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Thallium vanadate is the missing piece to fully understand the behavior of orthovanadates under high-pressure
conditions. Here we report a computational study of TIVO4 under high pressure. Its properties and stability have
been studied using the density-functional theory. We have found that TIVO4 undergoes at 2.7 GPa a phase
transition from the CrVOy-type structure (described by space group Cmcm) to a wolframite-type structure
(described by space group P2/c). In contrast to the behavior of isomorphic vanadates, a subsequent amorph-

ization takes place beyond 6 GPa being it driven by dynamic instabilities. In addition to the structural analysis,
we present a systematic study of elastic, vibrational, and bonding properties, as well as a characterization of the
electronic band structure and electronic density of states. The distinctive behavior of TIVOy is attributed to the
contribution to the bonding of Tl 6s states. The implications of the observed phase transition and amorphization

will be discussed.

1. Introduction

During the last decade, a large number of studies on orthovanadate
AVO4 compounds have been conducted to investigate their high-
pressure behavior. In most of these studies, it has been shown that
VO, tetrahedral units, characteristic of the crystal structure of ortho-
vanadates, played a critical role in their high-pressure structural
sequence [1]. Of particular interest are compounds crystallizing in the
CrVOgu-type structure, described by space group (S.G.) Cmcm [2], and
often also called NiSO4-type structure. These compounds include TIVO4.
In CrVO4-type compounds, the VOy4 tetrahedral units are vulnerable to
coordination changes, which results in phase transitions and drastic
modifications in the electronic and vibrational properties. Information
on the high-pressure behavior of compounds isostructural to CrVOy is of
particular relevance because the crystal structure is shared by more than
thirty different ternary oxides, including not only vanadates, but also
sulfates, chromates, phosphates, and selenates [3]. In addition, given the

close connection of the CrVOg-type structure with quartz-like oxides [4],
a high-pressure study of the structural, vibrational, and properties of a
compound like TIVOy is quite attractive from the fundamental point of
view.

Structural changes induced by pressure on CrVOy-type vanadates are
highly dependent on the trivalent cation A [2,5,6]; for instance, In, Fe, or
Cr. In particular, it has been shown that FeVOy, InVO4, and CrVO4 follow
two different structural sequences [2,5,6]. The phase transitions are
from the orthorhombic polymorph (S.G. Cmcm), represented in
Figure S1 of the Supplementary Material (S.M.) [7], which has a
low-packing efficiency and it is formed by chains of nearly regular
edge-sharing AOg octahedra linked together by VO, tetrahedra, to
denser phases where V atoms are surrounded by six oxygen atoms in an
octahedral coordination [5,6]. In the case of InVO4 [8], several transi-
tions have been reported, revealing a rich polymorphic sequence, which
involves drastic changes in the interatomic In-O and V-O bond distances.
In InVO4 the sequence of phase transitions at 300 K is CrVOs-type (S.G.
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Cmcm) — wolframite-type (S.G. P2/c, at 4.4 GPa) — raspite-type (S.G.
P2;/a, at 28.1 GPa) — AgMnOgs-type (S.G. P2;/n, at 44 GPa). In the
case of CrVOy previous studies are limited to only 10 GPa [2], and only
the CrVO4-type (S.G. Cmcm) — wolframite (S.G. P2/c) phase transition
has been reported at 4 GPa. In contrast, FeVO4 has a more complex
structural landscape with two-phase transitions reported below 4 GPa
[6] being two triclinic structures observed at a lower pressure than the
wolframite-type polymorph. The distinctive behavior of FeVO4 has been
proposed to be associated with the magnetic interaction between Fe
atoms [9].

Pressure has been found to have a significant effect not only on the
crystal structure of vanadates but also on the Raman and infrared (IR)
phonon frequencies and on the branches of the phonon spectrum at the
boundary of the Brillouin zone (BZ). This unusual trend and the results
described in the previous paragraph prompted us to conduct additional
research on CrVOg4-type vanadates, investigating for the first time, the
high-pressure properties of TIVO4. The interest in TIVO4 has several
motivations. After the synthesis reported by Touboul et al. [10,11],
Butcher and coworkers [12] performed a photoelectrochemical char-
acterization on this compound, revealing its potential as a photo-
catalytic material. On the other hand, photoluminescence
measurements [12] determined a band gap of 2.94 eV, which is prom-
ising for water splitting and hydrogen evolution reaction processes. In
addition, we expect lesser hybridization between Tl and O atoms than
between In and O atoms. This is because trivalent thallium, in the
octahedral coordination, has a larger Shannon radius, of 0.885 A, than
indium does, 0.800 A [13]. As a result, different polymorphic sequences
than in InVO4 and CrVO4 could occur in TIVO4. On the other hand, due
to this atomic configuration, the competition between energy, volume,
and entropy changes can lead to instability during a pressure-induced
phase transition. In fact, if the energy gain from the transition is not
sufficient to compensate for the associated changes in volume and en-
tropy, the transition may not occur smoothly. Instead, the system may
exhibit intermediate or metastable states or even amorphization.

