pressure chamber consisted in a 100-pum diameter hole drilled
in a 200-um-thick inconel gasket pre-indented to 40 um. Ne
was used as pressure medium and pressure was determined by
the ruby fluorescence technique.'® Room-temperature Raman

© 2013 American Institute of Physics
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c a)I4,/a .

experiments were performed in the backscattering geometry
using the 514.5nm line of an Ar'-ion laser with a power of
less than 100 mW before the DAC to avoid sample heating.
Laser heating of the sample is also negligible because the laser
energy is 2eV smaller than the band gap of SrMoO4.>' 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 liquid-nitrogen cooled mul-
tichannel charge-coupled device (CCD) detector. The spectral
resolution was better than 1 cm ™.

For the optical-absorption measurements, a small single
crystal of 10 um thickness was cleaved. These measurements
were performed at ambient pressure and upon compression.
For the high-pressure studies, the crystal was loaded in a
180 um hole of a 200-um-thick Inconel gasket pre-indented to
50 um in a DAC. The culet-size of the IIA-type diamond
anvils was 480 um. Small ruby balls were loaded together with
sample for pressure determination.'® N, was used as pressure
medium. The absorption experiments were carried out in the
ultraviolet (UV)-visible (VIS)-near-infrared (NIR) range using
an optical set-up consisting of a deuterium lamp, fused silica
lenses, reflecting optics objectives, and an UV-VIS-NIR
spectrometer (Ocean Optics USB4000-UV-VIS, resolution
1.5nm). This set-up allows transmission measurements up to
5.5eV, % i.e., up to higher energies than the absorption edge of
ITA diamonds. The absorption spectra were obtained from the
transmittance spectra of the sample, which were measured
using the sample-in sample-out method.*'*

lll. OVERVIEW OF THE CALCULATIONS

Calculations were performed with the cRYSTALO9 program
package.”® Sr and Mo atoms have been described by Hay-Wadt
pseudo-potential scheme with small core, HAYWSC-311(1d)G
and HAYWSC-311(d31)G basis sets, respectively, while for O
atoms, the standard 6-31 G* basis set has been used. Becke’s
three-parameter hybrid nonlocal exchange functional,** com-
bined with the Lee—Yang—Parr gradient-corrected correlation
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¢) Cmca

FIG. 1. Schematic view of the low-pressure
scheelite structure of SrtMoO, and the proposed
high-pressure monoclinic and orthorhombic
structures. Blue spheres represent the Mo
atoms, gray ones the Sr, and red ones the O.

functional, B?)LYP,25 has been used. This functional has been
extensively used for molecules and crystalline structures, pro-
viding an accurate description of the bond lengths, phonons,
binding energies, and band-gap values.”*® All geometrical pa-
rameters and internal positions were fully optimized for the
studied phases. Diagonalization of the Fock matrix was per-
formed at adequate k-point grids in reciprocal space, with the
Pack—Monkhorst/Gilat shrinking factors being IS =ISP=4.
The thresholds controlling the accuracy of the calculation of
Coulomb and exchange integrals were set to 10~° and 10",
assuring a convergence in total energy better than 10~ a.u. in
all cases, and the percent of Fock/Kohn—Sham matrix mixing
was set to 40.% Fittings with a Birch—Murnaghan third- and
second-order equation of state (EOS)* of the computed
energy-volume data provide values of the zero-pressure bulk
modulus (Bg) and its pressure derivative (By') as well as enthal-
py—pressure curves for the studied structures.

Vibrational-frequency calculations in CRYSTALO9 are per-
formed at the I" point within the harmonic approximation. The
vibrational analysis was performed by computing the Hessian
matrix and the force constants. The calculations provided infor-
mation about the frequency, symmetry, and polarization vector
of the Raman modes in each structure. The band structures have
been also obtained, using crysTAL09, along the appropriate high-
symmetry paths of the Brillouin zone for scheelite structure.

In order to identify phase transitions, we carried out
ab initio calculations for the initial scheelite structure and sev-
eral potential HP phases: fergusonite (/2/a), monoclinic struc-
tures related to BaWO,-II and LaTaO, (P2;/n and P2;/c,
respectively), and an orthorhombic structure (Cmca) among
others. The structural candidates considered were selected by
empirical crystal-chemistry arguments and the behavior under
pressure of the cation subarrays in oxides.'*

