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High-pressure polymorphs of gadolinium orthovanadate: X-ray diffraction,
Raman spectroscopy, and ab initio calculations
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We present a study of the different high-pressure polymorphs of GdVO4 and its stability. Powder x-ray
diffraction and Raman experiments show a phase transition from a zircon- to a scheelite-type structure taking
place at 6.8(4) GPa. Ab initio density functional theory calculations support this conclusion. The equations of
state of these two phases are reported. In addition, we studied the pressure evolution of the Raman modes for
the zircon and scheelite phases, showing good agreement between calculations and experiments. For the sake
of completeness, we performed optical-absorption measurements up to 16 GPa, showing a band-gap collapse
at the transition point. Beyond 20 GPa a second phase transition to a monoclinic fergusonite structure takes
place as a consequence of a mechanical instability. A third transition is observed at around 29.3 GPa in Raman
experiments. According to our calculations, this fourth polymorph corresponds to an orthorhombic structure
described by space group Cmca. This phase involves an increase of the atomic coordination number of vanadium
and gadolinium. The results are compared to those reported on isomorphic compounds.
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I. INTRODUCTION

Over the last decades, ternary oxides such as tungstates,
phosphates, and vanadates have attracted considerable interest
due to their outstanding properties, making them suitable for
technological purposes. In particular, RVO4 (R = rare-earth
atom) compounds have several important applications, for
instance, as laser-host materials, thermophosphors, scintil-
lators, or photocatalytic materials [1–5]. More specifically,
rare-earth-doped GdVO4 has been used in solid-state lasers
[6–10] and phosphors [11]. Also, the scintillation properties
of undoped GdVO4 crystals have been studied, suggesting
potential applications in nuclear instrumentation [12].

Apart from LaVO4, rare-earth orthovanadates crystallize in
the zircon-type structure [space group (S.G.) I41/amd , Z = 4]
at ambient conditions. Under high pressure (HP), zircon-type
orthovanadates with small ionic radii (Nd-Lu) [13] undergo a
phase transition to a tetragonal scheelite-type structure (S.G.
I41/a, Z = 4), while those with large ionic radii (Ce-Pr) [14]
transform into the monoclinic monazite-type structure (S.G.
P21/n, Z = 8). GdVO4 belongs to the first group, but its
phase diagram is far from being well understood. For instance,
Zhang et al. [15] performed Raman spectroscopy and lumi-
nescence measurements on GdVO4:Eu3+ microcrystals up to
16.4 GPa using a methanol-ethanol mixture as pressure trans-
mitting medium (PTM), showing a zircon-scheelite phase
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transition at 7.4 GPa. In another study carried out by Huang
et al. [16], metastable scheelite-type RVO4 samples (including
GdVO4) were analyzed at ambient pressure by means of
x-ray diffraction (XRD) and Raman spectroscopy. Since the
frequencies of the Raman modes found in Ref. [16] show
some discrepancies with those reported in Ref. [15], we expect
that our results will shed light on the vibrational behavior
of the gadolinium orthovanadate. Moreover, Hong et al. [17]
reported HP XRD and photoluminescence measurements on
GdVO4:Er3+ using silicone oil as PTM. They found two
phase transitions at 7.4 (zircon to scheelite) and 23.1 GPa
(scheelite to fergusonite). By contrast, XRD experiments have
been carried out on undoped GdVO4 under nonhydrostatic
conditions which show the onset of the zircon-scheelite and
scheelite-fergusonite transitions at 5.0 and 31.2 GPa, respec-
tively [18]. It is known that differences in the experimental
conditions, such as the degree of hydrostaticity [19] and
sample purity, can affect either the transition pressure [20]
or the phase sequence [13,14,21–23]. Therefore, a systematic
study is needed in order to accurately understand structural
the behavior of GdVO4 under compression.

With the aim of providing a better understanding of its
structural properties and searching for additional phase tran-
sitions, we have investigated the evolution of GdVO4 under
HP conditions by performing XRD and Raman spectroscopy
experiments up to 26 and 39 GPa, respectively. Furthermore,
we carried out ab initio calculations up to 31 GPa in order to
analyze the mechanical and dynamical stability of the differ-
ent phases. The polymorphs relevant for our study are shown
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FIG. 1. Unit cells of the different high-pressure polymorphs of
GdVO4. The blue, yellow, and red spheres stand for the Gd, V, and
O atoms. Polyhedral units of Gd and V are also shown.

in Fig. 1. The agreement between theory and experiments has
allowed us to assess the evolution of the atomic positions
as well as the phonon frequencies under HP. In addition,
accurate room temperature equations of state (EOS) and axial
compressibilities of zircon- and scheelite-type GdVO4 are
reported. Additionally, we carried out optical-absorption mea-
surements on GdVO4 single crystal up to 16 GPa. As a result,
we obtained the evolution of the band gap of the zircon and
scheelite phases.

II. METHODS

A. Experimental details

Polycrystalline GdVO4 used in Raman and x-ray diffrac-
tion experiments were prepared by solid-state reaction of
appropriate amounts of predried Gd2O3 and V2O5 (99.9%
purity). A homogeneous mixture of the oxides was pelletized
and heated at 800 ◦C for 24 h and subsequently cooled to
ambient temperature. The product was reground and heated at
1100 ◦C for 24 h. GdVO4 single crystals used in the optical-
absorption experiments were prepared by the flux growth
method using Pb2V2O7 as solvent [24]. As starting materials,
we used appropriate quantities of pure V2O5, PbO, Na2B4O7,
and 99.99% purity Gd2O3. The starting mixture was sealed in
a Pt crucible and heated to 1270 ◦C in a horizontal furnace.
The melt was kept at 1270 ◦C for 12 h and then slowly
cooled to 800 ◦C. The crucible was then removed and quickly
inverted to separate the flux from the crystals. Transparent
crystals with average size 3 × 2 × 1 mm3 were separated from
the flux by dissolving it in hot diluted HNO3. XRD at ambient
conditions confirmed the zircon-type phase both in polycrys-
talline and single-crystal samples with similar lattice param-
eters, a = 7.198(6) Å and c = 6.353(3) Å, which agrees with
those previously reported [25]. These measurements did not
detect the presence of impurities, secondary phases, or the
starting materials used to prepare GdVO4, suggesting that our
samples were of high purity.