Additionally, when pressure is applied, the intermolecular or intra-
molecular forces between TIVO4 constituents can be significantly
altered. This change in pressure can influence the energy landscape of
the substance and potentially destabilize its molecular or atomic struc-
ture. Indeed, the modification of intermolecular or intramolecular forces
caused by pressure could facilitate chemical reactions between the
constituents of the substance. These reactions may involve the breaking
or forming of chemical bonds, resulting in the decomposition of the
original phase. This scenario was observed by Touboul and coworkers
[11]. Their work stipulates that at temperatures above 300 K TIVO4
decomposes into TIVO3 and 1/2 O,. We would like to highlight here
that, because TI is very toxic, the preparation and experimental char-
acterization of Tl-based materials have been poorly studied. To avoid
experimental manipulation of such a compound, it is advantageous to
investigate it first using theoretical tools. Therefore, to complete the
understanding of CrVO4-type vanadates under high pressure, we have
decided to study TIVO4 under high-pressure conditions by means of
density-functional theory simulations.

2. Computational details

Zero-temperature total-energy calculations have been carried out
within the framework of the density-functional theory (DFT) imple-
mented in the Vienna Ab initio Simulation Package (VASP) [14-16]. The
projector-augmented wave (PAW) method [17] has been employed to

simulate  the electronic  band-structure  calculations. = The
exchange-correlation  energy has been  described  within
generalized-gradient approximation (GGA) using the

Perdew-Burke-Ernzerhof (PBE) functional [18,19] and also using the
Armiento and Mattsson 2005 (AMO5) functional [20]. A cutoff energy of
520 eV has been established for the plane waves after testing that it
ensured the convergence of calculations. The traditional
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Monkhorst-Pack scheme [21] has been employed by using in the
reciprocal space a dense grid of 10 x 10 x 7. In the relaxed equilibrium
configuration, the forces have been found to be less than 0.3 meV/ A per
atom in each cartesian direction. Crystal structures have been optimized
at fixed volumes. The pressure has been obtained from energy versus
volume plots as the derivative of the total energy with respect to volume.
The enthalpy (H) has been then obtained for each structure as H=E + P
x V.

Mechanical properties of the low- and high-pressure phases have
been determined through the calculation of elastic constants, which
have been obtained from the stress tensor which has been calculated
when the relaxed structure is strained by changing its lattice vectors
(magnitude and angle) using the stress-strain methodology imple-
mented in VASP [22]. From the elastic constants, we have derived the
different elastic moduli.

Lattice-dynamic calculations have been performed using the finite
displacement method to calculate the interatomic force constants and
obtain the phonon dispersion relations. This task requires the use in
calculations of a 4 x 4 x 2 super-cell for CrVOy-type (Cmcm) and a 4 x 2
x 4 super-cell for the high-pressure phase (P2/c), as well as constructing
the force constant matrix, which contains the second derivatives of the
total energy concerning the atomic displacements calculated within
VASP, and extracting the vibrational modes through the open tool
Phonopy [23,24]. This tool provides the irreducible representation of
the modes at the I" point. Combining these results with the SAM tool of
the Bilbao Crystallographic Server we obtained the Raman, Infrared, and
Silent modes.

We have also probed the bonding properties along the polymorphic
sequence through the calculation of effective charges implemented in
the Critic2 code [25]. The algorithm of this code is based on the topo-
logical analysis of scalar functions in real space based on the Quantum
Theory of Atoms in Molecules (QTAIM) [26,27,29]. The code makes a
topological partition into disjoint regions, providing the nature of
interatomic bonds [28].

We have also calculated the formation energy of TIVOy. It has been
calculated at zero temperature and pressure without including the zero-
point motion or lattice vibrations and following the formulation given in
Refs. [30,31]. The total energy (E(TIVO,4)) of TIVO4 per formula unit has
been calculated as

E(TIVO,) = E(TI)+ E(V) +4E(0)

+AH(TIVO;) M

where AH(TIVO,) is the formation enthalpy of TIVO4, and E(i) is the
energy of the constituent i elements; i.e. T1, V, and O. Since

AH(TIV04) = (:“Tl - E(Tl)> (2)
+(uy — E(V)) +4(uo — E(0))
Then
E(TIVO,) = Apiyy + Apy +4Ap, 3

where 7, py, and po are respectively the chemical potentials of Tl, V,
and O atoms. In our case, under thermal equilibrium growth conditions
(constant temperature and pressure) pigyo, = E(TIVO4).

