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1. Introduction

The pressure and temperature evolution of the
CazV,0g crystal structure using powder X-ray
diffractiont

Josu Sanchez-Martin, @2 Daniel Errandonea, @ *2 Houri Sadat Rahimi Mosafer, @°
Wojciech Paszkowicz, ©° Roman Minikayev, ©° Robin Turnbull, @?

Marek Berkowski, @° Jordi Ibafiez-Insa, ©° Catalin Popescu, @®¢ Andrew Fitch, ©¢
Placida Rodriguez-Hernandez ©®" and Alfonso Murioz ©f

We present a comprehensive experimental study of the crystal structure of calcium vanadate (CasV,Og)
under systematic temperature and pressure conditions. The temperature evolution (4-1173 K) of the CasV,-
Og structural properties is investigated at ambient pressure. The pressure evolution (0-13.8 GPa) of the
CazV,0g structural properties is investigated at ambient temperature. Across all pressures and temperatures
used in the present work, the CazV,Og crystal structure was determined by Rietveld refinement of powder
X-ray diffraction data. The experimental high-pressure data are also supported by density-functional theory
calculations. According to the high-pressure results, CasV,Og undergoes a pressure-induced structural
phase transition at a pressure of 9.8(1) GPa from the ambient pressure trigonal structure (space group R3c)
to a monoclinic structure (space group Cc). The experimentally determined bulk moduli of the trigonal and
monoclinic phases are, respectively, By = 69(2) GPa and 105(12) GPa. The trigonal to monoclinic phase
transition appears to be prompted by non-hydrostatic conditions. Whilst the trigonal and monoclincic
space groups show a group/subgroup relationship, the discontinuity in the volume per formula unit
observed at the transition indicates a first order phase transition. According to the high-temperature results,
the trigonal CasV,Og structure persists over the entire range of studied temperatures. The pressure-
volume equation of state, axial compressibilities, Debye temperature (264(2) K), and thermal expansion
coefficients are all determined for the trigonal CazV,Og structure.

calcium vanadates are used in ceramics for potential
applications such as electrode materials for green energy

Calcium vanadate materials exhibit a wide variety of chemical
compositions, including calcium orthovanadate (CazV,Og),
metavanadate (CaV,04) and pyrovanadate (Ca,V,0,)." Based
on their electronic, transport and dielectric properties,
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storage devices.*”® In particular, calcium orthovanadate (Cas-
V,0g) has been studied as a potential medium for solid-state
lasers,” and it has therefore been doped with various cations,
including sm*'® Eu*',” TH*','° (Li", Nd*),"" and (Tm®"/
Ho*")," to enhance its lasing properties.

At ambient conditions, CazV,0g crystallizes in a trigonal
crystal structure (space group R3c)."”®> Additionally, a
monoclinic polymorph of Ca;V,0g (space group C2/m) has
been synthesized under high-pressure (HP) and high-
temperature (HT) conditions of 11 GPa and 1373 K.** This
monoclinic polymorph can be recovered from high
temperature to ambient conditions. HT experiments have
previously been conducted to study the dielectric constant™*®
and vibrational properties’®'” of the monoclinic CazV,Og.
Temperature-induced changes observed in the experimental
Raman spectra have been attributed to structural phase
transitions between 550 and 800 K,'® and between 1123 and
1148 K."” To the best of the authors' knowledge, no low-
temperature studies have been reported for CazV,0s.

This journal is © The Royal Society of Chemistry 2023
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Regarding HP CazV,0g studies, room-temperature (RT) HP
X-ray diffraction (XRD) and Raman experiments have been
reported, finding pressure-induced amorphization between
8.1 and 14.8 GPa.'® One Raman study on the related
compound Cag_,R(VO,); (R = La, Nd, Gd) reported signs of
partial amorphization around 9-10 GPa.' According to the
results summarized above, the HP behavior of Ca;V,Oy is
different from that of other orthovanadates with equivalent
chemical formulae. For instance, Zn;V,05, NizV,04, and
Ba;V,0; remain stable up to at least 15,° 23*' and 29
GPa”>® respectively. Mn;V,0g and Sr;V,0g exhibit pressure-
induced phase transitions around 10 GPa*®* and 13.8
GPa**** respectively, and Cu;V,0g chemically decomposes
at 1.35 GPa.”® Such different results from various HP
studies in the M;V,03 family, and the apparent
contradictions between different HT studies, clearly show
that further investigation into the pressure and temperature
evolution of the Caz;V,0g is needed to understand its
structural behavior under extreme conditions of pressure and
temperature.

