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ABSTRACT: Zircon-type PrVO, and SmVO, have been studied by high-
pressure Raman spectroscopy up to 17 GPa. The occurrence of phase transitions
has been detected when compression exceeds 6 GPa. The transformations are not
reversible. Raman spectra of the high-pressure phases show similarities with those
expected for a monazite-type phase in PrVO, and a scheelite-type phase in
SmVO,.The high-pressure phases have been also synthesized using a large-volume
press and recovered at ambient conditions. X-ray diffraction measurements of the
metastable products recovered after decompression confirms the monazite
(PrVO,) and scheelite (SmVO,) structures of the high-pressure phases. Based
upon optical properties of the reported new polymorphs, novel applications for
rare-earth vanadates are proposed, including photocatalytic hydrogen production.
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1. INTRODUCTION

Rare-earth orthovanadates have a number of important
applications;' e.g, in cathodoluminescence and lithium ion
batteries, as well as thermophosphors, scintillators, photo-
catalysis materials, and laser-host materials. With the exception
of LaVO,, they crystallize in the tetragonal zircon-type structure
(space group: [4,/amd, Z = 4).> Under moderate compression,
these compounds undergo transformations to denser
phases.>™ In particular, compounds with small rare-earth
cations transform to the tetragonal scheelite-type structure
(space group: I4,/a, Z = 4) while those with large cations
transform to the monoclinic monazite-type structure (space
group: P2,/n, Z = 4). Both phase transformations have
attracted much attention®™® because they are interesting for
technological applications, geophysics, and geochemistry.
Among the zircon-type rare-earth orthovanadates, praseody-
mium vanadate (PrVO,) and samarium vanadate (SmVO,) are
the less studied systems under pressure. To shed more light on
the understanding of the structural properties of zircon-type
oxides and in particular the pressure-induced phase transitions
of rare-earth vanadates, we have studied the high-pressure
behavior of both PrVO, and SmVO, up to 17 GPa. The
Raman-active modes and their pressure behavior of the low-
and high-pressure (HP) phases are determined. Further, the
high-pressure phases of both materials have been prepared, and
their crystal structures are reported. A potential pressure-
induced band gap collapse in zircon-type rare-earth vanadates is
also discussed.

2. EXPERIMENTAL METHODS

PrVO, and SmVO, were studied in situ under compression by Raman
spectroscopy. Experiments were performed using a diamond-anvil cell
and a 16:3:1 methanol—ethanol—water mixture as pressure-trans-
mitting medium.'® Pressure was determined using the ruby scale,"’
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and Raman spectra were collected in the backscattering geometry
using a 488 nm Ar laser and a Jobin—Yvon spectrometer in
combination with a thermoelectric-cooled multichannel CCD detector
with spectral resolution below 2 cm™. A laser power of less than 10
mW before the DAC was used to avoid sample heating. Three
experimental runs were carried out for each compound with similar
results.

Polycrystalline PrVO, and SmVO, used in the experiments were
prepared by solid-state reaction of appropriate amounts of 99% purity
predried PrgO;; or Sm,O; and V,0Os in a platinum crucible. The
homogeneous mixtures of the samples were heated at 600 °C for 24 h
and then reground and pelleted. The pellets were heated at 900 °C for
24 h. Finally, the products were further heated at 1100 °C for another
12 h. The obtained samples were characterized at ambient conditions
by X-ray diffraction (XRD) data recorded on a Panalytical X-pert Pro
diffractometer using Cu K, radiation (4 = 1.5418 A). A single phase
with the zircon-type structure was confirmed for PrVO, and SmVO,.
The obtained unit-cell parameters agree within 0.1% with the
literature;'*"® a = 7.3618(2) A and ¢ = 6.4634(3) A for PrVO, and
a=72618(2) A and ¢ = 6.3837(3) A for SmVO,,