In high-pressure calculations, based on crystal-chemistry arguments
[32], in addition to the known orthorhombic polymorph of TIVO4
(CrVOg4-type), we have considered as candidate structures the
MnMnOy-type structure (S.G. C2/m), the wolframite-type structure (S.G.
P2/c), the post-wolframite structure reported in CdWO4 (S.G. P2;/c), the
AgMnOgy-type structure (S.G. P2y/n), the raspite-type structure (S.G.
P2;/a), the fergusonite-type structure (S.G. C2/c), the HgWO4-type
structure (S.G. C2/c), the SrTeQO4 structure (S.G. Pbca), the BaUOQ,
structure (S.G. Pbcm), the zircon-type (S.G. [4,/amd), the monazite-type
structure (S.G. P21/n), and the scheelite-type structure (S.G. I41/a).
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Fig. 1. (Color online) Pressure dependence of the enthalpy difference between different structures considered for TIVO,4 and the ambient-pressure structure (CrVO4-
type) which is represented by the horizontal dotted line at AH = 0. The results correspond to AMO5 calculations. For simplicity, we only show six structures in
addition to the ambient pressure structure. The structures not represented have higher enthalpies than the structures included in the plot. The structures are

identified by the names used in the description of calculations.

Table 1

Unit-cell parameters, volume at zero pressure (Vy), bulk modulus (By), and its pressure derivative (B/O) determined from this study for the ambient-pressure (Cmcm) and

high-pressure (P2/c) polymorphs of TIVO,.

a(A) b (A cd p0O Vo (A%) By (GPa) B,
Cmcem (PBE) 5.901, 5.84* 8.916, 8.69* 7.016, 6.80* 90,90* 369.14 58.16 4.63
Cmcem (AMO5) 5.842 8.822 6.939 90 357.62 58.31 4.09
P2/c (PBE) 4.950 5.856 5.086 92.24 147.32 114.56 4.62
P2/c (AMO5) 4.894 5.767 5.026 92.42 141.73 131.09 4.14

The results calculated using two different functionals are given. For the ambient-pressure phase we compare the present with experiments from Ref. [11], The

experimental results are denoted by the symbol *.
3. Results and discussion
3.1. Properties of CrVO4-type at ambient-pressure

From calculations, after structural optimization of the internal
atomic positions and lattice parameters, we have obtained the total
energy as a function of volume and the enthalpy as a function of pressure
for the different structures considered. The pressure has been deter-
mined by fitting the total energy versus volume results with a third-
order Birch-Murnaghan equation of state (EOS) [33]. We have found
that the structure with the lowest enthalpy at zero pressure is the stable
orthorhombic polymorph of TIVO4 (S.G. Cmcm), which has four formula
units in the unit cell. This can be seen in Fig. 1 where we represent the
calculated difference of enthalpy (using AMO5) between different
structures and the zero-pressure structure. The two functionals we have
used lead to qualitatively similar enthalpy-pressure diagrams. The
calculated unit-cell parameters of the stable structure are summarized in
Table 1. The agreement with experiments [11] is good for the two
functionals, being the best agreement obtained with AMO05. From now
on, when there are no specifications, we will refer to AMO5 calculations.
The calculated atomic coordinates are reported in Table S1 in the Sup-
plementary Material [7]. These values are given for comparison with
future studies since atomic positions have not yet been determined from
experiments. The zero-pressure volume (Vy), bulk modulus (By), and its

pressure derivative (B’O), obtained from the EOS, are also provided in
Table 1. The bulk modulus, 58 GPa, is slightly smaller than values re-
ported for the same parameter in isostructural CrVO4 (63-93 GPa) and
InVO4 (69-76 GPa), in fergusonite-type BiVO4 (62-84 GPa), and in the
triclinic structure of FeVO4 (76-80 GPa). On the other hand, the bulk
modulus of TIVOy is considerably smaller than the same parameter in
zircon-type and monazite-type orthovanadates, which have bulk moduli
from 93 to 160 GPa [34]. Consequently, TIVO4 is one of the most
compressible orthovanadates.

To test a possible decomposition of TIVO4, we have selected a
number of decomposition routes, including the experimental suggestion
made by Touboul et al. [11]. The formation enthalpies of the energeti-
cally most stable structures have been taken from the OQMD database
[35]. According to Figs. 2, 3, and 4, given the growth
conditions-dependent formation energies, TIVO4 could be synthesized
exclusively using two competing binary compounds, namely V05 and
Tl,03. These binary oxides are taken as Tl,O3 with S.G. Ia 3 and V505
with S.G. Pmn21. The following restrictions are enforced to prevent the
emergence of dual competing phases throughout the growth process:

AHzp,0, > 20p, + 3, @

AHy,o; > 2Apy, + 50, 5)

In such ground conditions, we also have:
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Fig. 2. (Color online) Calculated accessible range of chemical potentials for the equilibrium growth conditions of TIVO4. We show the variation in Ay, as a function
of App and Auy within the stability region. Color lines are the limits imposed by competing phases. A, B, C, D, and E delimit the stability area and represent the

intersection points of conditions, see the Supl. Material [7].
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Fig. 3. (Color online) Calculated accessible range of chemical potentials for the equilibrium growth conditions of TIVO4. We show the variation in Auy, as a function
of Auo and Apg within the stability region. Color lines are the limits imposed by competing phases. A, B, C, D, and E delimit the stability area and represent the

intersection points of conditions, see the Supl. Material [7].