The HP angle-dispersive x-ray diffraction (ADXRD) ex-
periment was performed using a diamond-anvil cell (DAC)
with diamond culets of 350 μm diameter. The sample was
loaded in a 150-μm-diameter hole drilled on an Inconel gasket
preindented to 40 μm thickness. Finely ground powdered
GdVO4 was loaded together with Cu grains. The EOS of Cu
was used as a pressure scale [26]. Ar was employed as PTM
to guarantee quasihydrostatic conditions for P < 20 GPa [27].
Ar peaks were used to confirm the pressure determined from
Cu [28]. Special care was taken when loading the DAC to
avoid sample bridging between the diamond anvils [29,30].
The experiment was performed at the MSPD beamline of
the ALBA-CELLS synchrotron [31] using a monochromatic
x-ray beam (λ = 0.4246 Å) focused down to 20 × 20 μm
(FWHM). XRD data was collected using a Rayonix CCD
detector located 240 mm from the sample. A rocking angle
of ±3◦ was used to improve the homogeneity of the Debye
rings. The images collected in the CCD were transformed
to intensity vs 2θ patterns with the program DIOPTAS [32].
Structural analyses were performed with the POWDERCELL

[33] and FULLPROF [34] software packages. Since the XRD
patterns collected under HP were affected by preferred orien-
tation effects [35], we did not perform Rietveld refinements
but a LeBail analysis [36], determining only the unit-cell
parameters of the different structures. Notice that this does
not preclude the unambiguous identification of the crystal
structures of the reported phases.

Raman measurements were carried out in a setup built
with a confocal microscope, an edge filter, a 1-m focal-length
spectrometer equipped with a 600 grooves/mm grating (TRH
1000, JobinYvon), and a thermoelectric-cooled multichannel
CCD detector. The spectral resolution is better than 2 cm−1.
Wave numbers were calibrated using the laser plasma lines.
Raman spectra were obtained using a He-Ne laser (λ =
632.8 nm) with an incident power of 10 mW on the sample.
At HP, two independent experiments were performed with
the same DAC employed in XRD experiments. We used steel
and rhenium gaskets in the first and the second experiment,
respectively. Both gaskets were preindented to a 40 μm
thickness and had a 200-μm-diameter hole. In this case, Ne
was the PTM, and pressure was determined using the ruby
fluorescence method [37].

In optical-absorption measurements we studied small sin-
gle crystals of size ∼80 × 80 μm and thickness ∼10 μm. The
samples were loaded in a 200-μm-diameter hole of an Inconel
gasket preindented to 50 μm in a DAC equipped with IIA-type
diamond anvils with a culet size of 480 μm. In this case,
the PTM was a mixture of ethanol-methanol-water (16:3:1).
The pressure was measured using the ruby luminescence
method [37]. The maximum pressure achieved was 16 GPa.
The optical-absorption measurements were carried out using
an optical setup consisting of a deuterium lamp, fused silica
lenses, reflecting optics objectives, and an UV-visible near-
infrared spectrometer.

B. Simulation details

Computer simulations for GdVO4 were performed with
the Vienna Ab Initio Simulation Package (VASP) [38,39],
within the framework of the density functional theory
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FIG. 2. Selected powder XRD patterns (a) from 0.8 to 16.7 GPa
and (b) from 19.4 to 26.1 GPa. The figure (b) also includes an XRD
pattern of the recovered sample. Some selected reflections of the
zircon- and scheelite-type phases are indicated at 0.8 and 16.7 GPa,
respectively. Ar and Cu peaks are indicated. The asterisks identify
the most intense reflection associated with V2O5.

(DFT) [40]. The pseudopotential method and the projector
augmented wave scheme (PAW) [41] were employed, and
the exchange-correlation energy was described using the
generalized-gradient approximation (GGA) with the Perdew-
Burke-Ernzerhof (PBE) [42] prescription. The highly local-
ized nature of the 4 f electrons of Gd was described by
Dudarev’s GGA + U method [43], with an effective U value
of 3.4 eV [44]. To guarantee highly converged results, we
used a basis of plane waves up to a kinetic energy cutoff of
520 eV and a dense Monkhorst-Pack k-special points grid
to perform the integrations on the Brillouin zone (BZ). In
a set of selected volumes, the structural configurations were
completely optimized by minimizing the forces on the atoms
and the stress tensor. Our optimization criteria were to achieve
forces smaller than 0.006 eV/Å and differences among the
diagonal components of the stress tensor lower than 0.1 GPa.
The phonon calculations were performed at the zone center
(� point) of the BZ with the small-displacement method,
which has been shown to work properly for studying phonons
under compression [45,46].

III. RESULTS AND DISCUSSION

A. XRD experiments

In Fig. 2(a) selected powder XRD patterns are displayed
from 0.8 to 16.7 GPa. A few peaks do not belong to the
sample but to the PTM and the pressure standard, labeled
as “Ar” and “Cu.” The diffraction peaks of the sample from
ambient pressure up to 6.0 GPa can be undoubtedly identified
as a zircon-type structure. The unit-cell parameters deter-
mined at 0.8 GPa are a = 7.186(4) Å and c = 6.341(3) Å
(S.G. I41/amd , Z = 4). These values are consistent with
those reported at ambient pressure [25,47–49]. When pressure
reaches 7.1 GPa, extra diffraction peaks appear, which can

be assigned to the scheelite structure. Beyond this pressure,
there is a zircon-scheelite phase coexistence up to 10.4 GPa.
The zircon peaks gradually disappear, and the scheelite phase
finally appears as a single phase at 11.6 GPa. For P > 8 GPa
only the zircon (200) reflection can be seen, so the unit-
cell parameters of this structure cannot be determined. At
13.6 GPa, the unit-cell parameters of the scheelite structure
are a = 4.963(4) Å and c = 11.023(5) Å (S.G. I41/a, Z = 4).
As it is shown in Fig. 2(a), the scheelite peaks are considerably
broader than the zircon peaks. This could be explained by
a strain increase and a grain size reduction produced as a
consequence of the large volume collapse associated with
this transition (�V/V0 = 10.8%). In fact, after carrying out
a Williamson-Hall analysis [50] we obtain a strain parameter
ξZ = 3.3 × 10−3 and a mean linear grain size of tZ ∼ 330 nm
for the zircon phase at 5.2 GPa, whereas for the scheelite
we obtain ξS = 8.2 × 10−3 and tS ∼ 60 nm at 13.2 GPa. The
loss of crystallinity associated with this transition was also
reported for ErVO4 [51].