IV. EXPERIMENTAL RESULTS
A. Raman experiments

The scheelite structure adopted by SrMoO, at low
pressure is centrosymmetric and has space group [14;/a
(C%;, in Schoenflies notation) with four formula units per
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body-centered unit cell. The Sr and Mo atoms have S, point
symmetry and the oxygen atoms have C; point symmetry.
Group theoretical considerations lead to 13 zone-center
Raman-active modes: I' =3A, + 5B, + 5E,. Fig. 2(a) shows
a Raman spectrum collected at ambient pressure from
SrMoQ, before loading the sample into the DAC together
with a selection of the 18 Raman spectra collected up to
26.6 GPa. At ambient pressure, 12 of the 13 modes of the
scheelite-type structure can be easily identified. As typical in
scheelites, the most intense mode is the highest frequency
mode associated to a symmetric stretching internal vibration
of the MoQ, tetrahedron. One of the modes is much weaker
than the other modes are (236.6 cmfl; see the inset in Fig.
2(a)). In addition, there is a mode much broader than the rest
(~328 cm_l). This mode consists of two modes very close in
frequency, which split under compression allowing the iden-
tification of the 13 Raman modes. Table I summarizes the
Raman frequencies (w) at ambient pressure, which are com-
pared with previous experiments® and present and previous
calculations.® The agreement with previous studies is good.
A comparison with calculations will be done in Sec. V.
According to our experiments, only 13 Raman modes are
observed up to 16.6 GPa. All the modes can be assigned to the
scheelite-structure. Fig. 3 summarizes the pressure evolution of
all modes. The dependence of their frequencies with pressure is
nearly linear. The pressure coefficients (Ow/OP) obtained
assuming linear dependences are summarized in Table 1. The
reported Griineisen parameters, y = (Bo/w). Ow/OP, were calcu-
lated assuming a bulk modulus of By=71GPa."' The most
characteristic features of the pressure evolution of the
Raman spectrum of the scheelite phase are: Most modes
harden under compression. The E, mode at 233.6 cm ™' is
found to be the mode that hardens more under compression.
According to our calculations, this mode is associated to an
asymmetric O-Mo-O bending. On the other hand, the lowest
frequency mode (B, at 98.1 cm ') is found to soften with
pressure. According to our calculations, this mode is
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associated to O-Sr-O and O-Mo-O bending movements,
where the displacement vector in Sr and Mo atoms is not
negligible. The presence of this soft mode is typical of
scheelite-type molibdates and tungstates.’’ This remarkable
behavior has been discussed in previous works being tenta-
tively assigned to a mechanical instability induced by pres-
sure in the scheelite structure, being possible related with the
decrease upon compression of the elastic constant Cg.>”
Another fact to remark is the frequency crossing taking place
around 7.5 GPa for the two phonons with frequencies of
162.8 and 183.3cm ™" at ambient pressure. In Table I, it can
be seen that non-hydrostatic experiments® give larger pres-
sure coefficients than our quasi-hydrostatic experiments.
Upon further compression, several modifications on the
Raman spectra take place around 17.7 GPa. In particular,
several extra modes appear in the low-frequency region.
There are also modes that emerge in the region of the
phonon-gap of scheelite (400-800cm ') and clear changes
are visible in the high-frequency range (see Fig. 2(a)). In
total, 42 modes are detected at 17.7GPa. The changes
observed can be assigned to the occurrence of a phase transi-
tion. In previous experiments done using less hydrostatic
pressure media, the transition occurred around 13 GPa.%!!
This suggests that the stability of the scheelite structure is
reduced by at least 4 GPa when deviatoric stresses are pres-
ent. In Table II, we show the Raman-active phonons detected
in phase II and their pressure coefficients. Upon compres-
sion, several modes with close frequencies tend to merge
into broad bands. A Lorentzian multi-peak fitting analysis
was used to deconvolute the different modes. Fig. 2(b) illus-
trates the identification of 42 modes for phase II at 17.7 GPa
and the Lorentzian-functions fit to the measured spectrum. In
Table II, it can be seen that in phase II three phonons have
negative pressure coefficients. We would also like to call the
attention of the readers to the fact that the measured spectra
from the HP phase under non-hydrostatic conditions® were
qualitatively different than those measured here for phase II.