In the present study, we characterize the pressure and
temperature evolution of the whitlockite-related CazV,0g
polymorph by performing synchrotron and in-house X-ray
diffraction (XRD) experiments. Firstly, Ca;V,0g was studied
at ambient temperature under high pressure conditions (up
to 13.8(1) GPa). Secondly, Ca;V,05 was studied at ambient
pressure between 4(1) and 292(1) K using a synchrotron X-ray
source, and at ambient pressure between 300(1) and 1173(1)
K using an in-house X-ray diffractometer. The structural
models were refined against the observed diffraction data via
the Rietveld refinement method.”®*” The structural data
extracted from the refined models was used to determine
equation of state (EOS) parameters and thermal expansions
coefficients. Density-functional theory calculations have been
also performed which support the experimental HP
observations.

2. Methods

2.1 Experimental details

Ca;zV,05 was synthesized by a solid-state reaction between
V,05 and CaCOj; (99.6% purity). The reactants were mixed in
the stoichiometric proportion and formed into a pellet. The
pellet was annealed over three consecutive 5 hour periods,
with the temperature being 1100(1) K for the first 5 hour
period, and 1150(1) K for the other two. The obtained sample
was used for all reported experiments. Energy dispersive
X-ray spectroscopy analysis, using a scanning electron
microscope (Thermo Fisher Scios 2 Dual Beam) equipped
with an Oxford Ultima Max 170 detector, confirmed the
stoichiometry of the material. No impurities were detected
within an accuracy of approximately 1 atomic%. Within this
accuracy, the relative ratio of Ca:V was 3:2 in agreement
with the stoichiometry of the compound.

The crystal structure of the CazV,0g sample at ambient
conditions was verified by powder XRD using a Philips X'Pert

This journal is © The Royal Society of Chemistry 2023
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Pro Alphal diffractometer with a Bragg-Brentano geometry,
working in continuous scanning mode, and using Cu K
radiation (1 = 1.54056 A). The set-up is equipped with a linear
photon-counting detector and a primary-beam Johansson
monochromator. Powder XRD data were collected over the
range of 6-159° (26) and recorded increments of 0.0167°. The
crystal structure of the obtained compound was refined by
the Rietveld method®®*” using the Fullprof software.”® HT
XRD experiments were performed in the temperature range
300(1)-1173(1) K using the same set-up and an HTK 1200 N
(Anton Paar) temperature stage. In this experiment, XRD data
were collected at high temperatures over the range 26 = 9-87°
(20).

Low temperature (LT) powder diffraction measurements
were performed by high-resolution X-ray powder diffraction
at the ID22 beamline at the European Synchrotron Radiation
Facility (ESRF) in the temperature range 4(1)-292(1) K using a
helium cryostat. The high-resolution diffraction data were
collected at LT over the range of 2-40° (26) using a
wavelength of 0.3998 A and a nine-crystals multi-analyzer
stage.”” XRD patterns were measured from a fine powder of
CazV,04 sealed in a 0.5 mm diameter borosilicate glass
capillary.

HP powder XRD measurements up to 13.8(1) GPa were
carried out at room temperature (RT) using a membrane-type
diamond-anvil cell (DAC). A 4:1 ratio methanol-ethanol
mixture (ME) was used as the pressure-transmitting medium
(PTM). The pressure was determined using the equation of
state of copper (Cu)®*® with a precision of +0.1 GPa. We
performed angle-dispersive powder XRD measurements
under HP at the MSPD beamline of the ALBA synchrotron®
using a monochromatic beam of wavelength 0.4246 A. The
X-ray beam was focused to a 20 um x 20 um (FWHM) spot. A
Rayonix CCD detector was used to collect XRD patterns, with
a sample-detector distance of 280 mm. The structural
analysis was performed using FullProf*® and PowderCell.**