Above 20 GPa, the scheelite peaks start to broaden upon
compression [see Fig. 2(b)]. This can be explained as a
consequence of a mechanical instability of the scheelite phase
that ab initio calculations predict to occur at 22.8 GPa (see
below). The deterioration of the hydrostatic conditions [27]
could contribute to reduce the transition pressure. Actually,
the evolution of the peaks beyond 20 GPa is incompatible
with the scheelite structure, and they are better described by
a monoclinic distortion of it. This suggests that a scheelite-to-
fergusonite (I2/a, Z = 4) phase transition takes place, which
has been observed at similar pressures in other rare-earth or-
thovanadates [13,20,52–54]. Under nonhydrostatic conditions
(no PTM), this phase transition has been reported to take place
above 31.2 GPa in GdVO4 [18]. In our experiment, at 26 GPa,
an additional weak peak appears at 2θ ∼ 8◦, which is indi-
cated in Fig. 2(b) with an asterisk. This reflection (which was
not observed in the starting samples and at lower pressure)
cannot be explained with a fergusonite structure, but it can be
assigned to the most intense peak of V2O5 [55]. A possible
scenario may be a partial x-ray-induced dissociation of V2O5

units, which has been observed in other XRD experiments
on rare-earth orthovanadates [13,50]. Similar findings have
been reported for ternary oxides as a consequence of the pho-
toelectric processes triggered by the x ray’s interaction with
the sample [56]. Upon decompression, the scheelite structure
is recovered at 21.0 GPa. A metastable scheelite phase was
quenched to 0.3 GPa, as it is shown in Fig. 2(b). Therefore, the
second phase transition is reversible (scheelite-fergusonite)
whereas the first phase transition (zircon-scheelite) is irre-
versible. Many other zircon-structured materials have shown
the same trend, including related vanadates [13,51–54,57,58].

Figure 3 shows the pressure dependence of the lattice
parameters. In this figure our theoretical and experimental
data and the results reported by Yue et al. [18] are compared.
The deviation between experimental and theoretical sets of
data is small. Our experimental results (using Ar as PTM)
are much less dispersed and in much better agreement with
ab initio calculations than those obtained under nonhydro-
static conditions. Yue et al. [18] reported the onset of the
phase transition at 5.0 GPa, while we found the transition
at 6.6(5) GPa. Nonhydrostaticity has also been associated in

064106-3



T. MARQUEÑO et al. PHYSICAL REVIEW B 100, 064106 (2019)

FIG. 3. Pressure evolution of the unit-cell parameters. The dif-
ferent phases are indicated in colors within the figure. Circles stand
for our data and squares represent the data reported by Yue and
co-workers [18]. Solid and empty symbols denote experimental data
obtained upon compression and decompression, respectively. The-
oretical calculations are represented by solid lines. Dashed vertical
lines tentatively indicate the different phases and phase coexistences.

other RVO4 compounds to a reduction of the phase transition
pressure. As an example, in HoVO4 nonhydrostaticity reduces
the transition pressure from 8.2 to 4 GPa [20]. Zhang et al.
[15] and Hong et al. [17] found the onset of the phase
transition below 7.4 GPa in GdVO4:Eu3+ and GdVO4:Er3+,
respectively, which is compatible with our results.

The axial compressibilities of zircon-type GdVO4 can
be estimated by a linear function. As a result, we obtain
κa = 2.6 × 10−3 and κc = 1.9 × 10−3 GPa−1 from our exper-
iments, which are similar to the theoretical axial compress-
ibilities κa = 2.7 × 10−3 and κc = 1.6 × 10−3 GPa−1. In both
cases, the a axis is more compressible than the c axis. This
fact can be explained in terms of different compressibilities of
GdO8 and VO4 polyhedral units and their disposition within
the zircon structure. The structure can be described as a chain
of alternating edge-sharing GdO8 dodecahedra and VO4 tetra-
hedra along the c-axis and edge-sharing GdO8 dodecahedra
in the a-axis direction, and, as we will see further on, the
GdO8 units are more compressible than the VO4 tetrahedra.
Once the fergusonite-to-scheelite phase transition is achieved
at 21.0 GPa, the monoclinic β angle suddenly increases up
to ∼91◦ and remains approximately constant between 21 and
26 GPa. As expected, the a and c axes of the fergusonite struc-
ture diverge, corresponding both to the a axis of the scheelite
phase, and there is no discontinuity between the scheelite c
axis and the fergusonite b axis. These changes are compatible
with a second-order displacive transition.

In Fig. 4 we show the pressure dependence of the unit-cell
volumes of the zircon, scheelite, and fergusonite phases of
GdVO4. For the first two phases, they are fitted to a third-order
Birch-Murnaghan equation of state (BM EOS) [59] to obtain
the ambient pressure bulk moduli K0, their first derivative
K ′

0, and the ambient pressure unit-cell volumes V0. The P-V
results of the fergusonite phase are not analyzed because of
insufficient data. The obtained parameters for both zircon

FIG. 4. Unit-cell volume vs pressure. The meaning of the sym-
bols is the same as that indicated in Fig. 3.

and scheelite phases are given in Table I together with the
results of our calculations and values reported in literature.
Our experimental values for zircon and scheelite-type GdVO4

are very similar to the values found for Er-doped GdVO4

(10% Er) [17]. In addition, the zircon phase has a bulk mod-
ulus 11% smaller than the scheelite phase, which is coherent
with the 10.8% volume collapse and the increase of the pack-
ing efficiency of the second phase. The agreement between
the theory and the experiments is considerably good for the
ambient pressure unit-cell volume and the bulk modulus. On
the other hand, under nonhydrostatic conditions (no PTM) the
structure seems to be much less compressible, especially for
the scheelite phase. Thus, the presence of deviatoric stresses
may cause an increase of the bulk modulus value. Only in
the case of zircon-type GdVO4:Er+3 [17] in which silicon
oil was used as PTM, the bulk modulus is lower than the
one obtained under quasihydrostatic conditions. However, this
does not constitute a strong discrepancy from the general trend
since the associated error bar is considerable. The influence of
the PTM has been analyzed in many other vanadates, showing
a reduction of the bulk compressibility as nonhydrostaticity
increases [20,52,60,61].

As mentioned above, the zircon structure can be described
as chains of alternating edge-sharing VO4 tetrahedra and

TABLE I. EOS parameters for the zircon and scheelite phases of
GdVO4.