FIG. 2. (a) Selection of Raman spectra col-
lected from ambient pressure to 26 GPa. Ticks
indicate the phonons identified at 1 atm (schee-
lite) and 17.7 GPa (phase II). (b) Lorentzian fits
1 of 42 Raman modes at 17.7 GPa. Upper trace:
Raman spectrum (black) and fit (red). Lower
trace: individual Lorentzian functions.
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TABLE 1. Phonon frequencies (wg) and pressure coefficients (dw/dP) for scheelite at ambient pressure. Griineisen parameters (y = Bo/wo dw/dP) are also cal-
culated from experiments assuming B =71 GPa."' Mode assignment has been made on the basis of calculations.
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Calculations (this work) Experiments (this work) Experiments6 Calculations™®

Mode wo [em™'] dw/dP [cm™'/GPa] o [em™ 1] Ow/OP [cm ™' /GPa] b [GPa™'] wo [em™!] Ow/OP [em ™' /GPa] o [em™ 1
B, 99.7 —0.51 98 —0.8 —0.58 98 -0.8 82.9
E, 116.4 1.50 115 1.2 0.74 114 1.5 117

E, 144.9 2.70 142 33 1.61 141 3.6 150.1
B, 157.7 3.07 163 4.9 2.14 163 4.5 171.8
A, 203.7 3.87 184 2.6 1.00 182 3.6 193.7
E, 254.9 5.43 236 5.7 1.71 236 6 252.5
B, 335.2 3.37 331 2.8 0.61 328 34 325.2
A, 338.4 2.32 329 33 0.71 329.2
E, 405.6 3.74 368 3.7 0.71 369 4.6 363.4
B, 406.1 3.76 382 4.0 0.75 384 4.8 376.2
E, 814.5 2.07 798 2.7 0.24 797 3.6 817.1
B, 857.8 1.51 848 2.0 0.17 846 2.6 857.9
A, 895.1 1.62 889 2.3 0.18 888 2.8 894.2

[

In particular, the number of phonons and their frequency dis-
tribution in the spectra of the present HP phase is quite dif-
ferent from in the HP phase of Ref. 6. We observed 42
modes and only 13 modes are reported in Ref. 6. This fact
suggests that the HP phase here detected (phase II) has a
crystal structure different from the monoclinic fergusonite
phase (with only 18 Raman-active modes) previously found
using less hydrostatic pressure media.®!'" A candidate struc-
ture for the first HP phase found under quasi-hydrostatic con-
ditions will be proposed in the discussion of the theoretical
results (Sec. VI).

According to the present experiment, phase II remains
stable up to 26 GPa, which is illustrated by the fact that the
Raman spectrum continuously evolves from 17.7 to 26 GPa
(see Fig. 2(a)). In Fig. 4, it can be seen that additional
changes occur at 28.8 GPa, which can be related to the
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FIG. 3. Pressure evolution of the Raman modes in the different phases.

occurrence of a second transition. In this case, the transfor-
mation is from phase II to phase III. The spectra assigned to
phase III evolve gradually without any qualitative modifica-
tion from 28.8 to 42 GPa. There are 32 Raman-active pho-
nons in phase III. Their frequencies and pressure coefficients
are summarized in Table III. In contrast with the other two
phases, all the Raman modes harden upon compression. In
addition, pressure coefficients tend to be a bit smaller than in
the phases observed at lower pressure. The decrease of num-
ber of modes may be related to a symmetry increase of the
crystal. A candidate structure for phase III will be discussed
when reporting the theoretical results.

Finally, a third structural transformation is indicated by
the changes observed in the Raman spectrum at 44.2 and
46.1 GPa. One of the distinctive changes is the splitting of
the highest frequency mode of phase III into three modes.
There are also additional Raman modes appearing near
600cm~"'. For the emergent phase IV, 35 modes are found.
Since phase IV is only observed at two different pressures,
we will limit the discussion to mention its possible existence
and leaving its characterization to a future work. We would
like to add here that evidence of neither amorphization®>—>°
nor chemical decompositions®® are detected in our experi-
ments up to 46.1 GPa. Then, probably these phenomena pre-
viously reported in scheelite-type oxides could be caused by
deviatoric stresses induced in previous experiments. On pres-
sure release, all transitions were reversible with little hyster-
esis. Phase III was recovered at 39.1 GPa, phase II at
26.2 GPa, and phase I (scheelite) at 15 GPa.

B. Optical absorption

Optical-absorption spectra of SrMoQO, obtained at sev-
eral pressures are shown in Fig. 5. The spectra measured up
to 16 GPa resemble those reported previously at ambient
conditions.”” They present a steep absorption edge plus an
absorption tail at lower energies. This tail is typical of
scheelite-structured oxides'® and its nature has been the sub-
ject of considerable debate, which is beyond the scope of
this work. The tail overlaps partially with the fundamental
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TABLE II. Phonon frequencies (w) and pressure coefficients (dw/dP) obtained from phase II (P2,/n) at 17.7 GPa compared with theoretical results for the HP
monoclinic phase at 17 GPa. Mode assignment has been made on the basis of calculations.