2.2 Ab initio density-functional theory calculations

First-principles simulations have proven to be a very powerful
technique for studying materials under high pressure.>® In
this study ab initio simulations were carried out within the
framework of density-functional theory (DFT) with the Vienna
ab initio Simulation Package (VASP).**® Calculations were
implemented within the framework of the generalized-
gradient approximation (GGA) using the Perdew-Burke-
Ernzerhof for solids (PBEsol) functional®” to describe the
exchange-correlation energy. Interactions between valence
and core electrons were treated using the projector-
augmented-wave (PAW) scheme.’® All calculations have been
carried out with temperature 7 = 0 K and without including
dispersion corrections. We have tested including the Grimme
D3 corrections, but under this approximation we obtained an
equilibrium volume which agrees worse with experiments
than the volume obtained without dispersive corrections. The
equilibrium volume is 2% larger than in experiments when
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the Grimme D3 corrections are included and only 0.5%
smaller than in experiments when they are not included.
Based on this result and the fact that calculations without
dispersive corrections usually works well to describe the
changes induced by pressure in the crystal structure of
vanadates,*>*® we decided to neglect dispersion corrections
in our simulations. Finite temperature calculations are
beyond the scope of the present work. To solve the
Schrodinger equation with high accuracy we used a plane
wave basis set using an energy cutoff of 540 eV. The
integrations over the Brillouin zone (BZ) of the two studied
structures were calculated with a dense Monkhorst-Pack®"
grid of 4 x 4 x 4 special k-points. The unit-cell parameters
and the atomic positions were fully optimized at different
volumes to obtain, at selected fixed volumes, the crystal
structure. Pressure is obtained in our simulations from the
stress tensor. During optimization we requested that the
forces on the atoms were less than 0.003 eV A™, and the
deviations of the stress tensors from a diagonal hydrostatic
form were lower than 0.1 GPa. This procedure allows us to
obtain a set of volume, energy, and pressure data from our
simulations determining the crystal structure at different
pressures.”” Lattice-dynamics calculations were performed
using the direct force constant approach using the Phonopy
package.*® To calculate the phonon dispersion, we used a 2 x
2 x 2 supercell to study the dynamical stability of the system
under pressure. These calculations were performed with the
aim of testing the dynamical stability of the calculated crystal
structure. The mechanical properties were evaluated by

View Article Online
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computing the elastic constants with the method

implemented in the VASP code.**

3. Results and discussion
3.1 Crystal structure at ambient conditions

XRD patterns acquired at ambient conditions (using Cu K4
radiation) confirm the known trigonal structure of CazV,Og
with space group R3¢ (space group number 161). The results
of Rietveld refinement are shown in Fig. 1. The diffraction
peaks are well matched to the CazV,0g structure reported in
the literature.”® The atomic coordinates, atomic displacement
parameters and peak shape parameters were refined using
initial values given in ref. 13. The refined lattice parameters
of CazV,0y are a = 10.81221(8) A and ¢ = 38.0262(3) A, which
are consistent with earlier reported values.'*'>'%45%% The
refined atomic positions, reported in Table S1 in the ESL are
also in agreement with those reported in the literature. In
Table 1 we compare unit-cell parameters at ambient
conditions from our four experiments (ambient conditions,
HP, HT, and LT) to show the mutual agreement. Fig. 2 shows
the crystal structure of CazV,0g. The structure is known to be
composed of only two building units, namely columns called
A and B.*>*" Each A column is surrounded by 6 B columns
and the 5 cationic sites (Cal-Ca5) are divided between
columns A and B. The proportion of columns A:B is 1:3.
The A column has the cation site sequence described by the
following order of polyhedra: V10,-Ca40s-Ca504-V10, and
the corresponding sequence in column B is V30,-Cal10,-
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Fig. 1 Rietveld refinement of trigonal CasV,Og at RT. black dots correspond to the experimental data, the blue line to the calculated profile, ticks
to the Bragg reflections, and the red line to the residual. The R-factors are: Ry, = 4.46%, Rexp = 1.61%, and R, = 3.08%. The insets present an
enlarged view of the 20-40° region of the refinement (a) and an enlarged view of the 80-140° region (b) in order to illustrate the quality of

refinement.
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Table 1 Trigonal CazV,Og lattice parameters at ambient conditions as obtained from different measurements performed in this work art various

experimental facilities

Type of measurement A (A) a (A) c(A) v (A% T (K)

Amb. Cond. Exp. (laboratory) 1.5406 10.81221(8) 38.0262(3) 3849.84(5) 298(2)
HT experiment (laboratory) 1.5406 10.8133(3) 38.031(1) 3851.1(2) 300(1)
LT experiment (ESRF) 0.3998 10.81370(2) 38.03276(8) 3851.56(1) 292(1)
HP experiment (ALBA) 0.4246 10.807(1) 38.073(4) 3850.8(5) 296(1)

Ca304-Ca204-V20, (see Fig. 2). The VO, tetrahedral units
are isolated from each other. In this Ca;V,0Og4 structure there
is also a position half-occupied by Ca atoms (Ca4), which is
surrounded by three oxygen atoms in a triangular
coordination.