Apy + Apy + 40y = Apigyo, = — 1739 eV

where Tl is a dependent variable:

(ThO3) : —5Apu, —2Au, = 2.54 €V

(V20s) : 50, + 280, = —2.23 ¢V

©

7)
(3

where V is a dependent variable:

(ThOs) : 2Apg + 3Ap, = —0.93 eV 9
(V20s) : — 28y —30p, = 1.24 eV (10)

where O is a dependent variable:
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Fig. 4. (Color online) Calculated accessible range of chemical potentials for the equilibrium growth conditions of TIVO,4. We show the variation in Ay, as a function
of Aur and Auy within the stability region. Color lines are the limits imposed by competing phases. A, B, C, D, and E delimit the stability area and represent the

intersection points of conditions, see the Supl. Material [7].
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Fig. 5. (Color online) (a) Phonon dispersion of the stable orthorhombic structure of TIVO,4 at 0 GPa. (b) Partial phonon density of states (PhDOS) of the same

structure. Both results are from AMO5 calculations.

(THO03) : 1.25A, —0.75Au, = 0.36 eV an
(V20s) : —1.25Apy, + 0.75Ap, = —0.05¢V 12)

where uy, py, and po represent the chemical potentials of Tl, V, and O,
respectively. The enthalpies AH(Tl,O3), and AE(V20s) are equal to
—0.937 and —2.23 eV, respectively. The larger area of stability in Fig. 4
determines that if the chemical potential of the oxygen atom is set as the
dependent variable the growth of TIVO4 is more favorable for the
directional amount of the formation region (A-B) from V-poor and TI-
rich to Tl-rich and V-rich. Consequently the decomposition of TIVO4

to Tly03 + V305 possible. This also means that the synthesis of TIVO4 is
favored by an oxidizing atmosphere.

To check both the dynamical and mechanical stability of the stable
orthorhombic structure at 0 GPa, we have calculated the phonon
dispersion as well as the elastic constants. The phonon dispersion
(calculated with AMO5) along the first Brillouin zone and the phonon
density of states (DOS) are displayed in Fig. 5. The dispersion does not
show any imaginary frequency, which is a proof of the dynamical sta-
bility of TIVO, in the orthorhombic structure. Since the crystal structure
is composed of chains of edge-sharing T1Og octahedra linked by isolated
VO, tetrahedra, which run parallel to the c-axis, (see Fig. S1 in
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Table 2
Calculated wavenumbers (w) of Raman, infrared, and silent modes using the PBE
and AMO5 functionals. The mode symmetry assignment is included. Results for

IR modes extracted from previous experiments [37] are included for
comparison.
Mode PBE Exp. AMO5 Activity
w (cm’l) » (em™Y) o (em™)
A, 65.7 65.7 silent
A, 189.2 189.4 silent
A, 383.7 383.7 silent
Bag 107.0 108.9 Raman
Ag 133.4 131.6 Raman
Byg 153.6 154.4 Raman
Big 175.2 174.9 Raman
Bog 192.4 191.1 Raman
Ag 297.9 297.3 Raman
Bag 317.6 317.5 Raman
Bog 329.4 328.1 Raman
By 338.6 337.1 Raman
Ag 357.4 356.8 Raman
Bag 365.1 363.9 Raman
Big 616.1 616.9 Raman
Ag 713.6 715.4 Raman
Bsg 870.9 870.3 Raman
Ag 888.4 889.5 Raman
By 71.1 71.4 IR
Bsu 116.3 114.5 IR
By 118.9 119.3 IR
Bou 155.9 156.1 IR
Bou 196.6 196.0 IR
B3y 208.8 235 209.3 IR
Biu 301.6 275 301.8 IR
Bay 311.8 300 310.6 IR
Bou 329.4 328 329.7 IR
Boy 366.5 378 393.7 IR
By 392.6 415 364.8 IR
Bsy 654.4 680 656.6 IR
Boy 735.2 730 736.1 IR
By 862.2 862.5 IR
Bou 909.5 890 908.1 IR

Supplementary Material [7]), the phonon modes of TIVO4 at zero
pressure can be classified as internal or external vibrations of the VO4
units [36]. The calculated wavenumbers for zero pressure and temper-
ature are summarized in Table 2. The two functionals give similar
results.

