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ABSTRACT: A new wolframite-type polymorph of InVO4 is
identified under compression near 7 GPa by in situ high-pressure
(HP) X-ray diffraction (XRD) and Raman spectroscopic
investigations on the stable orthorhombic InVO4. The structural
transition is accompanied by a large volume collapse (ΔV/V =
−14%) and a drastic increase in bulk modulus (from 69 to 168
GPa). Both techniques also show the existence of a third phase
coexisting with the low- and high-pressure phases in a limited
pressure range close to the transition pressure. XRD studies
revealed a highly anisotropic compression in orthorhombic
InVO4. In addition, the compressibility becomes nonlinear in
the HP polymorph. The volume collapse in the lattice is related
to an increase of the polyhedral coordination around the
vanadium atoms. The transformation is not fully reversible. The drastic change in the polyhedral arrangement observed at
the transition is indicative of a reconstructive phase transformation. The HP phase here found is the only modification of InVO4
reported to date with 6-fold coordinated vanadium atoms. Finally, Raman frequencies and pressure coefficients in the low- and
high-pressure phases of InVO4 are reported.

1. INTRODUCTION

CrVO4-type ABO4 oxides (where A = Cr, Fe, In, Ti, Tl; B = As,
P, V) are of interest due to their wide physical properties which
lead to several technological uses. Applications include
photovoltaic cells for solar energy utilization, catalysts for
water splitting, electrolyte for lithium ion batteries, and active
material for gas sensors among others.1−7 The prototype
structure of the CrVO4-type structure, represented by
orthorhombic CrVO4 [space group (SG) Cmcm, Z = 4],
consists of chains of nearly regular edge-sharing octahedra of
CrO6 which are linked together by tetrahedral VO4 groups.1

The most stable phase of indium orthovanadate (InVO4)
belongs to the CrVO4-type family. This vanadate has been
investigated in a number of studies due to its potential for
applications as a catalyst for production of hydrogen by visible-
light driven water splitting.2−7 From optical-absorption
spectroscopic studies, an indirect band gap of 3.2 eV and a
sub-band gap absorption near 2.5 eV were reported for InVO4.

3

Band-gap values smaller than 2 eV have been also reported.4

Another interesting aspect of InVO4 is that its crystal structure
has a significant fraction of free space which facilitates

intercalation of cations like lithium8,9 and the creation of
intrinsic-defect structures with cation or anion interstitials.5

Different preparation and temperature conditions can lead to
different polymorphic forms of InVO4, viz. monoclinic InVO4−
I (SG C2/m), orthorhombic InVO4−III (SG Cmcm), and an
undetermined structure InVO4−II.

10−13 In spite of the
ambiguities about the structure of InVO4−II, it is believed
that the three known polymorphs of InVO4 have InO6

octahedra and VO4 tetrahedra as building blocks of the crystal
structure. The orthorhombic form (InVO4−III) is the most
stable phase in the In2O3−V2O5 system. Even though InVO4

has several interesting properties, in contrast with other ABO4

oxides,3,5,14−19 the knowledge of its fundamental crystal
chemistry under nonambient conditions is limited. As the
CrVO4-type structure, where the cation coordination numbers
(CN) are 6:4, InVO4−III has intermediate structural motifs
between silica analogue structures (CN 4:4) and zircon or
scheelite-type structures (CN 8:4). Several authors have
proposed that CrVO4-structured oxides can undergo phase
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transitions under pressure to structures having higher
coordination numbers of either or both cations.15−19 High-
pressure (HP) studies on silica analogue AlPO4 have shown a
sequence of transitions from the berlinite-type to the CrVO4-
type structure and then to a distorted CaCl2-type structure with
6-fold coordination of both cations.20,21 On top of that,
theoretical calculations have predicted a CrVO4-type → zircon
→ scheelite → wolframite HP structural sequence for CrVO4-
type InPO4 and TiPO4.

22 Though a number of HP structural
studies have been reported for zircon-, scheelite- or quartz-type
ABO4 compounds, similar research on CrVO4-type materials is
scarce.1,15,19,22−24 In particular, Young and Schwartz had
prepared HP phases in CrVO4 and FeVO4.

23,24 These phases
have been obtained combining high pressure and temperature
(e.g., 6 GPa and 750 °C).23 A rutile-type cation disordered
structure has been assigned to them. Thus, they are expected to
have 6-fold coordinated vanadium. However, this hypothesis
has not been confirmed by full structural refinements. Rutile-
type CrVO4 has also been obtained by the mechanochemical
reaction of Cr2O3 and V2O5.