The HP phases of PrVO, and SmVO, have been also synthesized at
a pressure of 12 GPa and room temperature starting from zircon-
structured compounds. Pressure was applied for 24 h using a 150 ton
hydraulic press equipped with steel-belted Bridgman-type opposed
tungsten-carbide anvils.'* Pressure was released rapidly at ~3 GPa/
min to quench the HP phases of both vanadates. The samples were
contained in a thermal-treated pyrophyllite chamber and inserted
inside it. The pressure-transmitting medium was hexagonal boron
nitride. The sample pressure was determined by the calibration of the
load applied to the anvils against HP resistivity transitions in
calibrants.'® The recovered metastable products were analyzed by
XRD to determine their crystal structures.
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3. RESULTS AND DISCUSSION

The zircon structure (I4,/amd, point group D,,) has two
formula units per primitive cell. According to group-theory
analysis, it has 12 Raman-active modes at the center of the
Brilllouin zone (BZ) with symmetries I = 2A,; + 4By, + By, +
SEg.16 These modes can be classified into internal and external
modes of the VO, units.

Figures 1 and 2 show representative Raman spectra of PrVO,
and SmVO,. In both compounds, at low pressure we have
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Figure 1. (Top) Selection of high-pressure Raman spectra measured
in PrVO,. (Bottom) Pressure evolution of the Raman modes of the
different phases. Circles: low-pressure phase. Squares: high-pressure
phase.

observed 10 out of 12 expected Raman peaks. All the Raman
modes observed can be divided into two broad frequency
regions, the low-frequency region from 100 to 480 cm™! and
the high-frequency region from 790 to 880 cm™, with a
frequency gap between them. The symmetry assignment for the
Raman modes has been performed in accordance with the
literature.'® Raman-mode frequencies (@) are summarized in
Table 1. They agree well with the frequencies reported by
Santos et al.'®As can be seen from Figures 1 and 2, the Raman
spectra of the two studied vanadates are dominated by the
intense high-frequency modes, which are associated with
internal stretching modes.'°Regarding the two undetected
Raman modes, they are usually not observed in zircon-type
oxides, their absence bein% probably due to their weak Raman
scattering cross-section.' !’

Upon compression, the Raman spectra of both compounds
remain like that expected for the zircon phase up to about 6
GPa. From Raman spectra collected at different pressures, we
obtained the pressure evolution of the different Raman modes.
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Figure 2. (Top) Selection of high-pressure Raman spectra measured
in SmVO,. (Bottom) Pressure evolution of the Raman modes of the
different phases. Circles: low-pressure phase. Squares: high-pressure
phase.

These results are summarized in Figures 1 and 2 for PrVO, and
SmVO,, respectively. There it can be seen that as a first
approximation they depend linearly upon pressure. The
obtained pressure coefficients for each mode (dw/dP) are
also given in Table 1. In PrVO,, all the Raman modes of the
zircon phase exhibit positive pressure coefficients except for a
low-frequency E, mode and a low-frequency B,, mode. In
SmVO, only one of these modes shows such a soft-mode
behavior (see Table 1). Some modes merge or cross upon
compression due to their different pressure evolution (see
Figures 1 and 2). The modes that change more under
compression (larger dw/dP) are the internal high-frequency
modes and the low-frequency E, mode with frequency near 235
cm™". This mode is a rotational mode. Due to its large pressure
coefficient, upon compression there is a crossover of this E,
mode with a B,; mode, which has a higher frequency at ambient
pressure (261 cm™"). A similar high-pressure behavior has been
observed in Raman modes of ScVO,,'* LuvO,,' CevO,,*
YbVO,,*' DyvO,** TbVO,** SmVO,>* and GdVO,.** The
mode softening observed is typical of zircon-type vanadates and
phosphates and, despite the mode not reaching zero frequency,
has been associated with a mechanical instability of the zircon
phase, leading to phase transitions.”’