According to the phonon DOS, the modes at wavenumbers larger
than 800 cm™! correspond to V-O vibrations, being associated with in-
ternal stretching vibrations of the VO4 tetrahedron. In contrast, the
modes in the 600-750 cm ™! region are associated with the vibration of
V and Tl atoms. The phonon spectrum has a phonon gap between 415
and 600 cm ™! and the low-frequency vibrations have contributions from
vibrations of O, V, and Tl atoms. According to the group theory analysis,
at the I" point of the Brillouin zone, the orthorhombic phase (S.G. Cmcm)
obeys the following mechanical representation:

T = 5A, + 4B, + 6By, + 3A, + 2B,
+7By, + 4By, + 5By,

One By, one By, and one Bs, mode are the acoustic modes. In addition,
there are three silent modes (A,), fifteen infrared-active modes (5B1y,
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6B2y, and 4B3,), and fifteen Raman-active modes (5Ag, 4B1g, 2B2g, and
4B3g).

There is a previous IR experiment on TIVO4 [37]. The wavenumbers
of the previously reported modes are compared with our calculations in
Table 2. The agreement is good. The maximum difference between
calculated and measured modes is 30 cm L. This is for the B1, mode with
wavenumber 301.6/301.8 cm ™2, being the relative error 10%, which
can be considered a very good agreement[38]. Our calculations provide,
for the first time, a mode assignment for IR modes. In the previous ex-
periments, the wavenumber cut-off of the setup was 200 cm™". Five of
our calculated modes are below the cut-off, which explains why they
were not measured. Above 200 cm ! there is only one calculated mode
not detected by the experiments. This is the B;, mode with wavenumber
862 cm™ . However, in experiments, the mode reported at 890 em s
very broad and asymmetric. We believe this mode could be a doublet,
including the two highest frequency modes we have calculated. Unfor-
tunately, there are no Raman experiments to compare with and our
calculations are provided to facilitate mode indentification in future
Raman experiments. As a consequence, we will compare our calculated
Raman modes with isostructural InVO4 and CrVO4. We have found that
the distribution of Raman-active frequencies in TIVOy is qualitatively
similar to that of InVO4 and CrVOy4. In our compound, there are four
modes between 600 and 890 cm’l, and the other eleven modes are
below the phonon gap. InVO4 [5] (CrVO4 [2]) has four high-frequency
modes between 755 and 915 cm™! (700 and 950 cm™ 1) and the other
eleven modes below the phonon gap. The resemblance of the
high-frequency part of the Raman spectrum of the three vanadates is due
to the similarity of the VO4 tetrahedra.

To check the effect of the strain on the investigated compound, we
have calculated the elastic constants within the stress method [22].
Single-crystal elastic constants under isotropic pressure of an ortho-
rhombic structure should be assessed by means of the generalized Born
criteria [29,39-43]. The calculated elastic constants for the ortho-
rhombic structure are given in Table 3. Their values satisfy the me-
chanical stability conditions. Based on this and the eigenvalues
calculated from the elastic constant matrix shown in Table S2 in the
Supplementary Material [7], the orthorhombic structure of TIVOj4 is
mechanically stable. From the table, we would like to highlight that the
value of C1; is larger than the value of the C33 and C33 components. This
result indicates that uniaxial compression can easily affect the Cmcm
structure. By using the ELATE tool, we have extracted the bulk (K),
Young (E), and shear (G) moduli within the Voigt (V) [44], Reuss (R)
[45], and Hill (H) [46] approximations. The results corresponding to
these moduli are presented in Table S3 in the Supplementary Material
[7]. We can see that the calculated bulk modulus (56.8-66.3 GPa) from
the elastic constants is in excellent agreement with the value estimated
from the EOS fit of the energy versus volume results (See Table 1). In the
S.M. [7], it can be seen that Young’s modulus (64-69 GPa) is similar to
the bulk modulus and that the shear modulus is much smaller
(24.2-25.9 GPa). Thus, TIVO4 has a greater resistance to unidirectional
compression and volumetric compression than to shear deformation.
This means that CrVOs-type TIVOy, is a soft material. In addition, the
calculated Poisson’s ratio, ~ 0.32, and B/G ratio, ~ 2.5 (see Table S3 in
S.M. [7]), also indicate that the studied compound is a ductile material.