Experiments Calculations Experiments Calculations
olem™']  dw/dP[cm '/GPa] Mode w[em™']  Ow/OP[cm '/GPa] w[ecm '] dw/dP[cm '/GPa] Mode wl[cm 'l Ow/OP [cm'/GPa]
39 0.2 A, 57.2 0.59 283 2.0 A, 286.6 0.75

B, 60.3 1.20 288 2.0 B, 287.4 1.34
A, 65.6 1.95 321 —0.17 A, 322.5 —0.05
B, 70.1 1.12 329 2.3 B, 329.0 0.45
84 0.6 A, 84.4 0.95 A, 3355 1.75
88 1.1 A, 88.0 1.98 B, 339.2 2.56
B, 90.6 2.15 340 1.24 A, 340.4 1.34
A, 94.5 0.88 B, 350.2 1.79
96 0.77 B, 97.2 1.05 374 2.73 A, 380.5 2.66
B, 99.8 2.25 387 1.58 B, 389.7 2.45
105 2.54 A, 105.0 2.65 392 1.7 A, 395.2 1.45
A, 1154 1.45 B, 396.7 1.23
118 1.72 B, 119.0 2.08 410 —0.15 A, 410.2 0.12
122 1.0 B, 124.6 3.03 B, 425.6 0.87
A, 124.9 2.45 437 2.5 B, 440.3 1.46
B, 128.5 0.87 442 091 A, 443.0 1.08
131 0.76 A, 131.9 0.95 462 1.46 A, 466.5 2.34
137 1.1 B, 138.5 3.05 486 3.9 B, 480.9 1.87
145 1.3 B, 1453 1.34 A, 520.5 2.34
A, 146.4 0.67 B, 535.0 1.89
154 0.51 B, 155.8 0.40 A, 613.2 323
162 —-0.43 A, 161.5 —0.14 B, 624.9 3.45
B, 178.0 1.20 A, 628.6 3.76
A, 179.1 0.45 648 3.05 B, 640.3 2.87
181 1.9 A, 184.5 2.04 684 3.33 A, 695.1 3.13
187 1.68 B, 188.3 1.80 711 3.07 B, 702.2 3.45
195 1.7 B, 198.9 1.56 B, 730.8 3.07
207 1.64 A, 207.4 1.70 A, 737.7 2.97
226 2.51 A, 227.5 2.78 A, 745.5 3.23
B, 235.0 1.80 B, 780.6 2.56
242 2.68 B, 245.5 2.88 A, 795.2 2.68
A, 256.9 1.34 849 2.97 B, 840.9 2.45
B, 258.5 1.56 860 2.72 A, 866.2 2.54
267 2.5 A, 262.0 2.78 893 3.0 B, 880.5 2.67
272 2.92 A, 275.5 3.25 906 2.52 A, 910.7 3.04
279 1.85 B 277.8 2.05 936 2.29 B 929.3 2.78

[

0g

absorption but it does not preclude to determine that the fun-
damental band gap is direct, a conclusion that is also sup-
ported by our calculations. In order to obtain quantitative
information from the experiments, we will consider that the
band gap is of the direct type and that the fundamental
absorption edge obeys Urbach’s rule.*®~*

In Fig. 5, it can be seen that the band gap of StMoO,
slightly decreases with pressure up to 16 GPa. Beyond this
pressure, the sample changes from transparent to clear yel-
low indicating changes in the electronic structure, which are
consistent with the occurrence of the structural phase transi-
tion detected in the Raman experiments. Unfortunately, the
appearance of a large number of defects in the HP phase pre-
cludes the performance of accurate absorption measurements
for phase II. The pressure dependence obtained for the band-
gap energy (E,) in the low-pressure phase is given in Fig. 5
(inset) and its pressure coefficient (dE,/dP) is —4 meV/GPa.
In StWO,_ a similar behavior was found in the scheelite
phase, but in this case, the band gap slightly opens with

pressure.*” The cause for these differences will be discussed
in Sec. V.