In Figures 1 and 2 it can be seen that remarkable changes
take place in the Raman spectra at 6 GPa in PrVO, and at 6.5
GPa in SmVO,. The changes are indicative of the onset of a
phase transition. In the case of PrVO,, the Raman spectra of the
new HP phase are similar to those expected from a monazite-
structured phase.**”” For SmVO,, the Raman spectra of the
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Table 1. Phonon Frequencies @ (in cm™') and Pressure Coefficients dw/dP (in cm™'/GPa) for Zircon-Type PrVO, and SmVO,
at Ambient Pressure, for Monazite-Type PrVO, at 6 GPa, and for Scheelite-Type SmVO, at 6.5 GPa

PrVO, SmVO,
zircon monazite zircon scheelite
mode [0 dw/dP mode ® dw/dP mode ® dw/dP mode ® dw/dP
Eg 113 0.66 lattice 74 0.64 Eg 112 0.32 Eg 116 0.09
B% 122 0.44 lattice 98 —-0.36 B% 123 1.1 Bg 149 —-1.4
Eg 150 —-0.37 lattice 110 0.03 Eg 151 0.16 Bg 198 2.0
Eg 233 4.3 lattice 124 0.62 Eg 238 5.9 Eg 206 2.1
Blg 261 -1.6 lattice 159 0.44 Blg 261 —-1.8 Ay 251 0.89
By, - — lattice 186 -1.1 By - - E, 334 2.1
Alg 377 1.1 lattice 216 -0.89 Alg 379 2.6 Ag 366 2.9
Eg - - lattice 230 1.3 Eg - - Bg 382 2.1
Blg 470 2.0 bending 272 1.8 Blg 473 2.7 Bg 43S 1.9
Blg 792 4.6 bending 313 0.02 Blg 805 32 Eg 450 2.1
E, 805 42 bending 348 18 E, 816 54 E, 770 34
Alg 869 S.1 bending 368 3.6 Ag 878 5.8 Bg 820 1.5
bending 394 32 A, 855 3.7
bending 423 1.8
bending 453 1.8
bending 482 0.54
stretching 721 S.0
stretching 749 4.6
stretching 764 4.9
stretching 793 3.6
stretching 815 3.7
stretching 850 2.3
stretching 886 1.25

new HP phase resemble those of a scheelite-structured
phase.*®*® Confirmation of these structures was obtained
from XRD measurements on synthesized samples at 12 GPa.
The structural refinements will be discussed after commenting
on Raman measurements. No additional structural changes are
detected upon further compression up to the maximum
pressure covered by the Raman experiments (~17 GPa).
Upon pressure release, the Raman spectra of the recovered
phases are qualitatively similar to those of the HP phases,
indicating that the transitions are not reversible.
Monazite-structured compounds (space group: P2,/n, point
group: C3;,) have 36 Raman-active modes at the I' point: [’
=18A, + 18Bg.26 However, usually in monazite oxides, no more
than 26 modes have been detected.***” In the case of monazite-
type PrVO, we found 23 Raman-active phonons, which are
summarized in Table 1. Their frequencies were determined by
means of a multipeak fitting using Voigt line shapes after
background subtraction. Mode identification as A, and B, is not
performed for monazite PrVO, because it requires polarized
Raman experiments, which could not be performed because of
the powder samples used in the experiments and the lack of
polarization of the diamond anvils at high pressure. In Table 1,
it can be seen that the Raman spectrum of monazite-type
PrVO, has seven high-frequency modes. They are most likely
due to stretching motions within the vanadate ion®® as
indicated in Table 1. The most intense mode is the one at
886 cm™ at 6 GPa. In addition, the Raman spectrum shows
eight modes in the 272—482 cm™' wavenumber region, which
probably corresponds to bending vibrations of the VO, units.*’
Finally, we detected eight vibrations in the low wavenumber
region of the spectrum (@ < 230 cm™"), which might originate
from external lattice vibrations.>® From the analysis of Raman
spectra collected from 6 to 17.2 GPa, we obtained the pressure
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dependence of the modes assigned to the HP phase. The
results are shown in Figure 1, and the pressure coeflicients are
summarized in Table 1. The most distinctive feature of the
pressure evolution of Raman modes is that pressure tends to
have a larger influence in high-frequency modes than in low-
frequency modes. It is also noticeable that there are three
modes with negative pressure coefficients (soft modes); see
Table 1. There is also a tendency to mode merge as pressure
increases because of different pressure behaviors of different
modes. This can be clearly seen in Figure 1. Most of these
described features resemble those observed for monazite-type
CevO,.”°