Table 3

Calculated elastic constants (C; in GPa) of TIVO, for the CrVOy-type phase (Cmcm) at 0 GPa and the wolframite-type phase (P2/c) at selected pressures.
Phase Cn Ci2 Ci3 Cis Co2 Cos Cas Cas Css Caa Cas Css Ceo
Cmcm (PBE) 152.08 48.44 56.76 - 76.14 32.56 - 102.23 - 19.49 - 21.88 24.26
Cmcm (AMO5) 160.70 51.28 60.99 - 79.69 33.78 - 108.45 - 21.61 - 24.92 25.38
P2/c (PBE) at 3.1 GPa 227.41 102.37 120.45 —2.95 153.50 93.97 —18.23 226.19 —7.02 37.32 —16.92 56.19 2.51
P2/c (AMO5) at 3.1 GPa 243.76 117.00 133.6 —4.96 170.52 103.41 —21.40 245.99 - 5.67 43.56 -17.11 61.27 9.25
P2/c (PBE) at 13.6 GPa 267.83 147.57 161.25 —9.99 185.27 123.91 —33.34 261.80 —5.84 40.90 —17.69 57.92 20.73
P2/c (AMO5) at 11.5 GPa 287.12 158.62 171.73 —12.56 197.66 130.04 — 36.61 277.71 - 5.79 44.08 —17.95 62.40 26.31
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Fig. 6. (Color online) (a): Pressure dependence of the unit-cell volume of the ambient-pressure and high-pressure polymorphs of TIVO,. The results have been
calculated using AMOS5. For the HP phase, we plot 2V to facilitate the comparison. Notice that in the low-pressure phase Z = 4 and in the HP phase Z = 2. (b) Pressure
dependence of the f angle and (c) pressure dependence of unit-cell parameters for the same structures.

3.2. TIVO4 under compression

To explore the high-pressure structural stability of TIVO,, twelve
structures have been considered as candidates for a HP phase (see
Computational details). They have been optimized for a number of sets
of volumes. From these calculations, the enthalpy difference (AH) vs.
pressure (P) plots have been extracted. They are shown in Fig. 1. This
figure shows two structures that will have a lower enthalpy than the low-
pressure phase under compression. The calculations predict a phase
transition, at a relatively low pressure of ~ 2.7 GPa, from the ortho-
rhombic CrVO4-type structure (S.G. Cmcm) to a monoclinic wolframite-
type phase described by S.G. P2/c. This HP phase remains thermody-
namically the most favorable structure in the pressure range covered by
this study. According to the enthalpy calculations, the fergusonite phase
(S.G. C2/c) is in close competence with wolframite, however, its
enthalpy is always slightly larger than that of wolframite. Thus ac-
cording to thermodynamic arguments, the HP structural sequence of
TIVO, is CrVOg4-type — wolframite-type. However, as we will explain in
a subsequent paragraph, the wolframite-type structure is dynamically
unstable beyond 6 GPa, which will have consequences in the HP
behavior of TIVO4. The structural information of the HP wolframite
structure is summarized in Table 1 and Table S1 of the S. M. [7]. The
crystal structure is schematically represented in Figure S1 of the S.M.
[7]. The HP wolframite structure has two formula units in the unit cell. It
consists of VOg irregular octahedra surrounding Tl atoms with an
eight-fold coordination. The Tl coordination polyhedron is a square
antiprism. This means that the phase transition involves the formation of
new T1-O bonds and V-0, increasing the coordination of Tl from six-fold
to eight-fold and of V from four-fold to six-fold. This is a distinctive
feature of TIVO4 because in other CrVO4-type vanadates only the coor-
dination of vanadium is modified the HP phase transition occurs.

From the present DFT calculations, we have determined the pressure
dependence of the unit-cell parameters and volume for the low- and
high-pressure phases. The results are presented in Fig. 6. There it can be
seen that there is an abrupt 18% volume decrease between the ortho-
rhombic phase and HP phase. Such a volume collapse and the formation

of additional bonds after the transition indicate that the phase transition
is a first-order transformation. The observed increase in density of TIVO4
is expected to make the material less compressible, after the phase
transition. This phenomenon is mainly due to chemical bonding changes
and the enhancement of the crystal packing, which induce the observed
increase in the bulk modulus as shown in Table 1. The observed collapse
of the volume is comparable to that reported for the pressure-induced
CrVOs-type to wolframite transition in InVO4 (14%) and CrVO4
(17%). However, in these two compounds, the transition involves only
an increase in the coordination of V, which goes from four-fold to six-
fold, and in the present case, as described in the previous paragraph,
both the coordination of V and TI are increased as a consequence of the
phase transition. The differential behavior of TIVOy is due to the large
ionic radii of T1, which makes its coordination sphere quite sensitive to
pressure. This fact is associated to the contribution to chemical bonding
of T1 6 s states. From the calculated unit-cell parameters, we obtained for
the orthorhombic phase the linear compressibilities of each axis: x,
=15x10"° GPa?, x, =85x 107 GPa >, and x, =3.6 x 107
GPa~>. This means that compression is anisotropic, being the b-axis the
most compressible one (see Fig. 6). In this regard, the behavior is similar
to the non-isotropic behavior of CrVO4 and InVOy. For the high-pressure
phase, the behavior is also non-isotropic. In this case, since the structure
is monoclinic, and “a”, “b”, “c”, and the f angle change with pressure
(see Fig. 6), the main axes of compressibility and the associated
compressibility should be determined to describe the change of the
crystal structure. We obtained x; = 3.9 x 1073 GPa 3, ky = 2.3 x 1073
GPa~3, and x3 =1.7 x 10~® GPa~3. The corresponding axes of
compressibility are (010), (304), and (403). As in the low-pressure phase
the most compressible direction corresponds to the b-axis.