Phase Conditions V0 (Å
3
) K0 (GPa) K ′

0

Zircon (this work) Theory 331.9 117.3 5.5
Zircon (this work) Ar 330.0(5) 122(5) 4.2(1.5)
Zircon [16] Silicon oil 327(2) 102(14) 4 (fixed)
Zircon [17] None 327(2) 185(28) 4 (fixed)
Scheelite (this work) Theory 294.5 138.03 3.9
Scheelite (this work) Ar 293.4(6) 137(2) 6(2)
Scheelite [16] Silicon oil 289.6(1.4) 137(15) 4 (fixed)
Scheelite [17] None 283.6(9) 379(32) 4.0
Postfergusonite (this work) Theory 535.9 110.7 4.5
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FIG. 5. Theoretical evolution of the Gd-O and V-O bond lengths
with pressure in zircon- and scheelite-type GdVO4.

GdO8 dodecahedra extending along the c-axis direction and
edge-sharing GdO8 dodecahedra along the a axis. After the
transition, the scheelite phase emerges and the polyhedra
within the unit-cell change its relative positions and orienta-
tions so that the VO4 tetrahedra are no longer edge shared.
Our calculations provide the pressure dependence of the in-
teratomic bond distances, which is shown in Fig. 5. For both
zircon and scheelite phases, the GdO8 units are not regular but
slightly distorted since there are two different Gd-O distances.
After the zircon-to-scheelite phase transition, the two Gd-O
distances and their compressibilities become more similar and
the bond-length distortion of the dodecahedra is reduced by an
order of magnitude. In particular, the bond-length distortion
indices of the GdO8 units for the zircon and scheelite phases

are ∼0.03 and ∼0.003, respectively. The evolution of the
interatomic distances is coherent with some previous reported
data on other RVO4 compounds [20,62]. Since the Gd-O
bonds are more compressible, the GdO8 dodecahedron is
mainly responsible for most of the pressure-induced volume
change. Just after the transition, there is an ∼4% volume
increase of the VO4 tetrahedra, while the volume of the GdO8

dodecahedra stays about the same. This is not in contradiction
with the huge volume collapse observed since this is caused
by the reordering of the VO4 tetrahedra. Similar behavior
has been reported for many other zircon and scheelite-type
molybdates [63] and phosphates [64].

B. Raman scattering experiments

Zircon-type compounds have twelve Raman-active modes
(�R = 2A1g + 4B1g + B2g + 5Eg) [65]. Figure 6(a) shows rep-
resentative Raman spectra of zircon-type GdVO4 at different
pressures. Only 9 out of 12 modes are observed; their sym-
metry has been assigned in accordance with our calculations
and the literature [66]. As in other isomorphic compounds,
there is a large frequency gap between 500 and 800 cm−1 so
the spectra can be divided into two regions of low and high
frequencies. The modes in the high-frequency region can be
considered in good approximation as internal vibrations of
the VO4 tetrahedron [67]. In order to facilitate the discussion,
different modes with the same symmetry will be identified
with a different supra-index along the article. At 1.2 GPa, the
internal symmetric-stretching mode A(1)

g at 893 cm−1 clearly
dominates the Raman spectrum of zircon-type GdVO4, to-
gether with the E (1)

g and B(1)
g asymmetric-stretching modes at

824 and 818 cm−1, respectively. Regarding the low-frequency
region, it can be seen that the peak which corresponds to the
A(2)

1g vibration has an asymmetric profile. Polarization studies
using different scattering geometries have shown that this line

FIG. 6. Raman spectra of GdVO4 (a) from 1.2 to 16.9 GPa and (b) from 19.4 to 38.2 GPa. (c) The Raman spectra obtained on pressure
release. The spectra shown in (a) were obtained in the first run using a steel gasket while those shown in (b) and (c) were obtained in the second
run using a rhenium gasket. The black ticks on (b) stand for the calculated Raman modes for the fergusonite phase obtained at 22.4 GPa in
the XRD experiments (structural parameters are shown in Table IV). The spectrum of the recovered sample is displayed in red color in (c).
Asterisks denote the bands associated with the postfergusonite phase.
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FIG. 7. Evolution of the Raman frequency of the modes in (a) zircon- and in (b) scheelite-type GdVO4. Red circles represent the data
collected in run 1, whereas black and empty symbols stand for the data obtained in run 2 upon compression and decompression, respectively.
The theoretical modes are represented by solid black lines. In (b), beyond 20 GPa we are representing the evolution of the peaks observed in
the spectra, which, for at least some of them, could not be single, since this phase is associated with a fergusonite phase.

consists of two different modes [66]. They have been proposed
to be the A(2)

1g and E (2)
g modes [68]. Our calculations predict

a very small difference between these two modes (352 and
366 cm−1, respectively). Therefore, it can be assumed that the
above-described peak asymmetry is produced by the prox-
imity in frequency of these two Raman modes. Considering
this, the modes B(2)

1g , E (2)
g , A(2)

1g , and B2g are found at 486,

392, 382, and 260 cm−1, respectively (P = 1.2 GPa). The B(3)
1g

and E (5)
g modes are not observed in our spectra due to their

weak Raman scattering cross section. These peaks are visible
only using GdVO4 single crystals (when measured outside the
DCA) in certain scattering geometries [66].

The evolution of the zircon-type structure vibrational
modes with pressure is displayed in Fig. 7(a). It is noticeable
that, despite the fact that calculations underestimate the fre-
quency of the modes (from 1% to 13% lower), the predicted
behavior of these modes upon compression seems to reason-
ably agree with the experiments. As shown, most modes de-
pend linearly on pressure and only the low-frequency modes
E (4)

g and B2g exhibit a weak soft-mode behavior. The values
of the pressure coefficients (dω/dP), the estimated zero-
pressure frequency, and the corresponding Grüneisen param-
eters are displayed in Table II, showing a reasonable good
agreement between theory and experiments. The Grüneisen
parameters were calculated taking the bulk modulus K0 =
122 GPa. The high-frequency A(1)

g , E (1)
g , and B(1)

g modes and
the low-frequency E (3)

g mode have a stronger dependency
on pressure than the rest of the modes. As a consequence
of the large positive pressure coefficient of the E (3)

g mode
and the softening of the B2g mode, there is a crossover of
these two modes at ∼3 GPa. This mode crossover has been
observed in other different vanadates [51,55,69–71] as well
as in doped GdVO4 [15]. Among the low-frequency modes,

the E (3)
g mode shows the strongest dependence on pressure,

which is also a common behavior in vanadates [51,55,67–69].
In Table II we also included the data reported by Zhang et al.
[15] and Voron’ko et al. [66] for the sake of comparison.
The agreement of the data reported by Zhang et al. [15]
and ours is reasonably good except for the E (4)

g mode. Our
calculations and experiments show that this mode softens
(negative pressure coefficient), whereas Zhang et al. [15]
report a positive linear dependence with pressure. The origin
of this discrepancy may be the fact that the value of dω/dP is
very close to zero and thus it is comparable to the dispersion
of the data. Therefore, even though the sign is the opposite,
the discrepancy is comparable to the margin of error.