V. CALCULATIONS: SCHEELITE PHASE

We performed structural calculations considering differ-
ent candidate structures. They were scheelite and the rest of
structures usually considered as HP candidates for this type of
materials."* The results of our total-energy calculations for
different structures are plotted in Fig. 6(a) as a function of the
volume. We only plot results for the most relevant structures,
i.e., tetragonal scheelite (/4 ,/a),4 monoclinic structure related
to BaWO,-II (P2,/n),'® monoclinic structure related to
LaTaO, (P2,/c),*! and an orthorhombic structure with space
group Cmca.** In agreement with experiments, the scheelite
structure is found to be the most stable structure at ambient
pressure. The calculated structural parameters for this phase
are shown in Table IV. The agreement of the calculations
with the experiments is reasonably good. The unit-cell
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FIG. 4. Selection of Raman spectra collected from 26 to 46.1 GPa. Ticks
indicate the phonons identified at 31.6 (phase III) and 44.2 GPa (phase IV).

volume is overestimated by 2.8% and the axial ratio c/a
agrees within 0.3%. The volume difference is typical of
density-functional theory (DFT) calculations at the B3LYP
level.**~* Calculations also provide a good description of
the pressure dependence of structural parameters. In particu-
lar, by fitting the energy vs. volume curve to a second-order
Birch-Murnaghan EOS*° a bulk modulus (Bg) of 74.7 GPa is
obtained. This values compare quite well with the experi-
mental By."" A second-order EOS was used to obtain By to
facilitate comparison between different structures and
between experiment and calculations. We will discuss farther
the structural stability of the scheelite phase, but we advance
here that according to calculations it remains stable up to
16 GPa, a pressure similar to the experimental transition
pressure found in Raman spectroscopy.

We have also calculated the Raman-active phonons for
the scheelite structure. Results are shown in Table I and com-
pared with experiments and previous calculations.”® When
comparing calculations with experiments, differences in fre-
quencies are of the order of 1%—3%. There are larger differen-
ces for the modes at 366.7, 380.8, 183.6, and 236.6 cm ™. For
them, differences are between 6% and 10%. The agreement in
pressure coefficients is reasonable. In particular, our theoreti-
cal results agree better with present quasi-hydrostatic experi-
ments than with previous experiments.® The low-frequency B,
mode is found to be soft as in experiments.

Regarding the band structure of the scheelite phase, the
band structure is shown in Fig. 7. The valence-band maxima
and conduction-band minima are located at the I' point of
the Brillouin zone, so that this material has a direct-gap, in
agreement with the absorption measurements. An important
feature to note is that the dispersion of the valence band is
relatively small, with comparable dispersions along the
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TABLE III. Phonon frequencies (w) and pressure coefficients (dw/dP)
obtained from phase III at 31.6 GPa. They are compared with theoretical
results obtained for the orthorhombic Cmca phase at 31 GPa. Mode assign-
ment has been made on the basis of calculations.

Experiments Calculations
wlem™ ] Ow/dP [cm '/GPa] Mode o [ecm™'] Ow/OP [cm™'/GPa]
46 0.83
109 1.01 By, 1109 1.20
128 1.95 Bs, 112.3 1.98
139 0.79
147 2.39 A, 164.1 1.58

B, 176.5 0.38

169 1.69 Bo, 187.8 1.11
218 0.07 By, 205.9 0.83
232 1.96 Bj, 218.5 2.05
B3, 233.8 0.82

243 2.46 A, 237.8 2.52
260 1.40 By 300.7 1.47
292 0.96 A, 310.5 0.90
304 1.75 B, 310.6 1.34
314 2.70 Bs, 334.9 1.60
331 3.15 B, 347.3 3.05
343 3.20 B, 353.3 2.33
386 2.50 By 385.2 2.72
393 2.35 B, 390.1 2.35
409 0.99 A, 410.1 0.57
414 2.93 Bs, 415.3 0.66
423 0.78 Bs, 467.7 1.06
493 3.21 By, 499.3 1.16
507 2.13 B, 519 2.30
535 2.29 A, 521.9 2.34
A, 5735 1.87

Bs, 577.5 0.61

611 2.11 By, 604.9 2.14
633 1.12 B3, 627.5 1.02
688 1.65 By 679.5 2.33
734 4.65 B3, 733.5 1.11
A, 743.5 0.95

747 2.98 B, 745.7 3.12
757 2.55 B, 760.4 2.77
A, 773 1.58

886 1.82 B3, 780.9 2.28
897 1.89 A, 846.5 0.23
967 1.11 Bs, 892.9 1.31

different directions. The band-gap energy (E,) at ambient
pressure is overestimated by calculations, 5.35eV versus
4.2eV. Previous DFT calculations performed using the
ABINIT code gave an underestimated value for Eg
(3.58¢eV)."” These differences between calculations and
experiments are typical of DFT calculations.?*%*¢
However, they usually describe well the pressure depend-
ence of E,.