3.2 Variable-temperature measurements at ambient pressure

The low-temperature CazV,0g3 XRD patterns from 4(1) to
292(1) K (% = 0.3998 A) are very similar to those acquired at
ambient temperature. They can be described by the same R3¢
crystal structure, as confirmed by the Rietveld refinements
(see Fig. 3(b)). Therefore, Caz;V,0g always maintains its
trigonal structure in the temperature range of 4(1)-292(1) K
at ambient pressure, and no structural phase transition
occurs. Lattice parameters and the crystal structure were
refined for all LT XRD patterns using the ambient
temperature structure as starting model.

X-ray diffraction patterns of CazV,0g at HT can be all
explained with the same R3c crystal structure as that of the

c axisf

A Column

c

Fig. 2 (Right) Crystal structure of trigonal CazV,0Og at ambient
conditions. The coordination polyhedra of Ca are shown in blue and
the VO, tetrahedra in red. The sites with partial occupation of Ca
atoms are shown with half blue/half white spheres. (Left) The layout of
A and B columns and column composition. The red triangles represent
the vanadium centered V1, V2, and V3 tetrahedra, and the circles show
the calcium-centered polyhedral located at the Cal-Ca5 sites.

This journal is © The Royal Society of Chemistry 2023

ambient-conditions XRD patterns. The evolution with
temperature of XRD is gradual with no new peaks appearing
up to the highest temperature covered by this study; see
Fig. 3(a). Consequently, there is no phase transition up to
1173(1) K. This observation is in line with previous Raman
scattering studies. The only reported phase transition
reported is ferroelectric-paraelectric and it occurs at 1383
K.'® In whitlockite-related materials, a change of symmetry
from R3c to R3m occurs at high temperatures.”>>* Attempts
to use the space group R3m for refinement of Ca;V,0g5 XRD
patterns acquired at high temperature have not been
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Fig. 3 Variable-temperature X-ray diffractograms of CazV,Og in the
temperature range of (a) 300(1)-1173(1) K and (b) 4(1)-292(1) K. The inset
in (b) shows the most intense reflection marked with an asterisk peak (0,

2, 10). Due to the use of an ateanuator at the lowest temperature the
observed intensity is reduced by 50% from 50(1) to 4(1) K.
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successful. Therefore, the change of symmetry from R3c to
R3m is ruled out for CazV,0g. In particular, the structure with
space group R3m fails to explain several peaks experimentally
observed which can be identified with Miller indexes (223),
(315), (137), (1115), and (2113) in the structure described by
space group R3c.

From the low-temperature and high-temperature
diffraction experiments, we have determined the temperature
dependence of the unit-cell parameters. In the case of the LT
experiments atomic positions have also been refined. The
CazV,04 unit cell parameters and atomic positions for the
low-temperature and high-temperature diffraction
experiments are given in Table S2 of the ESIj The
temperature evolution of lattice parameters and unit cell
volume are shown in Fig. 4. The variation of the lattice
parameters over the whole temperature range are at the level
of 1.742% for a and 1.640% for c¢. There is a weakly
anisotropic expansion which can be better seen in the
variation of axial ratio (c/a) with temperature. From 4 K to
306(5) K the expansion of ¢ is larger than the expansion of a.

306(5) K 670(7)K  888(10)K
38.60 — R R A g
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Fig. 4 Temperature evolution of the trigonal CazV,Og unit-cell
parameters (top), volume/Z (bottom), and c/a axial ratio (inset). Solid
symbols correspond to the LT experiment and empty symbols to the
HT experiment. The results of modeling by a second order Grlneisen
approximation, discussed in the text, are shown with a solid line.
Vertical dashed lines separate the regions of different c/a evolution.
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Above 306(5) K, and up to 888(10) K, the sign of anisotropy is
reversed with larger expansion along the g-axis than that
along c-axis. The behavior changes once again beyond
888(10) K, whereafter it becomes isotropic. Notice that
changes in c/a are included within the range of 3.5124 and
3.5172; i.e., the maximum variation is quite low, 0.1%. We
attribute the nonlinear behavior of c¢/a to changes in the
vibrations of polyhedral units forming the crystal structure®*
and/or to the hypothetical variation in occupancies of Ca
sites due to the migration of Ca atoms to the half-occupied
Ca4 site just at the highest temperatures.> In Fig. 5, linear
(ea and ) and volumetric (oy) thermal expansion
coefficients (TEC) are shown. They have been obtained from
experiments using a Lagrange interpolation.>®