25 Then, a possible formation of
post CrVO4-type structures with an increased coordination
number of vanadium can be expected at relatively low pressure
compared to the analogous phosphates where the coordination
number of phosphorus remains four up to 70 GPa. According
to Zou et al.,7 compounds like InVO4 in case of having six-
coordinated vanadium may show maximum efficiency for the
splitting of water molecules by visible light. However, no such
polymorphs except the aforementioned structures have been
reported to date. In this study, we have successfully
demonstrated the formation of a wolframite-type structure of
InVO4 in which both In and V are six coordinated by oxygen.
Based upon detailed in situ HP X-ray diffraction (XRD) and
Raman scattering measurements, we concluded that a wolf-
ramite-type phase can be prepared at moderately high-pressure
conditions (P ≈ 7.2 GPa) and room temperature. The crystal
structure of the new HP phase has been determined. Further, to
understand the HP structural behavior and lattice-dynamics
properties of the orthorhombic and new phase of InVO4, XRD
up to 24 GPa and Raman spectroscopy up to 17 GPa were
carried out. The pressure dependence of unit-cell parameters
and Raman-mode frequencies are discussed in this manuscript.

2. EXPERIMENTAL METHODS
Polycrystalline InVO4 was synthesized by solid-state reaction of
appropriate amounts of In2O3 (99.9%, Aldrich) and V2O5 (99.5%,
Riedel-de Haen̈). A homogeneous mixture of the reactants was heated
at 973 K for 8 h followed by a second heating treatment at 1123 K for
12 h in pellet form. The obtained product was reground and pelletized
and again heated at 1173 K for 12 h. The final product was
characterized by powder XRD confirming that InVO4−III was the only
phase present in the synthesized sample.
Two series of HP XRD experiments were performed: one up to

23.9 GPa and another up to 6.4 GPa. The second experiment was
constrained to the pressure stability of orthorhombic phase III
(Cmcm) and was used to study more accurately the bulk and axial
compressibility of it. We used 16:3:1 methanol−ethanol−water as the
pressure-transmitting medium (PTM). Angle-dispersive XRD experi-
ments were carried out using diamond−anvil cells (DAC) with
diamond culets of 300 μm. The pressure chamber was a 100 μm hole
drilled on a 40 μm preindented inconel gasket. XRD experiments were
performed at the MSPD beamline at ALBA synchrotron facility.26 The
beamline is equipped with Kirkpatrick-Baez mirrors to focus the
monochromatic beam to 20 μm × 20 μm and a Rayonix CCD detector
with a 165 mm diameter of active area. We used a wavelength of
0.4246 Å, and the sample−detector distance was set to 280 mm. The

two-dimensional diffraction images were integrated with FIT2D
software.27 Pressure was determined by using Cu as pressure
standard.28 Structural analysis was performed with PowderCell29 and
GSAS.30 Drawings of crystal structures and calculations of bond
distances were carried out using Vesta.31

Raman studies were performed using small grains of a compacted
pellet loaded inside the DAC with 16:3:1 methanol−ethanol−water as
PTM. Measurements were carried out in backscattering geometry with
a Jobin−Yvon single spectrometer equipped with an edge filter and a
thermoelectric-cooled multichannel CCD detector. In these experi-
ments, we used ruby fluorescence for pressure calibration. Measure-
ments with a spectral resolution below 2 cm−1 were performed using
the 514.5 nm line of an Ar laser. A second set of experiments was
conducted using the 488 nm line giving identical results. Laser power
was keep below 20 mW to minimize sample heating. Laser power
reduction to less than 6 mW does not produce other change than
intensity reduction in the Raman spectra confirming than sample
heating did not affect our experiments.

3. RESULTS AND DISCUSSION

Powder XRD data of the prepared samples were in agreement
with the data reported previously for orthorhombic InVO4,

10,14

and no unaccounted reflection questions its phase purity. The
determined unit-cell parameters at ambient pressure are a =
5.761(5) Å, b = 8.539(8) Å, and c = 6.593(6) Å. Pieces of
pellets of this characterized sample were used for HP studies.
XRD patterns collected at selected pressures are depicted in
Figure 1. The powder XRD patterns of the sample recorded
inside the DAC show the distinct reflections due to InVO4
(orthorhombic phase III) and Cu used as pressure maker
(indicated by the vertical ticks at the bottom of the
diffractogram shown at 0.8 GPa). In addition, a broad peak at
2θ = 12°, due to the inconel gasket (marked in Figure 1), is
observed in all XRD patterns. The presence of this peak is due
to the tail of the X-ray beam (no cleanup pinhole was used in
the experiments).
A comparison of the powder XRD patterns recorded at

different pressures indicates that the patterns up to 6.2 GPa are
almost similar to that observed for ambient pressure
orthorhombic InVO4−III. Only a shift toward large angles is
observed in the Bragg peaks due to the unit-cell contraction
caused by compression. However, the pattern recorded at 6.2
GPa shows several additional weak reflections (most notorious
new reflections are indicated by asterisks in Figure.1). Some of
the new reflections become more prominent at higher pressure,
and reflections of the low-pressure phase disappear. This fact
suggests that orthorhombic InVO4 undergoes structural
changes beyond 6.2 GPa. All the reflections observed in the
XRD pattern recorded at 8.2 GPa could be linked to a single
phase (that we denoted as phase V) and Cu or gasket. Ticks
corresponding to diffraction peaks of this structure are shown
in Figure 1 at 8.2 GPa. In contrast, the XRD patterns measured
at 6.2 and 7.2 GPa cannot be accounted for by phase III, phase
V, or the coexistence of both phases. Therefore, we think that
in this limited pressure range there is another phase coexisting
with phases III and V. We named this phase as phase IV.
According to the intensity of Bragg peaks assigned to each
phase, phase IV is a minority phase. Raman experiments also
support this conclusion as we will discuss in section 3.c. From
8.2 GPa to the highest pressure (23.9 GPa) diffraction patterns
can be indexed with the structure of phase V. Upon rapid
decompression from 23.9 GPa to ambient pressure we obtained
a mixture of phases III and V. The reported phase transition
occurs together with a color change from yellow to red
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suggesting an alteration of the electronic properties of InVO4