In Fig. 7, we also show the projected density of states
(DOS) on atomic orbitals. The top of the valence band is
mainly formed by O 2p orbitals, and the bottom of the con-
duction bands predominantly consists of Mo 4d states. There
is a first conduction band formed mainly by Mo 4d.*> and a
second conduction band has mostly the Mo 4d,., 4d,., and
4d,, nature. Under compression, the O states move faster
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FIG. 5. Absorption spectra as a function of pressure. The inset shows the
pressure dependence of the band-gap energy.

towards higher energies than the Mo states, producing a
small reduction of E,. We estimate dE,/dP = —4 meV/GPa,
in agreement with our experiments. We would like to com-
ment here that the same behavior was obtained for SrWO4.40
However, in this compound, experiments found that the gap
slightly opens under compression. The agreement found here
for StMoO, points that small subtle changes induced in the
crystal structure by non-hydrostatic conditions in StWO,
could be a possible reason of the sign difference found in
dE,/dP.

VI. CALCULATIONS: PROPOSED HP PHASES

Among the candidate structures for HP phase, we have
considered the M-fergusonite structure (/2/a), which has
been experimentally found beyond 13 GPa by x-ray diffrac-
tion in a non-hydrostatic pressure medium.'' At low pres-
sures, we cannot discriminate between the fergusonite and
the scheelite structures. Basically, fergusonite—a monoclinic

-240
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250
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-252

-254
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— l4y/a
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FIG. 6. (a) Total energy versus volume for different structures. (b) Enthalpy
difference with respect to the scheelite structure versus pressure.
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distorted version of scheelite—reduces to the scheelite struc-
ture after structural optimization. Beyond 16 GPa, we are
able to discriminate between scheelite and fergusonite and
found that fergusonite is thermodynamically favored among
those structures considered in the calculations. However,
total energy and free energy differences (less than 0.1% in
favor of fergusonite beyond 16 GPa) are comparable with the
accuracy of calculations. Total energies and enthalpies of
the scheelite and fergusonite structure are compared for the
region of interest in Fig. 8. According to these results, fergu-
sonite becomes slightly more stable than scheelite at 16 GPa.
The calculated structural parameters for the fergusonite
phase at 16 GPa are given in Table IV. They are similar to
those reported in Ref. 11 at 13.1 GPa. However, as we men-
tioned above, the monoclinic fergusonite structure cannot
explain the changes observed in the Raman spectrum at the
first phase transition. In particular, more than three times the
number of Raman modes expected for fergusonite is detected
in phase II. Therefore, we have considered other potential
structures for phase II.

At 17 GPa, a clear transition to a monoclinic structure
belonging to space group P2;/n, and related to BaWOy-II,
can be seen in Fig. 6. Beyond 17 GPa, this structure becomes
more stable than scheelite and fergusonite. This transition
pressure agrees well with that found in the present experi-
ments. The stabilization of the P2;/n structure at a pressure
very similar to the calculated scheelite-fergusonite transition
and the facts described above regarding the thermodynamic
stability of fergusonite suggests that it was observed previ-
ously®!'! probably as a metastable phase favored by devia-
toric stresses. The structure of this monoclinic phase is
shown in Fig. 1(b). The transition to this structure involves a
volume collapse of 6.9% and implies an increase of the coor-
dination of the Sr cation from 8 in scheelite to 743 or 9 43
in phase II for Sr, and Sry, respectively. In addition, there is
an increase of the coordination of the Mo cation from 4 in
scheelite to 6 in phase II. Similar structures have been found
as post-scheelite phases in related compounds.'®*’*® The
monoclinic HP phase consists of layers of corner-linked
MoOQOg octahedra connected by strontium atoms located
between them. The MoQOg octahedra are distorted and the
molybdenum atoms are slightly shifted from their centers.
The structural parameters of the HP monoclinic phase are
summarized in Table IV. According to our calculations, the
interatomic bond distances considerably change at the transi-
tion leading to an increase of the packing efficiency of the
HP phase and to a compressibility decrease (the bulk modu-
lus increases by 17.5%).

Regarding the crystal structure of phase II, previously
assigned to the monoclinic fergusonite structure, we have
considered the possibility of an incorrect assignment of the
crystal space group during the analysis of XRD data in
Ref. 11. However, this possibility has been ruled out by the
comparison of theoretically calculated positions of Bragg
peaks for the monoclinic structure with space group P2;/n
with those obtained after indexing the measured diffraction
pattern from fergusonite-type (I2/a) StMoQ,."" This compar-
ison is made in Fig. 9. There it can be seen that, as shown in
Ref. 11, the measured diffraction pattern can be well indexed
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TABLE IV. Calculated structural parameters of SrMoO, phases. Scheelite structure at P =0 GPa, Fergusonite-type at 16 GPa, BaWO,-II type at 17 GPa, and
Cmca at 31 GPa. The bulk modulus and its pressure derivative for each phase are also given.