From our observations we can infer that the zircon-to-
scheelite transitions take place between 6.4 and 7.3 GPa.
Therefore, since the scheelite phase appears between 6.0 and
7.1 GPa in our XRD experiments, a more accurate value
of the transition pressure would be 6.8(4) GPa. The Raman
spectra showing the progressive zircon-to-scheelite transitions
are displayed in Fig. 6(a). According to group theory, the
scheelite structure has thirteen Raman-active modes (�R =
3Ag + 5Bg + 5Eg) [72,73]. In our experiment, all the scheelite
modes are visible. As in the zircon phase, the spectra of
the scheelite phase show a frequency gap (∼550−750 cm−1)
that divides them into the low- and high-frequency regions.
The assignment of the modes was made in accordance with
literature [74]. After the onset of the transition, there is a
coexistence of both phases up to 9.1 GPa. Above this pressure
the scheelite structure appears as a single phase. As in the case
of the zircon structure, the Raman spectrum is dominated by
the symmetric-stretching A(1)

g mode, located at 877 cm−1 at
13 GPa. Also, the frequency of this mode is the highest one.
The asymmetric-stretching modes B(1)

g and the E (1)
g are lo-

cated at 848 and 796 cm−1, respectively. In the low-frequency
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TABLE II. Theoretical and experimental zero-pressure frequencies, pressure coefficients, and Grüneisen parameters of the Raman modes
in zircon-type GdVO4. Our results are also compared to the data obtained by Zhang et al. [15] and Voron’ko et al. [66] for zircon-type GdVO4.

Theory Experiment Zhang et al. [15] Voron’ko et al. [66]

dω/dP ω0 dω/dP ω0 dω/dP ω0 ω0

Mode (cm−1/GPa) (cm−1) γ (cm−1/GPa) (cm−1) γ (cm−1/GPa) (cm−1) (cm−1)

E (5)
g 1.46 105.3 1.62 − − − − − 110

B(4)
1g 1.59 112.8 1.65 1.19(8) 123 1.18(9) 0.9 124 123

E (4)
g −0.96 150.5 −0.75 −0.21(5) 155 −0.17(4) 0.1 156 156

E (3)
g 4.86 214.7 2.66 4.7(3) 247 2.32(18) 4.5 245 246

B(3)
1g 2.66 237.4 1.31 − − − − − 252

B2g −1.62 256.4 −0.74 −1.02(2) 261 −0.48(2) −0.8 263 261

A(2)
1g 1.75 352.3 0.58 2.16(4) 379 0.72(6) 1.7 384 380

E (2)
g 0.51 366.5 0.16 1.4(1) 391 0.49(7) − − 438

B(2)
1g 2.37 451.6 0.62 2.60(4) 484 0.66(3) 2.5 485 483

B(1)
1g 5.58 801.6 0.82 5.78(2) 811 0.87(4) 5.2 811 809

E (1)
g 5.25 811.2 0.76 5.24(2) 827 0.77(3) 5.31 827 825

A(1)
1g 5.67 870.0 0.76 5.51(14) 887 0.76(4) 5.5 887 884

region, we observed the E (5)
g mode at 119 cm−1 (P = 13 GPa),

which was not reported before. Figure 7(b) shows the pressure
dependence of both calculated and experimental scheelite
modes. All of the different modes, except for B(5)

g , show a
definite positive linear dependence on pressure. Their pressure
coefficients, zero-pressure frequencies, and Grüneisen param-
eters (calculated by taking K0 = 137 GPa) are summarized
in Table III. The data obtained by Zhang et al. [15] and
Huang et al. [16] are included in this table for the sake of
comparison. In general, the agreement with the data reported
by Zhang et al. [15] is reasonably good except for the pressure
coefficients of the E (2)

g and B(1)
g modes, which seem to be

underestimated in their work. Also, the B(4)
g mode peak is

mislabeled in Ref. [15], since they identified it as an Eg mode
(this is indicated with an asterisk in Table III). The frequency
of the E (5)

g , B(5)
g , and B(4)

g modes reported by Huang et al. [16]
at ambient pressure does not match with ours or those reported
by Zhang et al. [15]. The origin of this discrepancy may be
the presence of some impurities or/and a minor quantity of
zircon-type GdVO4 in the synthesized sample obtained by
Huang et al. [16].

Another interesting feature is that the Raman spectra re-
ported in Ref. [15] show an unexplained peak at ∼900 cm−1

that appears when the zircon-to-scheelite phase transition
takes place. We think that the presence of this peak can be
attributed to the presence of V2O5 [75], probably caused

TABLE III. Calculated and empirical zero-pressure frequencies, pressure coefficients, and Grüneisen parameters of the Raman modes in
scheelite-type GdVO4. We include the data obtained by Zhang et al. [15] and Huang et al. [16] for the sake of comparison. The values indicated
with an asterisk are labeled as T (Eg) in Zhang et al. [15].

Theory Experiment Zhang et al. [15] Huang et al. [16]

dω/dP ω0 dω/dP ω0 dω/dP ω0 ω0

Mode (cm−1/GPa) (cm−1) γ (cm−1/GPa) (cm−1) γ (cm−1/GPa) (cm−1) (cm−1)

E (5)
g 0.76 109.5 1.05 0.32(5) 115 0.38(6) − − 147

B(5)
g Nonlinear 127.5 Nonlinear Nonlinear 140 Nonlinear −0.6 140 176

B(4)
g 2.45 158.8 2.33 1.95(7) 178 1.50(6) 3.4* 178* 200

E (4)
g 2.10 184.1 1.72 2.29(7) 189 1.66(6) 2.1 190 188

A(3)
g 0.89 229.3 0.59 0.86(5) 236 0.50(3) 1.0 236 244

E (3)
g 2.12 297.1 1.08 2.36(8) 309 1.05 (4) 2.8 307 321

A(2)
g 2.18 319.5 1.03 2.88(7) 348 1.13(3) 2.3 350 350

B(3)
g 2.66 343.4 1.17 1.90(11) 374 0.70(4) 1.0 370 368

B(2)
g 2.75 383.8 1.08 3.19(8) 401 1.09(3) 2.6 407 417

E (2)
g 2.86 402.5 1.07 3.10(9) 428 0.99(3) 1.7 432 435

E (1)
g 3.04 742.8 0.62 3.99 (9) 744 0.73(2) 2.8 745 748

B(1)
g 2.50 791.5 0.48 2.97(14) 808 0.50(2) 1.6 804 809

A(1)
g 3.47 810.9 0.65 3.33(8) 833 0.55(2) 3.2 833 831
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FIG. 8. Band-gap energy vs pressure. Red and green circles
stand for the experimental data obtained for the zircon and scheelite
phases, respectively. Solid lines represent the linear fit to both sets of
data. The parameters obtained are indicated in the figure as well.

by some partial decomposition. In our case, we do not
observe any peaks that could be associated with V2O5,
which suggests that nonoptimal hydrostaticity can trigger
some partial decomposition of RVO4 compounds under high
pressure.