Scheelite-type SmVO, (space group: I4,/a, point group: C5,)
has 13 zone-center Raman-active modes: I' = 3A; + SB, +
SEg.28 These vibrations have been classified either as internal,
when the VO, center of mass does not move, or as external,
when they imply movement of VO, tetrahedra as rigid units.”
In the case of scheelite-type SmVO,, after a multipeak fitting,
we found all Raman-active phonons, which are summarized in
Table 1. The phonon assignment was made following the
assignment made in related vanadates.'®™° The highest
frequency mode is the most intense one, which is a distinctive
feature of the scheelite structure. The five modes with
frequencies larger than 366 cm™ can be assigned to internal
vibrations and the five modes with frequencies smaller than 334
em™" to external vibrations.'® >° There is only one discrepancy
with a recent work' where 13 modes of scheelite SmVO, are
reported at ambient pressure. The authors have reported a
lowest phonon frequency mode at 148 cm™, while the lowest
phonon mode observed for SmVO, in this study and in other
related compounds'® ™ is near 110 cm™. In addition, in ref 1
there is a phonon reported near 180 cm™" not found in this
work and in the Raman experiments of Patel et al.** We think
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these discrepancies might be due to an incorrect assignment of
modes in ref 1. However, the Raman spectral information
provided in Supporting Information of ref 1 agrees with the
findings of the present study. Regarding the HP evolution of
Raman modes, results are similar to those reported by Patel et
al,>® who report a phase transition at 6.8 GPa. The Raman
spectra of the HP phase published by these authors resemble
very much the spectra reported here. The pressure dependence
of the Raman modes is shown in Figure 2, and the pressure
coeflicients are summarized in Table 1. As typical in scheelites,
the internal modes have larger pressure coeflicients than the
external ones, and one of these external modes is a soft mode
(see Table 1). Another feature to mention is that no phonon
crossover occurs in the pressure range covered by experiments.
Regarding the high-frequency mode of the scheelite phase, this
mode has been shown to have a frequency that does not
depend on the rare-earth cation; i.e,, it is an ideal internal mode
of the VO, tetrahedra. Its frequency is usually 823—830 cm™"."*
In our case, at 0.2 GPa after decompression we obtained a
frequency of 830 cm™', which is in good agreement with the
conclusion extracted by Panchal et al."® This frequency is also
similar to the ambient pressure frequency (832 cm™) reported
by Huang et al." Note that the mode under discussion is also
the one with the highest pressure coefficient.

To unequivocally conclude that the HP phase observed in
PrVO, (SmVO,) has a structure isomorphic to monazite
(scheelite), we performed XRD measurements in a sample
quenched in a large-volume press cell from 12 GPa. Because
the observed transitions are not reversible, the recovered
samples retain the crystal structure of the HP phase. Pressures
exceeding 5—6 GPa of the transition pressure were needed to
recover a sample completely transformed to the HP phase at
room temperature. Further, from the Rietveld refinements of
the measured patterns, we confirmed the HP structure of
PrVO, and SmVO, as the monazite and scheelite, respectively.

The refinements of the XRD pattern of the scheelite
structure of SmVO, were carried out using the gositions of
known structural details of scheelite-type structures.®" The unit-
cell parameters are obtained by indexing the observed
reflections. The background of the diffraction data was modeled
by a fifth order polynomial function, and peak profile was
generated by a pseudo-Voigt profile function. After a proper
profile matching, the oxygen positions and isotropic displace-
ment (B) parameters of all atoms were refined. In a similar
manner, the XRD pattern of monazite-type PrVO,, was refined
using as initial values the observed unit-cell parameters and
structural parameters of monazite type LaVO,.*> In monazite-
type structure all the atoms are located in general positions (4¢)
of space group P2,/n with occupancy 1. The isotropic thermal
parameters of all atoms are fixed (B = 0.5 A?) in the starting
model structure, but they were relaxed for the final structural
refinement. The background was fitted by linear interpolation
of 45 selected points. The peak profile and asymmetry
parameters were refined along with the unit-cell parameters.
Subsequently, the position coordinates of cations and anions
were refined along with isotropic thermal parameters. An
appreciable good profile match and residuals are obtained in
both cases. The refined structural detail and residuals of
refinements are given in Table 2. The observed and calculated
XRD patterns for HP phases of PrVO, and SmVO, are shown
in Figure 3.