and a collapse of the band gap to values smaller than 1.9 eV.32

a. Structure of Phases III and V of InVO4. The
characterization of the InVO4 phases was further carried out
by Rietveld refinement of the powder XRD data. The
refinements were carried out only for phases III and V because
phase IV was never observed as a pure phase. Therefore, the
structure of phase IV remains unidentified. For the crystal
structure refinement, we have used data recorded with 2θ <
11.5° to avoid the strong peak overlapping contribution either
from Cu or gasket with the InVO4 phases. Therefore, we have
only 14 Bragg peaks for phase III. This phase could be
successfully refined with the reported structural details of the
orthorhombic InVO4 phase [In: (4a: 0, 0, 0), V: (4c: 0,y,1/4),
O1: (8g: x,y,1/4), and O2: (8f: 0,y,z), Z = 4 and SG Cmcm].
Since the occupancy and the atomic displacement factors are
correlated and more sensitive to background subtraction than
positional parameters,33 the occupancies of all atoms were
constrained to 1 as established by stoichiometry and results
obtained from the experiment performed outside the DAC. In
order to reduce the number of free parameters in the
refinement, the isotropic displacement parameters (B) were
also not refined and they were constrained to 0.5 Å2 for all
atoms.33 The scale factor, profile, and unit-cell parameters were
first refined, and subsequently the position coordinates were
refined. The refinement R-factors and structural parameters are
given in Table 1. The Rietveld refinement plot for phase III at
0.8 GPa is shown in Figure 2. The obtained structural
parameters at 0.8 GPa resemble closely the values reported in
literature10,14 and found by us at ambient pressure. At 0.8 GPa
we found that, within the accuracy of experiments, the atomic
positions do not change from those determined at ambient
pressure. The structure of phase III has In atoms in nearly
regular octahedral coordination with the In−O bonds at 0.8
GPa as: In−O2 2.1483(6) Å (×2) and In−O1 2.1623(6) Å
(×4). The V−O bonds of the tetrahedral VO4 groups are V−

Figure 1. Powder XRD patterns of InVO4 at selected pressures. Cu
and gasket peaks are identified. Ticks indicate the position of Bragg
peaks of phases III and V.

Table 1. Refined Crystal Structure and Bond-Length Distances of Low- (Phase III) and High-Pressure Phase (Phase V) of
InVO4

InVO4−III InVO4−V

Pressure (GPa) 0.8 8.2
space group Cmcm P2/c
a (Å) 5.738(5) 4.714(5)
b (Å) 8.492(8) 5.459(6)
c (Å) 6.582(6) 4.903(5)

β (deg) 93.8(3)
V (Å3) 320.72(2) 125.89(2)
Z = 4 Z = 2
In (4a) (0,0,0) In (2f) (0.5,0.711(1),0.25)
V (4c) (0, 0.3617(5),0.25) V (2e) (0, 0.159(1), 0.25)
O1 (8g) (0.2568(4), 0.4831(6),0.25) O1(4g) (0.214(2), 0.861(4), 0.492(2))
O2 (8f) (0, 0.7492(8), 0.9573(9)) O2(4g) (0.242(2), 0.407(3), 0.399(3))
B (Å2) 0.5 0.5
Rp (%) 4.96 6.32
Rwp (%) 7.40 8.79
In−O2 (×2) (Å) 2.1483(6) In−O1 (×2) (Å) 2.0268(6)
In−O1 (×4) (Å) 2.1623(6) In−O2 (×2) (Å) 2.1397(6)

In−O2 (×2) (Å) 2.2101(6)
V−O2 (×2) (Å) 1.6579(5) V−O1 (×2) (Å) 1.6730(5)
V−O1 (×2) (Å) 1.7983(5) V−O1 (×2) (Å) 2.2166(6)

V−O2 (×2) (Å) 1.8861(5)
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O1 1.7983(5) Å (×2) and V−O2 1.6579(5) Å (×2). The
distortion from perfect regular polyhedra is similar to that
previously reported at ambient pressure.10,14