During these experiments, we observed a subtle change
in the color of the sample before and after the zircon-
scheelite phase transition. Thus, we additionally performed
optical-absorption measurements on single-crystal zircon-
type GdVO4 up to 16 GPa. The evolution of the absorption
spectra under pressure is shown in Fig. S1. From these experi-
mental data we deducted the pressure dependence of the band-
gap energy Egap of the zircon and scheelite phases, which is
shown in Fig. 8. It can be observed that at the transition point
a band-gap collapse of ∼ 0.6 eV takes place. This constitutes
a reasonable explanation for the color change of the sample.
Also, as it can be seen in Fig. 8, when pressure is applied, the
forbidden band widens in the zircon phase whereas it narrows
in the scheelite phase. The pressure coefficients are indicated
within Fig. 8. Similar behavior has been reported for other
zircon-type RVO4 compounds [76,77]. A deeper discussion
of these data can be seen in the Supplemental Material [78]
(see also references [79–82] therein).

Figure 9 shows how the Raman peak associated with the
B(5)

g mode of the scheelite phase shifts towards low frequen-
cies when the sample is compressed. Beyond 20 GPa, the
behavior of this peak is the opposite. Previous studies on
scheelite structured oxides have reported that the B(5)

g mode
shows no discontinuity in frequency with a fergusonite Ag

mode, and whereas the former softens with pressure, the
latter hardens just after the transition point. This mechanism
is considered characteristic of a second-order scheelite-to-
fergusonite phase transition [83]. These results and those ob-
tained in the XRD experiments constitute evidence of a phase
transition near 20 GPa from scheelite- to fergusonite-type
GdVO4. In Fig. 6(b) the spectrum obtained in the experiment
at 22.4 GPa is compared with the calculated position of the
fergusonite peaks at the same pressure, showing a reasonably
good agreement between both. These calculations were made
assuming the same unit cell as the one obtained in the XRD

FIG. 9. Pressure dependence of the scheelite soft mode B(5)
1g and

its transformation into one Ag fergusonite mode near 20 GPa. The
meaning of the symbols is the same as that used in Fig. 6. The black
solid curve represents the theoretical dependence on pressure of the
scheelite phase B(5)

1g mode. Red solid straight lines on experimental
data symbols are a guide to the eye.

data analysis at 22.4 GPa (a = 4.8933 Å, b = 10.9367 Å, c =
4.8160 Å, β = 91.06◦). According to our calculations, this
transition would be characterized by a small splitting of the
scheelite Eg

(1−5) mode peaks due to the lower symmetry of
the postscheelite phase. However, the effect of the distortion
is small, and the associated splitting cannot be directly in-
ferred from our measured Raman spectra. Besides this, the
progressive broadening of the Raman peaks caused by the
deterioration of the hydrostatic conditions could contribute to
make these effects even more imperceptible. In order to not
misinterpret the experiments, we decided to analyze the evo-
lution of those peaks as if they were single. More accurately,
in Fig. 6(b) we are not explicitly representing the pressure
evolution of the fergusonite phase phonons but the evolution
of the Raman spectra peaks observed above 20 GPa.

Under further compression, at 29.3 GPa additional changes
in the Raman spectrum are observed. Beyond 32.6 GPa,
the fergusonite Raman peaks vanish and only some broad
bands can be seen in the spectra. We suggest that this could
be a fourth high-pressure phase of GdVO4. Other studies
on rare-earth orthovandates, such as TbVO4 [53], suggested
the existence of a higher symmetry phase, an orthorhombic
structure with Cmca symmetry. Considering this scenario, the
transition would involve a coordination increase of both V and
Gd atoms at the transition point and a huge volume collapse
of 11.8%. The increase in V coordination from 4 to 6 would
imply a larger polyhedral unit and consequently, a weaker V-O
bonding, which would be induced in a smaller frequency of
the dominating stretching mode. In fact, the most intense band
of the fourth HP phase appears just at the low-wave-number
side of the fergusonite most intense peak, which is the one
associated to the Ag stretching mode. This seems to be a
coherent scenario, albeit it is only a conjecture and further
experiments are needed to confirm this hypothesis. However,
in this study we will assume hereon that the fourth phase is the
previously reported orthorhombic structure. The existence of
a high number of Raman-active modes (36 at the � point) and
the presence of deviatoric stresses caused by a progressive loss
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FIG. 10. Calculated energy-volume curves for different struc-
tures of GdVO4. The inset shows the difference in enthalpy respect
to the zircon phase. Calculations were carried out neglecting temper-
ature effects (T = 0 K).

of hydrostaticity may be the main causes of the appearance
of broad bands. Consequently, the pressure evolution of these
modes cannot be extracted from the experiments. It is worth
stressing that, at the moment we reached the third phase
transition, we realized that the laser beam used for exciting
the ruby was absorbed by the sample. In particular, the sample
becomes opaque, having a bright gray color. This implies that
the band gap has moved from the visible to the near infrared as
happens in SrCrO4 [84]. However, the fact that the reflectivity
of the samples is not enhanced indicates that the band-gap
decrease does not involve a pressure-driven metallization,
contradicting previous predictions [81].

In Fig. 6(c) Raman spectra obtained under pressure release
are shown. Upon decompression, subtle peaks seem to arise at

22.6 GPa and become more evident at 20.3 GPa. As the sam-
ple is decompressed, the orthorhombic postfergusonite struc-
ture bands start to decrease in intensity, and the typical Raman
peak distribution of the scheelite phase reappears. Hence, we
can state that there is a phase transition near 22.6 GPa. This
pressure is very close to the scheelite-to-fergusonite phase
transition upon compression, and therefore, it is reasonable to
claim that the obtained phase is scheelite- and not fergusonite-
type GdVO4. At 0.6 GPa, the scheelite phase is recovered,
showing the irreversible character of the zircon-to-scheelite
transition. In addition to this, two postfergusonite GdVO4

bands remain (asterisks); i.e., the recovered sample contains
scheelite-type as well as orthorhombic GdVO4, both in a
metastable state.