The refined structural parameters of monazite-type PrvO,
resemble very closely those of monazite-type LaVO, and
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Table 2. Refined Crystallographic Parameters for Monazite-
Type PrVO, and Scheelite-Type SmVO, (Ambient
Conditions)

Wyckoft
atoms  position x y z B (A)?
Monazite-Type PrvVO,”
Pr 4e 0.2833(2) 0.1585(2) 0.1017(2)  0.86(3)
Y4 4e 0.3069(2) 0.1634(2) 0.6132(2)  0.69(9)
0, 4e 0.2510(15)  —0.0010(5) 0.4237(6)  2.0(4)
0, 4e 0.3904(6) 0.3449(4) 0.4959(6)  3.4(3)
0O, 4e 0.4863(7) 0.1122(9) 0.8266(4)  4.7(4)
o, 4e 0.1230(7) 02212(16)  0.7184(6)  2.0(4)
Scheelite-Type SmvO,”
Sm 4b 0 0.25 0.625 0.9(1)
Y4 4a 0 0.25 0.125 1.0(2)
o) 16f 0.2507(13) 0.1101(13)  0.0464(5)  3.2(4)

“PrVO, (Monoclinic, P2,/n): a = 6.9550(1) A, b = 7.1652(1) A, ¢
6.6851(1) A, = 105.224(1)% V = 32146(1) A’. R, = 9.63, R,,,
139, R, = 592, Ry = 7.10. ®SmVO, (Tetragonal, I4,/a): a =
5.1090(1x§ A, c=114113(3) A, V = 297.86(1) A>. R, = 9.77, R, =
12.6, R, = 7.27, Ry = 4.03.
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Figure 3. Background-subtracted XRD patterns obtained from
recovered monazite-type PrVO, and scheelite-type SmVO,. Exper-
imental data (dots) and calculated diffraction patterns (solid lines) are
shown together with the residuals of the refinement. The ticks indicate
the position of the calculated reflections.

CeVO,.***** The obtained unit-cell parameters of scheelite-
type SmVO, are very similar to those of scheelite-type SmVO,
reported by Huang et al." The structural parameters are closely
similar to those of the scheelite-type ErVO,>* The zircon—
monazite transition produces a volume collapse in PrvVO,. At
ambient pressure, the volume of monazite is 8.5% smaller than
that of zircon. Likewise, the zircon—scheelite transition induces
a volume collapse in SmVO,. At ambient pressure, the volume
of scheelite is about 11.9% smaller than that of zircon. For both
structures, the typical interatomic distances are shown in Table
3. In scheelite structure, Sm has eight coordination polyhedra
and V has tetrahedral coordination. In monazite, Pr has nine
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Table 3. Typical Interatomic Distances in Monazite-Type
PrVO, and Scheelite-Type SmVO, (Ambient Conditions)

PrVO, (monazite) SmVO, (scheelite)

Pr—0,; X 1 2.499(5) A Sm—0 X 4 2.441(2) A
Pr—0, X 1 2.453(4) A Sm—0 X 4 2.411(6) A
Pr-0, X 1 2.554(3) A (Sm—-0) 2426 A
Pr—-0, X 1 2.637(4) A V-0 X 4 1.719(6) A
Pr—0, X 1 2.873(4) A