In order to further check the stability of the wolframite-type phases,
we have studied its dynamical stability by calculating the phonon
dispersion at pressures where it has been predicted to be the lowest-
enthalpy phase. As we will show, this criterion is not satisfied by the
wolframite-type structure beyond 6 GPa. We have also found that the
fergusonite structure, the closest phase in enthalpy to wolframite after
the phase transition, is dynamically unstable. We have also explored the
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mechanical stability by calculating the elastic constants as a function of
pressure. The mechanical stability of the wolframite phase is fulfilled.
This can be seen in Table S2 of the Supplementary Material [7]. The
calculated phonon dispersion of the wolframite structure at 3.1 GPa is
shown in Fig. 7. All phonon branches are positive supporting the
dynamical stability of wolframite after the phase transition. However, at
a pressure of 6 GPa and higher, we have found that dynamical in-
stabilities develop in the wolframite structure. This can be seen in Fig. 8
where it can be seen that there is a phonon branch that becomes
imaginary. The mode that softens under compression is the acoustic By,
branch which becomes negative in several points of the Brillouin zone,
as shown in Fig. 8. More information on the pressure dependence of this
and the rest of the modes can be found in Figures S2 and S3 in the SM file
[7]. Additionally, the fergusonite phase is dynamically unstable at all

pressures, meaning that a transition from wolframite to fergusonite is
not possible. This can be seen in the phonon dispersion represented in
Figure S4 in the SM file [7], which shows that at 3.2 GPa there is a
phonon branch that is negative near the A point of the Brillouin zone.
Thus, we can conclude that both the wolframite and fergusonite phases
are unstable beyond 6 GPa.

The above-described results lead us to consider alternative scenarios.
We simulate the decomposition of TIVO4 into TIVO3 + 1/2 O3 and Tl»03
+ V50s. The comparison of the enthalpies of TIVO,4 and its daughter
products is shown in Figs. 9 and 10. At the same time, we can notice that
the conditions for decomposition for daughter binary compounds
diminish making it unfavorable (see Figures S5, S6, and S7 of the S.M.
[71). In the figures, it can be seen that the decomposition product has a
higher enthalpy than the low-pressure phase of TIVO4 and therefore also
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Fig. 9. (Color online) Calculated enthalpy versus pressure for the low-pressure
phase of TIVO,4 and its decomposition products (TIVO3 + 1/2 O,). Here the
enthalpy of TIVO,4 and (TIVO3 + 1/2 O,) is represented respectively by black,
and red lines.

-60

\,
o
|

T,0,+ V,0O,

Enthalpy (eV)
I 1

-80 p—

N I U I IR NS B
8 12 16 20

4
Pressure (GPa)

Fig. 10. (Color online) Calculated enthalpy versus pressure for the decompo-
sition (T1,03 + V0s). Here the enthalpy of TIVO,4 and (T1,03 + V,0s) is rep-
resented respectively by black and red lines.

than any structure with a lower enthalpy, such as the HP polymorph.
Our results show that pressure, in contrast to temperature, which favors
the decomposition of TIVOy, inhibits the decomposition of TIVO4 mak-
ing the difference of enthalpy between TIVO4 and its daughter products
larger as pressure is increased. Therefore, we hypothesize that the
dynamical instabilities driven by pressure beyond 6 GPa might be due to
a pressure-driven amorphization, which would cause a loss of
long-range order in crystalline TIVO4 disrupting the regular arrange-
ment of its atoms [47]. One of the possible causes of amorphization is

Journal of Alloys and Compounds 978 (2024) 173483

Table 4

Calculated A, Bg, A, and B, phonon
modes for the P2/c phase at 3.1 GPa using
the AMO5 functional. IR and R identify

the infrared and Raman modes,
respectively.
B,(IR) 31.0
A (IR) 120.7
B,(IR) 159.6
B.(IR) 249.9
A (IR) 258.4
B,(IR) 290.4
B,(IR) 318.2
A (IR) 338.9
A,(IR) 397.1
B,(IR) 457.2
B,(IR) 475.8
A,(IR) 493.4
A,(IR) 563.9
B,(IR) 678.9
A (IR) 748.0
By(R) 72.8
A R) 83.5
B,(R) 98.1
By(R) 168.5
By(R) 186.9
AR) 201.0
Be(R) 257.2
ALR) 270.0
A(R) 294.2
B,(R) 336.3
By(R) 383.5
A(R) 390.6
B,(R) 476.3
Aq(R) 498.1
By(R) 638.8
AyR) 666.5
By(R) 704.1
ALR) 795.6