C. Ab initio calculations

Figure 10 shows the calculated energy-volume curves for
the zircon-, scheelite-, fergusonite-, and post-fergusonite-type
GdVO4. The inset of this figure shows the enthalpy differ-
ence vs pressure for these phases, taking the zircon phase
as a reference. In addition, in Table IV theoretical structural
parameters of the four polymorphs are shown. According to
Fig. 10, a phase transition from zircon to scheelite is predicted
to occur at 4.8 GPa. This is a first-order reconstructive transi-
tion which particularly involves a large volume collapse of
10.9%, according to the energy-volume calculations. Nyman
et al. [85] and Flórez et al. [86] have described the structural
relation between these two structures. Since this is a first-
order reconstructive transition, it has been suggested that the
zircon-to-scheelite transition has a large kinetic barrier, and
thus, these theoretical calculations tend to underestimate the
experimental transition pressure.

TABLE IV. Theoretical structural parameters of GdVO4 phases. Since the fergusonite structure reduces to scheelite in our calculations, the
cell parameters were fixed to those obtained at 22.4 GPa in the XRD experiments.

Atom Site x y z

Zircon at 0 GPa; a = b = 7.22610 Å, c = 6.35814 Å
O 16h 0 −0.06618 0.79907
V 4b 0 0.25 0.375
Gd 4a 0 0.75 0.125
Scheelite at 14.181 GPa; a = b = 4.96269 Å, c = 10.96299 Å
O 16f 0.65091 0.50346 0.29159
V 4a 0 0.25 0.125
Gd 4b 0 0.25 0.625
Fergusonite at 22.4 GPa; a = 4.89330 Å, b = 10.93670 Å, c = 4.81600 Å, β = 91.06◦

O1 8f 0.00104 0.21022 0.15253
O2 8f 0.90564 0.45963 0.24678
V 4e 0.25 0.87632 0
Gd 4e 0.25 0.37511 0
Postfergusonite at 31.8 GPa; a = 7.37379 Å, b = 12.23432 Å, c = 4.92167 Å
O1 8f 0 0.08762 0.07106
O2 8d 0.65227 0 0
O3 8f 0 0.20808 0.50645
O4 8e 0.25 0.34707 0.25
V 8f 0 0.41012 0.21704
Gd 8e 0.25 0.15843 0.25
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TABLE V. Stiffness matrix elements of different zircon-type RVO4 compounds at zero pressure.

Elastic constant SmVO4 [60] GdVO4 (this work) TbVO4 [90] DyVO4 [90,91] HoVO4 [92] ErVO4 [93]

Theoretical Experimental
C11 212 227.2 240(2) 242(2) 246.4 (230 K) 256.6(5.1)
C12 37 45.6 55(3) 50(4) − 53(3)
C13 76 83.9 − − − 79(6)
C33 286.6 297.8 − − 310.5 (190 K) 313(6)
C44 40.8 43.5 − − 48.5 (250 K) 50.1(1.0)
C66 13.6 16.5 13.1(2.0) 15.0(0.5) 16.07 (250 K) 17.7(0.9)

In order to analyze the evolution of the zircon phase modes
as well as the possible existence of any dynamical instabil-
ity, we performed lattice-dynamics calculations. Besides the
Raman-active modes (Fig. 7), we also calculated the infrared
active and silent modes, which are shown in Figs. S2 and
S3, respectively, for both (a) zircon and (b) scheelite phases
(see Supplemental Material [78]). All the IR modes of the
zircon phase harden with pressure except an Eu mode near
∼ 300 cm−1 which remains approximately constant (less than
1% of variation). In the scheelite phase, only two modes
soften with pressure. These have Eu (∼150 cm−1 at 0 GPa)
and Au (∼250 cm−1 at 0 GPa) symmetries. As a consequence
of this, the second one shows a mode crossover with an
Eu mode (∼200 cm−1 at 0 GPa) at 21 GPa. Regarding the
zircon phase silent modes, two modes harden, one remains
constant, and two of them soften with pressure. In particular,
Fig. S3(a) shows that one silent mode B1u has a strong
nonlinear dependence with pressure. This mode corresponds
to rotations of the VO4 mode, and its frequency decreases
with pressure and reaches the value of zero at ∼8.2 GPa.
Other vanadates [53] and isomorphic compounds such as
zircon-type TmPO4 [87] also show this mode softening. The
vibration pattern of this mode is shown in Fig S4 [78].

In addition, we calculated the elastic properties of both
zircon- and scheelite-type GdVO4. The elastic constants of
the GdVO4 zircon and scheelite phases, in the Voigt notation
[88,89], are summarized in Tables V and VI, together with
other empirical and theoretical values reported in literature for
different zircon and scheelite-type RVO4 compounds, respec-
tively [16,60,90–93]. Regarding the zircon phase (Table V),
our calculated elastic constants are in a reasonably good
agreement with the general trend, although they seem to be
slightly underestimated. In Table VI we compare present and
previous results [60] obtained for SmVO4 and GdVO4 using

TABLE VI. Stiffness matrix elements of different scheelite-type
RVO4 compounds at zero pressure.

Elastic SmVO4 SmVO4 GdVO4 GdVO4

constant [60] [16] (this work) [16]

C11 218 192 229.5 279
C12 114.4 77 115.5 146
C13 99.5 92 97.9 129
C33 196.3 187 200.5 251
C44 53.4 57 54.9 79
C66 68.1 96 69.8 85
C16 −21.8 −56 −22.5 −22

the GGA + U and LSDA + U [16] approximations. These
calculations were performed with the VASP and CASTEP soft-
ware packages, respectively. The elastic constants of SmVO4

and GdVO4 are more similar in our calculations than those
reported in Ref. [16]. Also, Table V shows that some of
the values reported in Ref. [16] are quite large for both
compounds.