At low-temperature, the variation of unit-cell volume with
temperature can be modeled by a second order Griineisen
approximation.’”*® Using this model to fit low-temperature
experiments (4-292 K), the Debye temperature (0p) was
evaluated as 6p = 264(2) K. In Fig. 4 and 5 we show that the
Griineisen approximation agrees quite well with the
experimental data. There are few reports concerning the
Debye temperature using DFT calculations for materials
related to CazV,0g but described by different space groups.
For example, in Sr;P,0; (space group R3m)* the calculated
Debye is 559 K. The structure rigidity will increase by
replacing Ca with the heavier atom Sr, which could cause the
differences in Debye temperatures. A similar difference in
Debye temperatures is observed when comparing Ca;(PO,),:
0.07Ce*" (0 = 541 K) to Cay 5Sry.5(POy4),:0.07Ce™ (0 = 730
K).*°
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Fig. 5 Thermal expansion coefficients (TEC) of unit-cell parameters
and unit-cell volume of CazV,0g. Solid dots are from the LT
experiment and empty dots are from the HT experiment. The solid line
represents the result of modeling by a second order Grineisen
approximation, discussed in the text. Vertical dashed lines separate the
regions where the behavior of c/a varies.
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Fig. 6 XRD patterns at selected pressures (black symbols). Rietveld
fits, and residuals are shown with blue and red lines, respectively. Ticks
indicate the positions of the Bragg peaks for the phase indicated in the

figure. Pressures are indicated in the figure. The top trace corresponds
to data acquired on sample decompression.

3.3 High-pressure studies

The trigonal Ca3V,0Og crystal structure model was successfully
refined against the observed powder XRD patterns acquired
under high pressure conditions from 0.1(1) to 9.3(1) GPa. The
Rietveld refinement results are shown in Fig. 6 for selected
pressures. The fit indicators of the Rietveld refinement
obtained at the lowest pressure were R, = 6.55%, Rexp =
5.24% and Ry, = 9.80%. Similar goodness-of-fit quantities
were obtained at all pressures. At 9.8(1) GPa, we notice a
partial splitting, broadening of some reflections, and the
appearance of extra peaks at low angles. The phenomenon
becomes more evident as pressure is increased. To highlight
the changes of XRD patterns, Fig. 7 shows enlarged versions
of the XRD patterns measured at 9.3(1) and 13.8(1) GPa for
26 < 10°. In particular, the broadening and splitting of peaks
are noticeable at 6° and around 7-8° (see the peaks marked
with arrows in Fig. 7). The extra peaks are marked with
asterisks in Fig. 7. The phenomenon described above can be
interpreted as the occurrence of a phase transition into a
monoclinic structure (space group Cc). In Fig. 7 it can be
seen that the trigonal structure cannot index all the peaks
observed at 13.8(1) GPa. In particular, the trigonal structure
does not explain the four peaks marked with asterisks in
Fig. 7. The structural information of the monoclinic HP
phase can be found in the ESIf (Table S3). The
crystallographic information file for the monoclinic Ca;V,0g

This journal is © The Royal Society of Chemistry 2023
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- [——HP 13.8(1) GPa
——LP 9.3(1) GPa
| Cc
| R3c

Intensity (Arb. units)

[} IIII I
4 6 8 10

20 ()

Fig. 7 Enlarged view of the low-angle region of XRD patterns
acquired from CazV,0g at 9.3(1) and 13.8(1) GPa. The figure highlights
the broadening and splitting of peaks described in the text. The
phenomena are noticeable for the peaks located at 6° between 7° and
8°. The figure also highlights the presence of extra peaks which are a
fingerprint of the occurrence of a phase transition. The ticks give the
position of Bragg peaks according to indexation. The trigonal structure
(space group R3c) cannot explain the peaks marked with asterisks at
13.8(1) GPa.