For the above-mentioned reason, we used the XRD data
recorded below 11.5° for the analysis of HP phase V. The total
of 17 reflections observed for this phase in the diffraction
pattern recorded at 8.2 GPa could be successfully indexed on a
monoclinic lattice. A comparison of the obtained lattice
parameters with those of other ABO4 compounds reported in
the literature suggests close proximity with the wolframite-type
cell. The calculated Bragg positions are indicated by vertical
marks below the diffraction pattern at 8.2 GPa (Figure.1).
Other structures like monazite-type, zircon-type, and scheelite-
type were also considered, but they could not account the
position and intensity of the Bragg reflections observed for the
HP phase V. Also, the intensity could not be accounted by any
of the monoclinic subgroups of space group Cmcm. In addition,
the symmetry and structural details reported for monoclinic
InVO4 (phase I, C2/m), prepared at a low temperature solution
process, could not account the reflections and intensity of the
observed XRD pattern. Disordered rutile-type and α-PbO2-type
structures proposed for the high pressure-high temperature
(HT) structures of FeVO4 and CrVO4

24 are not compatible
with the XRD patterns measured for phase V. In contrast, the
intensities of the Bragg reflections could be accounted by a

wolframite-type lattice (SG P2/c). In addition, an analysis of
systematic extinctions is consistent with the assignation of P2/c
(or a subgroup of it) as the space group. Further the powder
XRD pattern collected at 8.2 GPa was refined by the Rietveld
method. In the refinement we used the presently obtained unit-
cell parameters as starting values. For the crystalline structure
we employed a model based on the reported positional
coordinates for a wolframite-type structure22,34 [In: (2f: 1/2, y,
1/4), V: (2e: 0, y, 1/4), O1: (4g: x, y, z), and O2: (4g: x, y, z), Z
= 2 and SG P2/c). Similar to the analysis of the XRD data of
phase III, the occupation and displacement parameters of all
the atoms of the HP phase (phase V) were fixed at 1 and 0.5
Å2, respectively. These parameters were not refined in order to
restrict the number of free parameters as well as to avoid
correlation with the position coordinates of various atoms.
Appreciably good match in intensity and profile could be
obtained with this refinement as can be seen from Figure 2.
The refined unit-cell parameters for the phase V at 8.2 GPa are:
a = 4.714(5) Å; b = 5.459(6) Å, c = 4.903(5) Å, and β =
93.8(3)°, V = 125.89(2) Å3. The details of the refined atomic
coordinates of phase V are included in Table 1. We would like
to mention here that the residuals of the refinement can be
minimized when reducing the symmetry of the monoclinic
wolframite structure to that of the triclinic subgroup P1 ̅. The
transformation from the parent monoclinic to the daughter
triclinic structure implies that all atoms will be located at
Wyckoff position 2i [In: (1/2, 0.711, 1/4), V: (0, 0.159, 1/4),
O1: (0.214, 0.861, 0.491), O2: (0.786, 0.861, 0.492), O3: (0.242,
0.407, 0.399), and O4: (0.758, 0.407, 0.101)]. In the triclinic
distorted-wolframite structure, the α and γ angles are free
parameters. The “best” structural refinement (RP = 5.23% and
RWP = 6.85%) is found for α = γ = 90.2(1)° with the rest of the
structural parameters being the same that in monoclinc
wolframite. Unfortunately, the limited angular range used for
the structural refinement does not allow a clear discrimination
between both structures, which becomes even more difficult as
pressure increases. However, both structures can be described
as wolframite-type structures.34,35 The main difference between
them is the lost of the binary screw axis parallel to the
crystallographic b-axis when reducing the symmetry from P2/c
to P1̅.
The crystal structure of phases III and V of InVO4 are shown

in Figure 3. A comparison of the structures of InVO4−III and
InVO4−V suggests the structural transition is of first-order and
reconstructive type. It involves a large volume collapse (ΔV/V

Figure 2. Rietveld refinement plots for orthorhombic (phase III) and
high-pressure (phase V) InVO4. Dots: experiments. Solid lines:
refinements. Dashed lines: residuals. Ticks indicate the position of
calculated Bragg reflections. The hkl indexing of both phases is also
shown.

Figure 3. Crystalline structure of orthorhombic (left) and wolframite-
type (right) InVO4. The coordination polyhedra described in the text
are shown. In atoms are shown as large purple spheres, V atoms as
medium-size red spheres, and O atoms as small red spheres.
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= −14%). The analyses of the structural parameters revealed
that vanadium atoms have octahedral coordination with larger
dispersion in the V−O bond lengths. The observed V−O bond
lengths in phase V at 8.2 GPa are: V−O1 1.6730(5) Å (×2), V−
O2 1.8861(5) Å (×2), and V−O1 2.2166(6) Å (×2). In
contrast, the observed bond lengths in the InO6 polyhedra
indicate a less distorted octahedron [In−O2 2.2101(6) Å (×2),
In−O2 2.1397(6) Å (×2), and In−O1 2.0268(6) Å (×2)],
which, however, is more distorted than the equivalent
octahedron in phase III. According to the above-described
structure of phase V, the phase transition is accompanied by a
change in the coordination sphere around vanadium (tetrahe-
dral to octahedral) without any drastic change with respect to
the octahedral coordination of indium. It may also be noted
that the monoclinic lattice of phase I has all the vanadium
atoms in tetrahedral coordination. As mentioned in the
Introduction, InVO4 shows a rich crystal-chemistry and can
exist in different structure types depending on the method and
temperature of preparation. In both phases I and III, the In and
V atoms have octahedral and tetrahedral coordination,
respectively, and also have closely similar arrangements of the
InO6 and VO4 units. In between phase I and III of InVO4, the
existence of an intermediate phase II is reported in
literature.11,12 However, the details of the crystal structure of
this phase II are not known due to its limited stability and
irreproducibility in preparation. As phase II is formed in
between the transition from phase I to III, no increase in
coordination number of vanadium is expected in this structure.
The present observation thus claimed as the first known
polymorph of InVO4 with octahedrally coordinated vanadium
atoms, which is obtained only by the application of pressure.
Previously, a disordered wolframite-type structure, with
possible vanadium 6-fold coordinated, has been obtained in
related vanadates but applying HP and HT simultaneously.24