When a nonzero stress is applied to the structure, the
stiffness coefficients Bi jkl should be used:

Bi jkl =Ci jkl +1/2[δikσ jl +δ jkσil +δilσ jk +δ jlσik −2δklσi j],
(1)

where Ci jkl represent the elastic constants evaluated at the
present stressed state, σi j stand for the external stresses, and
δi j is the Kronecker delta [90]. Our calculations are performed
simulating hydrostatic conditions (σ11 = σ22 = σ33 = −P).
The evolution of these parameters with pressure is displayed
in Fig. 11 for both phases. As we can see in the inset of
Fig. 11(a), the zircon phase shows a mechanical instability
at 9.6 GPa, since at this pressure one of the stiffness matrix
eigenvalues becomes zero. Furthermore, above this pressure
B66 < 0, which violates one of the Born stability criteria
[88,94–97] for a tetragonal I structure (point groups 4mm,
422, −42m, and 4/mmm). Calculations have shown that be-
yond 22.8 GPa the stiffness matrix of the scheelite structure

FIG. 11. Evolution of the stiffness matrix coefficients of the
(a) zircon and (b) scheelite phases with pressure. Insets: Pressure
dependence eigenvalue that becomes negative, for each phase, which
indicates the presence of a mechanical instability. This situation
occurs at 9.6 and 22.8 GPa for the zircon and scheelite phases,
respectively.
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TABLE VII. Calculated elastic moduli K , E , and G (GPa),
K/G ratio, and Poisson’s ratio (ν) in the Voigt, Reuss, and Hill
approximations for the zircon and scheelite phases of GdVO4. The
values shown were calculated at zero pressure. The experimental and
theoretical values reported by Huang et al. [16] for scheelite-type
GdVO4 are also included.

Phase Approximation K E G ν K/G

Zircon Voigt 131.0 148.5 56.6 0.311 2.31
Reuss 126.1 105.3 38.7 0.361 3.26
Hill 128.5 127.2 47.6 0.335 2.70

Scheelite Voigt 142.5 155.8 59.1 0.318 2.41
Reuss 141.1 147.3 55.5 0.326 2.54
Hill 141.8 151.6 57.3 0.322 2.47

Hill [16] 179 198 75 0.320 2.40
Experimental [16] 140 175 68 0.290 2.10

is not positive-definite and thus the crystal is mechanically
unstable. In particular, one of the eigenvalues becomes zero
at 22.8 GPa, as displayed in the inset of Fig. 11(b). This is
equivalent to saying that one of the generalized Born criterion
for a tetragonal II (point groups 4, −4, and 4/m) structure,
in particular, 2B2

16 < B66(B11 − B12) [88,94–97], is violated at
this pressure. It should be noted that even if the scheelite phase
has a tetragonal point symmetry as does the zircon phase, it
does not share the Born stability criteria with the zircon phase.
The tetragonal I class has six independent elastic constants,
while the tetragonal II class has an extra elastic constant, C16,
and must fulfill an extra stability criteria 2B16 < B66(B11 −
B12) [88,97] related with this elastic constant. The mechanical
instability found in Ref. [98] for the scheelite phase is stated in
terms of B66, whereas 2B2

16 < B66(B11 − B12) is not analyzed.
We can deduce which is the direction of the deformation

by calculating the eigenvector associated with the eigenvalue
that becomes negative over 22.8 GPa. In fact, the calculated
eigenvector is (−0.4195, 0.4195, 0, 0, 0.8050) at 23.7 GPa,
which corresponds to a deformation within the ab plane of
the structure. As a consequence of this distortion, the γ angle
decreases, the a parameter contracts, and the b parameter
expands. These changes are compatible with a monoclinic
distortion of the scheelite structure. Such conclusions strongly
reinforce the idea of a phase transition from scheelite- to
fergusonite-type GdVO4.

The bulk (K), shear (G), and Young (E ) moduli as well as
the Poisson’s ratio (ν) in the Voigt [99], Reuss [100], and Hill
[101] approximations can be expressed as combinations of the
stiffness coefficients. All these parameters are summarized
in Table VII for both zircon- and scheelite-type GdVO4 at
zero-pressure conditions. In the same table we included the
theoretical and experimental values of K , G, E , and ν obtained
by Huang et al. [16] for the sake of comparison. The values of
the bulk moduli of the zircon and scheelite phases calculated
at 0 GPa are in good agreement with the experimental values
shown in Table I and reported by Huang et al. [16]. Pugh [102]
proposed an empirical relationship between and plastic defor-
mation properties of materials which can be expressed as the
K/G ratio (also shown in Table VII). According to that study,
a material is considered ductile when K/G > 1.75 and brittle
otherwise. We found that both zircon- and scheelite-type

GdVO4 are ductile at zero pressure, having similar K/G
values.

Finally, we also report the calculated BM EOS parameters
of the postfergusonite phase, which are shown in Table I. Ap-
parently, this structure is more compressible than the scheelite
phase (see Table I), which is in apparent contradiction with
its higher density. This phenomenon has been studied in
literature and two possible hypotheses have been suggested.
The first one claims that, according to Hofmeister [103], the
decrease observed in the bulk modulus is directly related to
the weakening of the interatomic bonds, caused by the incre-
ment of the average interatomic distances after the transition.
The second one claims that the smaller bulk modulus can
be explained as a consequence of a localized-to-delocalized
electronic transition. Studies on lanthanides [104] have shown
that pressure induces an f -electron delocalization. This would
produce a weaker Gd-O bond, and so the postfergusonite
phase would be slightly more compressible. However, these
hypotheses need to be tested by future studies.

IV. CONCLUSIONS

We report an experimental and theoretical study on the
behavior of GdVO4 under high pressure. We studied the
different polymorphs and their stability from a mechanical
and dynamical perspective. The Raman-active modes of the
different polymorphs have been accurately characterized. Our
study clearly confirms that there is a first zircon-to-scheelite
phase transition between 6.6 and 7.3 GPa. After this transition,
the scheelite phase remains stable up to 20 GPa. Above this
pressure, recognizable changes in the crystal structure take
place. According to our calculations, this is compatible with
a mechanical instability that leads to a monoclinic struc-
tural distortion. Our experiments confirm this, suggesting the
fergusonite structure as the third polymorph. Upon further
compression, substantial changes occur above 29 GPa. As our
ab initio calculations indicate, these changes are compatible
with a third phase transition from the fergusonite structure
to an orthorhombic postfergusonite structure. This phase is
found to have a small band gap in the IR region and its
compressibility is predicted to be higher than that of the
previous phase. When pressure is released, this structure
shows a 6-GPa hysteresis, transforming back directly to the
scheelite structure, which arises at approximately 22.9 GPa.
After complete decompression, the recovered sample is com-
posed by scheelite-type GdVO4 and a small fraction of the
postfergusonite structure, both in a metastable state.
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