Site X y z
Scheelite 14;/a: a=5.448 A, c=12.112 A, By ="74.7 GPa, and By =4
Sr 4b 0 0.25 0.625
Mo 4a 0 0.25 0.125
o) 16f 0.2371 0.1113 0.0433
Fergusonite [2/a: a=5.233 A, b=11.196 A, ¢ =5.180 A,  =90.7°, By = 84.2 GPa, and By =4
Sr de 0.25 0.6250 0
Mo de 0.25 0.1237 0
o} 8f 0.9122 0.9632 0.2342
0, 8f 0.4851 0.2129 0.8402
BaWO,-II type P2,/n: a=12.042 A, b=6.710 A, c =7.039 A, f=91.02°, By = 87.8 GPa, and B, =4
Sr de 0.1502 0.6589 0.1618
St de 0.1312 0.9500 0.6301
Moy, de 0.0881 0.1671 0.0887
Mo, de 0.1035 0.4600 0.6390
0, de 0.0921 0.0316 0.3066
0, de 0.1982 0.6065 0.7749
0, de 0.0480 0.6593 0.4755
0, de 0.2234 0.2821 0.0802
0Os de 0.0690 0.2565 0.8052
O de 0.1902 0.3388 0.4757
0, 4e 0.0146 0.3894 0.1659
Os de 0.0850 0.9177 0.9557
Orthorhombic Crmca: a=7.505A, b=12.529 A, ¢ =5.106 A, By = 104.5 GPa, and B, =4

Sr 8e 0.25 0.8345 0.25
Mo 8f 0 0.5885 0.2751
(o} 8¢ 0.25 0.1435 0.25
0, 8f 0 0.7919 0.9656
0, 8d 0.1504 0 0
0, 8f 0 0.9173 0.4206

with the fergusonite (I2/a) structure. The pattern calculated
for monoclinic P2,/n is totally different. In particular, the
number of reflections increases around 4 times, there are
many reflections at low angles not expected for fergusonite,
and instead of the strongest peak of fergusonite (near
20 =8°) there are clearly five reflections for the monoclinic
P2,/n structure. Therefore, there is no doubt the phase
observed in non-hydrostatic experiments (fergusonite) can-
not be assigned to the structure obtained under hydrostatic
conditions (P2,/n).

B Mo

]
—

< 41 —dp2
2 9,0y
w o, dez,2
d
x
0 A f
j—— |
e . )
!
4 . ; i 1
r z N X r Po 500 1008 200 400

DOS

FIG. 7. Band structure, total and partial DOS for scheelite-type StMoOj,.

The Raman spectra assigned to phase II resemble very
much to those previously reported for the BaWO,-II phase
supporting our ab initio calculations findings. The proposed
monoclinic HP structure is centrosymmetric and has space
group P2,/n ( ). Group theory leads to the existence of 72
Raman active modes: I'=36A,+36B,. The calculated
modes and their pressure coefficients are shown in Table II.
Raman frequencies compare better than pressure coeffi-
cients, in particular, for the low-frequency modes. The
monoclinic HP structure has more Raman modes than
observed. The experimental assignment of the mode symme-
try in the HP monoclinic phase is difficult because of the
lack of the depolarization of the diamond anvils at high pres-
sure, and because the number of modes that can be clearly
resolved in the experimental Raman spectra beyond the tran-
sition pressure is 42. Something similar is observed in
BaWOy-II, where a smaller number of modes than here are
measured.'® The non-detection of all expected modes can be
due to limited spectral resolution, since many peaks may be
very close to each another, as evidenced by our calculations
and/or to the small scattering cross section of some modes.
In spite of these facts, the reasonable description given by
theory for most of the observed Raman modes (finding also
soft modes), the total-energy results, and the existence of HP
phases isomorphic to BaWO,-II in other scheelites indicate
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FIG. 8. Total energy versus volume for scheelite (/4,/a), fergusonite (I2/a),
and new HP monoclinic (P2,/n) structures (top). Enthalpy difference between
the same three structures versus pressure (bottom). In order to show the small
differences, only the pressure and volume regions of interest are shown. Note
that the theoretical range of stability of fergusonite is very small.

that phase II is probably the proposed monoclinic phase. To
unequivocally solve this structure, x-ray diffraction studies
in quasi-hydrostatic pressure medium such as those reported
for BaWO, will be needed.'

For completeness, we have also calculated the Raman
modes of the fergusonite structure. Frequencies are reported
in Table V together with the pressure coefficients. The fre-
quencies are compared with those experimentally found
under non-hydrostatic conditions. The agreement in the fre-
quencies is good, confirming than non hydrostaticity favors
the scheelite-fergusonite transition.