However, for this structure the atomic positions are not
reported, and therefore, the vanadium coordination is
unknown.
Recently, first-principle calculations predicted that a CrVO4-

type to wolframite-type structural transition is energetically
favored in InPO4 structure above 47 GPa.22 Since phosphorus
in octahedral coordination has been limited by crystallography,
due to its small ionic radius, only a few examples of six-
coordinated phosphorus are known. Usually, they have been
found at extremely high pressure.21 However, such examples
(octahedral B site cation) are commonly observed in tungstates
or molybdates.36−38 High pressure and/or temperature studies
on tungstates indicate that the conversion from tetrahedral
WO4 to octahedral WO6 is favored by phase transitions. Since
vanadium can sustain a wider coordination number, namely 4,
5, and 6 one can easily expect an increase in coordination
number under pressure compared to analogous phosphates.
Indeed, the present results suggest that structures with six-
coordinated vanadium can be obtained in CrVO4-type
vanadates at relative low pressure (<10 GPa). In the case of
InVO4, the presence of six-coordinated vanadium may lead to
maximum efficiency for the splitting of water molecules by
visible light,7 opening the door to novel technological
applications.
b. Pressure Evolution of Unit-Cell Parameters and

Equation of State. The pressure evolution of the unit-cell
parameters of phases III and V was studied from the XRD
patterns recorded at different pressures. To reduce the number
of parameters, the HP phase was described as the monoclinic

wolframite phase (SG P2/c). The evolution of phases and
transition were concluded by comparing XRD patterns of
successive pressures. As mentioned earlier, the diffraction
patterns recorded up to 6.2 GPa all can be attributed to
orthorhombic InVO4 (phase III) and at 8.2 GPa and beyond
they correspond to phase V. Among the measured HP XRD
data, it is observed that XRD patterns from 6.2 to 7.2 GPa have
contributions from the coexisting phases III, IV, and V. For the
low-pressure phase, all the reflections are well-defined for every
pressure. Given the pressure range of stability of this phase,
experimental conditions can be considered as quasi-hydrostatic
(deviatoric stresses are negligible).39,40 This is observed in the
two experiments carried out for phase III. Peaks observed for
the HP phase V are slightly broadened under compression, but
shape and width of peaks suggest that the deviatoric stresses do
not influence much the XRD patterns.41 Thus, unit-cell
parameters of phase V could be accurately followed up to
23.9 GPa. All the XRD patterns were indexed for the assigned
phases and subsequently refined using the atomic positions
details obtained from the data at 0.8 GPa (for phase III) and 8.2
GPa (for phase V). We found that, within the pressure range of
the experiments, in the low-pressure phase, the change of
atomic positions are comparable with the experimental
uncertainty. Therefore, we concluded that the pressure effect
on the atomic positions can be neglected for phase III. Since
large uncertainties are obtained for atomic positions in phase V
(due to peak broadening as pressure increase) we assume the
same hypothesis for it.
The refined unit-cell parameters and volume of phases III

and V at different pressures are shown in Figure 4. In the low-
pressure phase, the pressure evolution of the volume is well
described by a second-order Birch−Murnaghan (BM) equation
of state (EOS) with V0 = 324.0(9) Å3 and B0 = 69(1) GPa (B0′
= 4), where V0 is the unit-cell volume at ambient pressure, B0
the bulk modulus, and B0′ its pressure derivative. The reduced
chi-square value for the fitting was 0.997. In Figure 4, in
addition to the experimental data (circles and squares
depending upon experiment) we show the result of the second
order EOS as a solid line. It can be seen from Figure 4 that the
axial compressibilities of phase III are highly anisotropic with
the smallest compression along the a-axis compared to c- and b-
axes. This fact is consistent with the distinctive pressure
evolution of (200), (020), and (002) Bragg peaks in Figure 1,
where the larger shift of (020) peak toward higher angles is
evident in accordance with the fact that the b-axis is the most
compressible axis. This can be expected from the arrangement
of the InO6 and VO4 polyhedra in the unit cell. The anisotropic
compression can be related with the fact that there are not VO4
tetrahedra in between the InO6 octahedra along the b-axis
direction. Assuming atomic positions do not change signifi-
cantly with pressure, we observed that V−O1 and V−O2 bonds
have similar compressibility for phase III. At 7.2 GPa the V−O1
and V−O2 bond distances are 1.735(1) and 1.603(1) Å,
respectively. In contrast in the InO6 octahedra of phase III, the
observed long equatorial distance show a similar compressibility
than the V−O distances, but the short axial In−O2 distance is
much more compressible than the other bond distances. At 7.2
GPa In−O1 and In−O2 bonds are 2.131(1) and 2.033(1) Å,
respectively. Note that from 0.8 to 7.2 GPa the In−O2 bonds
are reduced by 6%, whereas the reduction of other bonds is
around 2%. Therefore, the distortion of InO6 octahedra is
enhanced under compression. The change of the distortion of
VO4 tetrahedra under compression is less important. In the
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literature, there are several parameters used as a measure of the
grade of distortion in coordination polyhedra.35,42 In this work,
we use the distortion parameter Δd defined as