Pr—0; X 1 2.617(5) A

Pr—0; X 1 2.482(6) A

Pr—-0, X 1 2.5526(2) A

Pr—0, X 1 2.4425(2) A

(Pr-0) 2.568 A

V-0, X 1 1.699(4) A

V-0, x 1 1.698(4) A

V-05 X 1 1.671(4) A

V-0, X 1 1.666(5) A

(V-0) 1.683 A

coordination polyhedra and V has tetrahedral coordination. In
scheelite SmVO,, the average Sm—O bond distance (2.426 A)
and the V—O distance (1.719 A) are very similar to those in the
zircon polymorph, 2.426 A and 1.710 A, respectively."® This
fact indicates that the transformation from zircon to scheelite
basically involves a reorientation of VO, tetrahedra and SmOg
dodecahedra. Additionally, the difference between the large and
short Sm—O bonds is reduced from 0.115 A in zircon to 0.026
A in scheelite; i.e., the SmOg dodecahedra become more regular
in the HP polymorph. When bond distances in zircon and
monazite PrVO, are compared, it can be concluded that in
monazite the VO, tetrahedra is highly distorted with four
different bond distances. In addition, the average distance V—O
distance of monazite PrVO, (1.683 A) is 1.5% smaller than the
V-0 distance in zircon PrVO, (1.712 A)."* On the other hand,
the average Pr—O bond distance is larger in monazite (2.568 A)
than in zircon (2.467 A).'> This is a consequence of the
coordination increase of the Pr atom (from eight to nine) that
occurs associated to the phase transition.

The transition mechanisms involved in the two observed
phase transitions have been already discussed in the
literature.>* "3 The zircon—monazite transition is a first-order
transition in which the reduction in the volume and change in
polyhedron coordination of Pr are accomplished by breaking a
Pr—O bond in zircon and adding two new Pr—O bonds, which
makes monazite much more compact than zircon. Basically,
these rearrangements produce the addition of a bond in the
equatorial plane of the Pr polyhedron, which is added in the
void space between the polyhedra of zircon. These atomic
changes occur together with a shift of the (001) planes and a
slight rotation of the VO, tetrahedra, favoring the observed
structural changes. Also, the zircon—scheelite transition is
reconstructive. This fact explains why the scheelite and
monazite phases are metastable at ambient pressure and why
the studied vanadates do not revert to the zircon phase after
release of pressure due to kinetically higher stability of scheelite
and monazite. In particular, during the zircon—scheelite
transition the lattice undergoes a homogeneous deformation
accompanied by an internal structural reorganization.*® During
this process, half of the oxygen atoms are displaced from their
initial positions, breaking a quarter of the Sm—O bonds and
forming new bonds such that the atomic arrangement of zircon
is transformed into the atomic arrangement of scheelite. This
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bond-switching process does not result in changes in bond
lengths but induces alterations inside the SmOj bisdisphenoids,
which are the central point of the zircon—scheelite trans-
formation.

Before concluding this work, we would like to comment that
color changes were observed in the samples after the phase
transitions. These facts suggest that monazite PrVO, and
scheelite SmVO, have a smaller optical band gap (Egaf) than
their zircon phases which have E,, = 3.7-3.8 eV. 7 This
observation is consistent with the band gap collagses observed
at the zircon—monazite transition in NdVO,>” and at the
zircon—scheelite transition in YbVO,.>” These collapses range
from 0.5 to 1 eV. Our conclusions are also in agreement with
predictions that can be extracted from band-structure
calculations."*” ™ This suggests that the metastable HP
polymorphs can find novel applications for rare-earth
vanadates. One interesting possibility to explore in the future
is their use as photocatalysts for H, evolution and sunlight-
driven photodegradation,’® which can be a significant
contribution to the field of renewable energy sources.

4. CONCLUDING REMARKS

We presented room-temperature Raman measurements in
PrvO, and SmVO, up to 17 GPa. In the first compound we
detect an irreversible phase transition from zircon to monazite
at 6 GPa. In the second compound an irreversible phase
transition from zircon to scheelite is found at 6.5 GPa. The
crystal structure of the HP phases was determined by XRD
measurements of samples synthesized at 12 GPa using a large-
volume press. The pressure evolution of the Raman modes of
different polymorphs is also presented and discussed. The
reported results contribute to better a understanding of the HP
structural and lattice-dynamics properties of orthovanadates.
The isolation of the metastable HP phases of PrVO, and
SmvO, could have great importance for chemists and the
technological applications of these compounds.
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