Fig. 6 shows that our calculations predict the occurrence
of a second transition at 31 GPa, which is close to the pressure
of the second experimental transition. The second transition is
to an orthorhombic structure (Cmca) that has been previously
predicted as a HP phase for CaWQO, and SrWO4.42 The struc-
ture is illustrated in Fig. 1(c) and its structural parameters at
31 GPa are summarized in Table IV. Volume change at the
transition is 7%. This orthorhombic structure is more compact
than the monoclinic HP structure and the bulk modulus is
enhanced by 19%. Regarding atomic coordination, the second
transition implies a change of the coordination of the Sr cation
from 7 4 3 or 9 + 3 in the monoclinic structure to 11 in ortho-
rhombic structure. Also, there is an increase of the coordina-
tion of the Mo cation from 6 to 6 + 1.

The Raman modes calculated for the orthorhombic Crmica
structure are shown in Table III and compared with experi-
ments. The orthorhombic structure has 36 Raman active
modes: I'=9 A, +9B,+ 7By, + 11 B3,. Thus, it implies a
reduction of Raman modes as observed in experiments. The
calculated modes and their pressure coefficients are summar-
ized in Table III. Comparison with experiments is similar to
that for phase II. The main differences are observed for the
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FIG. 9. XRD pattern measured at 18.8 GPa (Ref. 11) indexed with the
monoclinic fergusonite (/2/a) compared with calculated Bragg peaks of
monoclinic P2,/n structure (i:0.41414/°\). Ticks show the position of
Bragg peaks.

highest frequency modes and the lowest frequency modes. In
particular, a mode is measured at 46 cm~! while calculated
modes have frequencies larger than 110.9cm™'. A possible
reason for this discrepancy could be the non inclusion of
anharmonic effects in the calculations. Other possibility is that
the observed discrepancies indicate that Cmca is not the cor-
rect space group for phase IIl. Obviously, our results are call-
ing for new x-ray diffraction experiments to accurately
determine the crystal structures of the new HP structures
reported here.

VIl. CONCLUDING REMARKS

We studied SrMoO, under quasi-hydrostatic high pressure
up to 46.1 GPa by Raman spectroscopy and optical-absorption
experiments. Both experimental techniques show that no
phase transition takes place up to 16 GPa, when the experi-
ment is performed under quasi-hydrostatic conditions. Upon
further compression, we found evidence of two reversible
phase transitions at 17.7 and 28.8 GPa and the onset of a
third one is detected at 44.2 GPa. None of the transitions is
to the monoclinic fergusonite phase previously found under
less hydrostatic conditions.®'! We also studied SrtMoO, by
ab initio calculations. Calculations describe precisely the
evolution of the crystal structure of the low-pressure phase
and help to understand the electronic and lattice-dynamical
properties of scheelite-type SrMoO,. Calculations predict
the occurrence of two phase transitions: the first one to a
monoclinic structure (P2,/n) and the second one to an ortho-
rhombic structure (Cmca). Both transitions involve a volume
collapse, an atomic coordination increase, and a compressibil-
ity decrease. The Raman spectrum calculated for the HP
monoclinic phase is compatible with the one measured for the
first HP phase. This fact and the existence of a similar HP
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TABLE V. Calculated phonon frequencies (w) and pressure coefficients
(dw/dP) for fergusonite at 17 GPa. They are compared with experimental
frequencies measured at 15.5 GPa under non hydrostatic conditions.® Mode
assignment has been made on the basis of calculations.

Calculations (this work) Experiments®

Mode o[em™ 1 dw/dP [cm™'/GPa] o[em™ 1
A, 99.7 —0.25 95
B, 131.0 0.49 124
B, 132.2 0.47 132
B, 1923 0.86 158
B, 193.0 0.85 190
A, 217.3 0.90

A, 247.5 0.98 267
B, 310.0 1.76

B, 313.6 1.68

A, 367.1 1.02 369
A, 385.0 0.99 383
A, 422.5 1.42

B, 439.9 1.48

B, 4453 1.33 459
B, 847.0 0.77 680-707
B, 849.8 0.78 854
A, 884.4 0.59

A 931.4 0.55 929

[

phase in other scheelites support that the proposed phase is
likely the experimentally observed phase. However, to
unequivocally assign the structure of HP phases, x-ray diffrac-
tion experiments have to be performed using quasi-hydrostatic
pressure media since we found that non-hydrostaticity could
strongly influence the HP structural sequence of SrMoOj,.
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