∑Δ =
−⎜ ⎟⎛

⎝
⎞
⎠

⎡
⎣⎢

⎤
⎦⎥n

d d
d

1
,

n

d
1

i
2

where d is the average In−O (V−O) bond distance, di are the
individual In−O (V−O) bond distances, and n = 6 (4) for the
octahedron (tetrahedron). For the InO6 octahedron Δd
increases from 1 × 10−3 at the lowest measured pressure to 9
× 10−3 at 7.2 GPa (9 times). For the VO4 tetrahedron, within
the same pressure interval, Δd increases from 2.1 × 10−2 to 2.4
× 10−2 (only 1.14 times). As mentioned previously, the InO6
octahedra are connected by sharing the edges forming a linear
chain of octahedral units along the c-axis while the chains are
linked by VO4 by sharing only the corners. The highly
compressible axis of the InO6 octahedra, corresponding to the
In−O2 bonds, is aligned along the b-axis. Since these bonds are
more compressible than equatorial bonds, the InO6 octahedra

are flattened upon compression. Thus, it is reasonable to have
the largest axial compressibility along b-axis.
The pressure evolution of unit-cell parameters can be well

described with the following linear equations

= − × −a P(Å) 5.761(2) 4.5(7) 10 3

= − × −b P(Å) 8.542(9) 7.2(3) 10 2

= − × −c P(Å) 6.593(6) 2.4(2) 10 2

where the pressure P is in GPa. The ambient pressure axial
compressibilities (defined for a given dimension x as κx = −((∂
ln x)/(∂P))) are: κa = 7.8 × 10−4 GPa−1, κb = 8.5 × 10−3 GPa−1,
and κc = 3.6 × 10−3 GPa−1.
From the analyses of the bond lengths, it is seen that local

coordination around the vanadium atom change significantly
after the phase transition. For the VO6 polyhedra, at 8.2 GPa
the two short V−O distances are in average 7% longer than the
average distances at 7.2 GPa in the VO4 tetrahedron. However,
two extra bonds, which are more than 0.32 Å longer than the
other V−O distances, are added to form a highly distorted VO6
octahedron. The enlargement of the average V−O bond
distances is in agreement with the coordination increase of the
V atoms. Compared to the InO6 octahedron, the VO6 units are
highly distorted. Further, it can be noted that at the phase
transition the In−O distances are much less modified than then
V−O distances (the agreement is within 3% when comparing
phase III at 7.2 GPa with phase V at 8.2 GPa). An analysis of
the pressure dependent unit-cell parameters of the phase V
indicates that the b-axis is the most compressible one and the a-
axis is highly incompressible. Furthermore, the unit-cell
parameters show nonlinear compressibility in phase V and
the pressure dependent unit-cell parameters could be fitted by
second-order polynomial equations as shown

= − × + ×− −a P P(Å) 4.720(4) 7.5(4) 10 5.3(4) 104 6 2

= − × + ×− −b P P(Å) 5.650(5) 2.6(1) 10 3.4(3) 102 4 2

= − × + ×− −c P P(Å) 4.950(4) 6.0(3) 10 5.4(4) 103 5 2

β ° = + − × −P P( ) 92.4(5) 0.164(6) 1.87(8) 10 3 2

where P is the pressure in GPa.
In Figure 4 we compare the unit-cell volume vs pressure

behavior obtained for phases III and V. In order to facilitate the
comparison we doubled the volume of the HP phase. The
pressure evolution of the volume of phase V can be described
with a second order BM EOS. The EOS parameters are V0 =
131.6(6) Å3 and B0 = 168(9) GPa (B0′ = 4). The reduced χ2

value for the fitting was 0.993. It is observed that the bulk
modulus for the phase V is nearly three times that of the low-
pressure phase. This is consistent with the large volume
collapse associated with the phase transition and with the fact
that the HP phase is much denser that the low-pressure phase
(void space between polyhedra is reduced), which is consistent
with the coordination number increase of vanadium. In
addition, the value of B0 = 168(9) is comparable with that of
AVO4 scheelite-type and zircon-type vanadates.43 In the latter
structures compression is coming from the reduction of A-O
distances. An empirical model has been developed to estimate
the bulk modulus for zircon and scheelite oxides.15 It has been
proved to work well also in other ABO4 structures,34,44 in
particular wolframites. According to this model