is structure can be obtained from the Cambridge
Crystallographic Data Centre under deposition number
2192772. The crystal structure of the monoclinic phase is
shown in Fig. 8. The HP structure was inferred from the low-
pressure structure by means of group-subgroup relations.
The HP-HT structure reported in the literature'® does not
explain any of our XRD patterns thus it was excluded from
the search for the CazV,0g structure at HP and room
temperature. The room-temperature HP phase reported here
has a similar structural framework to the trigonal phase, but
with a monoclinic distortion of the f angle and subtle
changes of the wunit-cell parameters which indicate a

Fig. 8 Crystal structure of the monoclinic phase CazV,0g. The
coordination polyhedra of Ca are shown in blue and the VO,
tetrahedra in red.
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symmetry reduction of the structure. The same kind of
transformations have been observed in piezoelectric
materials, which are associated with a disorder induced by
external fields." The subsequent analysis of the unit-cell
parameters shows a small discontinuity in the volume per
formula unit at the phase transition. Therefore, despite the
continuous symmetry change from R3c to Cc, the structural
transformation can be interpreted as a first-order phase
transition. From 9.8(1) to 13.8(1) GPa the XRD patterns can
be fitted with the HP monoclinic structure. Two CazV,Ogq
diffraction patterns were collected on pressure-release at
9.7(1) GPa and 4.3(1) GPa. The pattern at 9.7(1) GPa remains
in the monoclinic structure, while the other at 4.3(1) GPa can
be assigned to the original trigonal structure, indicating that
the phase transition is reversible and the return to the
trigonal phase occurs on decompression somewhere between
9.7(1) and 4.3(1) GPa.

Interestingly, the phase transition takes place at a
pressure that coincides with the limit of quasi-hydrostatic
conditions for the used pressure medium (9.8(1) GPa).®®
Therefore, one possibility is that the pressure-driven
transition could be triggered by non-hydrostatic stresses. A
similar phenomenon has previously been observed in other
vanadates.®® Our density functional theory (DFT) calculations
support this hypothesis. For example, when considering the
two polymorphs observed experiments, DFT
calculations found that the low-pressure trigonal structure is
the stable structure within the pressure range covered by our
studies. In particular, when calculations were performed for
the HP monoclinic structure (described by a subgroup (Cc) of
the space group of the trigonal structure (R3c)), we found that
under hydrostatic conditions optimization of the monoclinic
structure always led to the trigonal structure (ie. the
structural parameters of the lower monoclinic structure
satisfy the conditions to allow it to be described by the higher
symmetry trigonal structure (R3c)), which means that the
trigonal structure is the ground state in the pressure range
covered in our studies. Lattice dynamics calculations also
show that the trigonal structure is dynamically stable at 0
GPa and at pressures where we experimentally observed the
monoclinic phase. In the calculated phonon dispersion plots
(see Fig. S1 in the ESIf) all phonon branches are positive at 0
and 11.2 GPa, supporting the dynamical stability of the
trigonal structure also under HP. In addition, elastic
constants calculations (see results in Table S4 in ESI}) show
that the generalized Born stability criteria are fulfilled at 0
and 11.2 GPa. This means that the trigonal structure is also
mechanically stable. Based on calculations we believe that
the observed phase transition could have been triggered by
non-hydrostatic stresses. In particular, our DFT calculations
show that a uniaxial stress of 1.2 GPa is sufficient to trigger
the transition from trigonal to monoclinic. This hypothesis
should be confirmed by future experiments using different
pressure transmitting media.

We report the pressure dependence of the unit-cell
parameters and corresponding volume per formula unit of

in our
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Fig. 9 Pressure dependence of the CazV,Og unit-cell parameters
(top), beta angle (top inset), volume/Z (bottom), and normalized
volume (bottom inset). Blue and red symbols represent the trigonal
and monoclinic phases, respectively. Black empty symbols represent
literature data from the trigonal phase,'® and black squares represent
DFT calculations. Circles represent upward pressure, while triangles
releasing pressure data. The calculated EOS are shown with solid lines.
The vertical dashed line in the inset shows the pressure where non-
hydrostatic experiments deviate from quasi-hydrostatic experiments. Z
= 21/14 for the trigonal/monoclinic phase.

both phases of CazV,0g and the results of the DFT
calculations for the trigonal phase in Fig. 9. Theoretical
results for the monoclinic HP phase are not reported because
under hydrostatic conditions this phase is not stable in the
pressure range covered by our studies as discussed before.
For the low-pressure phase, the agreement between
calculations and experiments is good. According to
experiments, at 9.8(1) GPa we detected a 1% volume
reduction associated with the phase transition into the
monoclinic structure. This volume discontinuity is consistent
with the existence of the phase transition. Notice that for
proper comparison volumes per formula unit are used. We
have analyzed the unit-cell volume using a third-order Birch-
Murnaghan equation of state (EOS)®* employing the EosFit7
software.®> The third order EOS was determined from the
Eulerian strain-normalized pressure dependence of the
data.®® All EOS parameters of this work are shown and
compared to the literature in Table 2. As discussed in the
next paragraph, the bulk modulus at zero pressure (B,) and
its pressure derivative (Bj) agree within confidence ellipses
with the values obtained from the second-order EOS. The B,

This journal is © The Royal Society of Chemistry 2023
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Table 2 EOS parameters (cell volume per formula unit (Vo/2), bulk
modulus (By), and its pressure derivative (Bg)) for trigonal CazV,Og from
this work and from the literature. Data of structurally related vanadates
and phosphates are included for comparison. The first line shows the
results of the HP phase here reported

VolZ (A®) B, (GPa) By
Monoclinic CazV,04 175.4(16) 105(12) 4 (fixed)
(HP experiment)
Trigonal CazV,04 182.83(15) 69(2) 3.7(6)
(HP experiment) 182.88(12) 68.2(8) 4 (fixed)
Trigonal CazV,04 181.83(10) 61.9(7) 5.5(2)
(DFT calculations) 181.53(16) 68.2(9) 4 (fixed)
Trigonal Ca;V,0g® 184.6(2) 92.50(8.23) 5.89(2.38)
184.49(17) 99.08(2.25) 4 (fixed)
Trigonal CaoLa(VO,); ** 186.71(19) 63(4) 4(1)
186.7(3) 63(1) 4 (fixed)
Trigonal CagNd(VO,); ™ 185.05(10) 63(2) 5.6(6)
185.38(14) 69.2(7) 4 (fixed)
Trigonal Ca,Gd(VO,); ** 184.29(19) 61(5) 6(1)
184.7(3) 69(1) 4 (fixed)
Trigonal Ca;P,04 %’ 167.1(3) 79.5(20) 4 (fixed)

obtained is close to the bulk moduli found for other calcium
compounds with the whitlockite-related structure, such as
CagR(VO,); (R = La, Nd, Gd)" and B-CazP,05°°® The
reported bulk modulus for the low-pressure trigonal Ca;V,0g
phase is much smaller that of other orthovanadates with
similar chemical formulae, for example: Mn;V,0g5, C03V,0s,
NizV,04, and ZnzV,0g, however these compounds have
different crystal structures which have been recently
systematically studied.®® The higher compressibility of
whitlockite-related compounds is related to its lower packing
efficiency. For the monoclinic Ca;V,05 phase, based on the
conclusions obtained from the trigonal phase EOS and
because we have only six data points, we have used a second-

9 T T T T T T T T T
O This work _
g+ 68.3% confidence level ellipse 4
—————— 95.5% confidence level ellipse
99.7% confidence level ellipse
r O Grzechnik [18] .
e O  Calculations
6 - \ I N 4
=gk ]
4+ —Oo— o
3k -
A -
1 1 1 1 1 1 1 1 1 1

55 60 65 70 75 80 85 90 95 100 105
B, (GPa)
Fig. 10 By versus Bo plot from results of the trigonal phase of
CazV,0g are represented with blue empty circles. Confidence ellipses
from the present experiment are shown. The black empty circles are

previous results from the literature,*® and the red empty squares are
DFT calculations.
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order EOS. The corresponding EOSs are also plotted in Fig. 9.
The observed increase of the bulk modulus after the
transition is comparable with results from other vanadates,
such as CevVO,, TbVO,, BiVO, and other zircon, scheelite, or
fergusonite  structured orthovanadates, where phase
transitions near 10 GPa induce an increase of the bulk
modulus.”*”"