Figure 4. (Top) Pressure dependence of unit-cell parameters of
orthorhombic and wolframite-type InVO4. The inset shows the
pressure evolution of the β angle in the wolframite structure. (Bottom)
Pressure dependence of the unit-cell volume. Solid symbols:
orthorhombic phase. Empty symbols: HP phase. Lines represent the
fits and equations of state described in the text.
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where B0 is the bulk modulus (in GPa), ZIn is the In formal
charge, and dIn−O is the average In−O distance (in Å) inside the
InO6 octahedron at ambient pressure. In−O distances cannot
be obtained accurately for the wolframite phase at ambient
pressure because on pressure release we recovered a mixture of
phases. To estimate them, we extrapolated the unit-cell
parameters and assumed the atomic positions do not change
with pressure. We got B0 = 180(30) GPa. This value (an upper
limit for B0 because in the empirical model V−O distances are
assumed to be rigid and not to contribute to volume reduction)
shows that the value obtained from our EOS is reasonable.
Note that a similar increase in bulk modulus is found in AlPO4
when phosphorus coordination is increased from 4 to 6.21

c. Raman Spectroscopy. HP Raman spectra recorded for
InVO4 are shown in Figure 5. We also collected Raman spectra

at ambient conditions. They resemble the one measured at 0.3
GPa and those spectra reported earlier.45,46 According to group
theory, the orthorhombic low pressure phase has 15 Raman-
active modes with symmetries: Γ = 5Ag + 4B1g + 2B2g + 4B3g.

45

We have found the 15 modes, while previously only six modes
were reported.45 Out of them, five agree with our results with a
frequency difference of less than 1%. The remaining mode
reported in ref 45 at 404 cm−1 is detected in our experiments at
390 cm−1. The observed Raman modes are given in Table 2
and compared with ref 45; pressure coefficients are also given.
Figure 6 presents the pressure evolution of Raman modes. It
can be seen there that all modes shift to higher frequency upon
compression. The pressure variations of mode frequencies can
be described with a linear function. The modes at high
frequency are attributed to internal modes of tetrahedral VO4
groups,45 with the mode observed at 918 cm−1 being the
strongest one. We found that the 15 Raman modes harden
upon compression. The modes labeled as ω6, ω10, ω11, and ω12
have the largest pressure coefficients. One of them (ω12)
corresponds to an internal stretching mode of the VO4

tetrahedron.22,45 The other stretching mode, ω15, is also more
sensitive to pressure than the bending modes of the VO4
tetrahedron (ω5 and ω9). In particular, the mode at 342 cm

−1 is
the mode less affected by pressure.
In Figure 5, it can be seen that at 3.8 GPa subtle changes

develop in the Raman spectrum. Additional changes occur up
to 8.8 GPa. They are indicative of the occurrence of phase
transitions. In particular, as in XRD experiments, we identified

Figure 5. Selected high-pressure Raman spectra on InVO4. Numbers
on the right indicate pressure in GPa. Symbols at selected features help
to identify the stability range of each of the three phases observed. The
orthorhombic phase is found from ambient conditions to 6.4 GPa
(dollar). The intermediate phase (stars) is detected from 3.8 to 7 GPa.
The HP phase (ticks) is observed from 3.8 GPa to the highest pressure
attained 16.9 GPa.

Table 2. Raman Frequencies ω0 (cm
−1) of Orthorhombic

InVO4 at Ambient Pressure Compared with Ref 45a

orthorhombic phase III

ω0
45 ω0 (dω/dP)0

ω1 135 2.1
ω2 191 0.7
ω3 218 4.5
ω4 252 3.6
ω5 342 (ν2) 342 0.4
ω6 348 5.6
ω7 377 1.9
ω8 389 4.4
ω9 404 (ν4) 390 1.4
ω10 456 456 5.2
ω11 640 637 7.2
ω12 755 (ν3) 755 5.7
ω13 847 4.2
ω14 914 1.3
ω15 915 (ν1) 918 2.1

aThe mode assignment of ref 45 is given. ν2 and ν4 (ν1 and ν3):
bending (stretching) modes of VO4 tetrahedron. Pressure coefficients
dω/dP (cm−1/GPa) are also given.