The confidence ellipses of B, vs. By for the trigonal phase
are shown in Fig. 10. We include in the plot the results of
2nd and 3rd order Birch-Murnaghan EOS, results from a
previous study'® as well as the DFT calculations from this
work. Fig. 10 shows that both experimental fits lead to
similar parameters. In particular, the result of the 2nd order
EOS is within the 68.3% confidence level ellipse of the 3rd
order EOS; i.e. both EOSs describe equally well the pressure
dependence of the volume. For the fits of the DFT
calculations, the 2nd order EOS overlaps with the
experimental one, while the 3rd order EOS ends up being
inside the 99.7% confidence level ellipse of the experimental
fitting. Therefore, the DFT calculations are in a good
agreement with the results of this work. Fig. 10 shows that
the bulk modulus of previous studies'® is probably
overestimated. This could be related to non-hydrostatic
effects. In the V/V, figure (inset of the bottom panel of Fig. 9)
we show that the results of this experiment depart from our
results at 2 GPa. The PTM used in that work was silicone oil,
which is hydrostatic only up to 2 GPa.** Otherwise, the ME
4:1 mixture we have used is quasi-hydrostatic up to 10
GPa.®? This substantial difference, which makes deviatoric
stresses larger under silicone oil than under ME 4:1, might
explain the previously overestimated B,.°* In fact, there are
many studies in oxides where non-hydrostatic effects have
induced a decrease of compressibility as an artifact.”> For
instance, in YBO; and GdYO; non-hydrostatic effects induce
an overestimation by 50% of the bulk modulus.” In HoVO,,
non-hydrostatic experiments give a bulk modulus 25% larger
than quasi-hydrostatic experiments.”* Then it is quite
reasonable to assume the non-hydrostatic effects could lead
to a 30% overestimation of the bulk modulus of Ca;V,Og.
They can be also the cause of the previously observed
amorphization, which could have been triggered by large
non-hydrostatic effects, as those created when silicone oil is
used as pressure medium, as previously observed in ternary
oxides.”” Generally, under non-hydrostatic conditions, the
EOS fitting provides an overestimated value of B,.””

From our experiments, we have also derived the linear
isothermal compressibility coefficients for the a and c¢ axis of
the trigonal structure; x, = 1 (%) , where x = a or c¢. The

X \oP/
linear compressibilities obtained are x, = 5.2(4) 107> GPa™
and x, = 3.8(2) 10~ GPa". The region used for the fits is from
0.1(1) to 4.8(1) GPa to guarantee that only hydrostatic data
are used. Compared to the results of previous experiments*®
(ka = 2.6(5) 10 GPa™* and «x, = 3.4(7) 10~ GPa™') we have
obtained a similar compressibility for the c-axis but a two
times larger compressibility along the g-axis. Thus, the axis
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along the hexagonal planes of the structure seems to be more
sensitive to non-hydrostatic stresses than the perpendicular
axis.

4. Conclusions

In the present study, polycrystalline calcium orthovanadate
CazV,04 (space group R3c) was investigated via synchrotron
powder XRD as a function of pressure up to 13.8(1) GPa at
ambient temperature, and as a function of temperature
between 4(1) and 1173(1) K at ambient pressure. Experiments
at room temperature confirm the previously reported trigonal
low-pressure structure of the studied crystal and confirms its
phase purity. The high-pressure experiments provide
information on the compressibility of both the trigonal and
monoclinic CazV,0g phases and show the occurrence of a
reversible phase transition between these two polymorphs at
9.8(1) GPa on compression. The phase transition is
interpreted based on the results of Rietveld refinements. The
experimental conditions and ab initio calculations suggest
that the transition could be triggered by non-hydrostatic
stresses. The trigonal structure of Ca;V,0g remains stable at
ambient pressure throughout the wide range of temperatures
studied in this work (4(1)-1173(1) K). The results obtained via
X-ray diffraction have enabled the determination of the
Birch-Murnaghan equation of state and thermal expansion
coefficients. We have determined a bulk modulus B, = 69(2)
GPa for the trigonal phase and B, = 105(12) GPa for the
monoclinic phase. The value obtained for the trigonal phase
under quasi-hydrostatic conditions shows that the bulk
modulus of CazV,04 was previously overestimated by more
than 20%. The value of the Debye temperature is evaluated
as 264(2) K. Thermal expansion coefficients have also been
reported, clearly finding three distinct temperature regions in
which the c/a ratio exhibits distinct behaviors. The acquired
knowledge for this compound will facilitate analysis of the
properties of such compounds, treating it as a reference
material.
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