Figure 6. Pressure dependence of phonon wavenumbers as measured
by the Raman experiments. Hollow (filled) symbols correspond to the
experiment excited with the 514.5 (488) cm−1 line. Circles, stars, and
squares are associated with phases III, IV, and V, respectively.
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the presence of two HP phases, both appearing at 3.8 GPa.
However, phase III can be identified as the predominant phase
up to 6.4 GPa. Regarding the HP phases, one of them can be
identified with phase V remaining stable up to the highest
pressure covered by the experiments. At 8.8 GPa and beyond,
phase V is found as a single phase as in XRD. The other phase
coexists with phases III and V and its presence is consistent
with the detection of phase IV by XRD. Phase IV is a minority
phase up to 7 GPa. The pressure-released Raman spectrum
indicated the coexistence of phases III and V at ambient
pressure. All these conclusions fully agree with the picture
extracted from XRD experiments.
The pressure evolution of the Raman modes identified for

phases IV and V is shown in Figure 6. Raman frequencies at 7
GPa and pressure coefficients are summarized in Table 3. In

phase V we identified 18 Raman modes and in phase IV eight
modes. Regarding pressure coefficients, in phases IV and V all
of them are positive, with the exemption of the coefficients of
ω1 in phase IV and ω4 and ω7 in phase V which are basically
not affected by pressure.
We will focus now the discussion of Raman on phase V,

leaving the systematic study of phase IV to a future research.
For a monoclinic wolframite structure (P2/c), group theory
predicts eighteen Raman active modes: Γ = 8 Ag + 10 Bg. For
the triclinic wolframite (P1 ̅) the same number of modes is
expected, but all of them are Ag modes. For phase V we have

detected 18 modes, which support the assignation of phase V to
a wolframite-type structure. In addition, the Raman spectra of
phase V resemble those of wolframite-type tungstates.47,48 In
particular, the presence of four high-frequency modes (see
Table 3) separated by a phonon gap from the rest of the modes
is a typical feature of wolframite. Another distinctive fact of
wolframites is that the mode observed near 900 cm−1 (850
cm−1 in phase V) is the most intense mode as we found (see
Figure 5). Finally, the abrupt decrease of the frequency of the
highest frequency mode in phase V in comparison with phase
III is consistent with the increase of the CN and the V−O bond
lengths. As a consequence of it, the bond strength is expected
to decrease;49 hence, the mode frequency drops, as observed in
the high-frequency modes associated to internal stretching
modes in wolframite-type oxides.50,51 Based upon all these
facts, we conclude that Raman experiments support the
structural assignation made from XRD.
Raman experiments can provide a hint for the distinction

between the monoclinic and triclinic wolframite structures.
Selection rules state that Bg modes should disappear with
parallel polarization. We performed polarized Raman scattering
measurements and found that all modes are present for parallel
polarization, which supports that phase V has the triclinic
structure. However, we prefer to be cautious and leave the
definitive answer to future studies because it is know that in
DAC experiments selection rules could be “apparently violated”
by the lack of polarization in the DAC or the possible
appearance of structural defects.
To conclude, we mention that in Raman experiments we also

observed the color change detected in XRD experiments at the
III-to-V transition. This change suggests a decrease of the band
gap energy, as it is consistent with the band gap collapse
observed at pressure-induced transitions in rare-earth orthova-
nadates.50,51

4. CONCLUSIONS

We present results of in situ high-pressure XRD and Raman
studies on orthorhombic InVO4 and reported a new phase with
octahedral coordinated vanadium atoms. The crystal structure
of the HP phase has been elucidated as a distorted wolframite-
type having ordered arrangement of InO6 and VO6 polyhedral
units. The observed new phase is the first known cation-
ordered phase of InVO4 having vanadium atoms in six
coordination. These results are in accordance with the recently
predicted CrVO4-type to wolframite-type HP transition in
related phosphates. The high-pressure phase is relatively
incompressible as indicated by a large bulk modulus. The
low-pressure phase is much more compressible. In both
structures compression is highly anisotropic. Raman spectros-
copy confirms the conclusions extracted from XRD measure-
ments. These measurements also allowed the identification of
all Raman-active modes in the low- and high-pressure phase as
well as their pressure coefficients. These results indicate a new
room-temperature structural transition sequence in the CrVO4-
type orthovanadates and are useful to understand lattice-
dynamics properties of orthovanadates. The new phase of
InVO4 has apparently a smaller band gap that the already
known phases, which could be useful for the development of
applications like photocatalytic hydrogen production.7

Table 3. Raman-Mode Frequencies ω (cm−1) of Phases IV
and V of InVO4 at 7 GPaa

phase V

ω(7 GPa) (dω/dP)

ω1 109 1.8
ω2 118 1.9
ω3 145 2.0
ω4 149 −0.1
ω5 204 1.5
ω6 223 2.2
ω7 241 0.0
ω8 251 1.1
ω9 319 1.2
ω10 336 1.4
ω11 347 1.6
ω12 378 1.9
ω13 433 2.0
ω14 531 1.8
ω15 684 5.1
ω16 723 3.8
ω17 758 5.2
ω18 850 4.4

phase IV

ω(7 GPa) (dω/dP)

ω1 133 0.1
ω2 197 4.0
ω3 258 1.8
ω4 305 3.0
ω5 455 1.7
ω6 622 5.0
ω7 750 6.7
ω8 891 1.1

aPressure coefficients dω/dP (cm−1/GPa) are also given.
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Chem. Mater. 2011, 23, 4220.
(36) Errandonea, D.; Somayazulu, M.; Haüsermann, D. Phys. Stat.
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J.; Gomis, O.; Vilaplana, R.; Manjoń, F. J.; Muñoz, A.; Rodríguez-
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