the strong preference of the crystal structures for shear stress. This hy-
pothesis is consistent with the fact that the mechanical instability
detected from the elastic tensor is driven by the decrease of the C44 and
Css constants, a phenomenon known as shear-mode softening, which has
been  connected to pressure-driven amorphization  [48].
Pressure-induced amorphization has not been observed before in other
orthovanadates. Interestingly, pressure-induced amorphization has
been reported for Tl,O3, but not for Cr,O3 and InyOs3, suggesting that
amorphization could be a distinctive feature of binary and ternary
thallium oxides. An additional possible fact beyond it, it could be a
pressure-driven delocalization of 4f electrons of Tl atoms. The
computing simulation of amorphous TIVOy is beyond the scope of this
study. We would like to stress here that amorphization of TIVO,4 at 6 GPa
is an unprecedented phenomenon at such low pressures in ortho-
vandates and related oxides which deserves to be further study to un-
derstand this phenomenon and its implications for industrial
applications of CrVOu-type vanadates.

To complete the discussion of this section, we will discuss the Raman
and IR spectra of the HP wolframite-type phase of TIVO4. According to
the group theory analysis, at the I' point of the Brillouin zone, the
wolframite phase (S.G. P2/c) follows the flowing mechanical
representation:

I = 84, + 10B, + 84, + 108,

Two By, and A, modes are the acoustic modes. In addition, there are
fifteen infrared-active modes (7A, and 8B,,), and eighteen Raman-active
modes (8A; and 10By). The calculated wavenumbers of the modes of the
HP phase at 3.1 GPa are reported in Table 4. Regarding the atomic
contribution to vibrations, in Fig. 7, it can be seen that high-frequency
phonons are associated with vibrations of oxygen atoms. Indeed, they
are internal stretching vibrations of the VOg octahedron. It can also be
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Table 5

Topological charges and volumes of polymorphic sequences at their pressure
transitions. Note that even though the P2/c (Z = 2) structure represents the HP
phase, the atomic volume of TI in this phase is higher than that of Tl in the
ground structure Cmcm (Z = 4). The volume of Tl increases because of the rise of
the Tl coordination number from 6 to 8.

phase atom Volume (bohr®) atomic charge

Cmcem Tl 53.114 2.39
\% 31.286 2.00
o 51.292 -1.19
o 64.472 -1.12
(0] 45.545 —-0.87
(6] 51.296 -1.19

P2/c Tl 88.301 1.76
\% 29.128 2.62
(0] 77.519 —1.06
(6] 73.937 -1.13

noted that, in contrast to the low-pressure phase, in wolframite the
phonon gap is from 490 to 560 cm ™!, The modes below 490 cm ™! have
contributions from all atoms, being associated with bending vibrations
of the VOg octaahedron, and to vibrations of Tl atoms and VOg octahedra
as rigid units.

From calculations, we have also obtained the pressure dependence of
phonons, which is plotted in Figure S3 of the S.M. [7]. This information
is provided to facilitate comparison with future experiments. The pres-
sure dependence of the phonons shows two interesting features. In the
low-pressure phase, there are two phonons that soften under compres-
sion. The Raman mode Bz and the IR mode Bs,. The existence of such
modes is usually related to the occurrence of a phase transition [49] as
we found near 3 GPa. In the high-pressure phase, there is also a mode
slightly softening under compression, the lowest frequency By mode, and
an IR B, mode which softens becoming the frequency zero beyond
6 GPa, as happens with one of the acoustic modes. In addition, there are
modes that tend to merge as pressure increases (see Figure S3 of the S.M.
[71). The mode softening observed in wolframite is consistent with the
fact that the HP structure becomes dynamically unstable beyond 6 GPa,
as we discussed before.

3.3. Changes in bonding and electronic properties along the Cmcm —
P2/c phase transition

When atoms are compressed in the solid state, they are subjected to
an additional confinement potential. The “chemical bonding” is there-
fore very different from that at ambient conditions. Thus, it is necessary
to analyze pressure-induced changes in bonding. Hopefully, enormous
developments in analyzing the behavior of the wave function have taken
place in the last few years. They allow us to analyze the bonding path
along the pressure-driven phase transition in TIVO4. To achieve this
goal, we have made a topological analysis of the charge density of the
stable phases and extracted volumes and topological charges. The results
are displayed in Table 5. We have found that along the pressure-induced
polymorphic sequence, Cmcm — P2/c, there is a decrease of the charge
transfer from Tl and V to O atoms. This is because pressure plays the role
of equalizing both the negative charges of the non-equivalent oxygen
atoms and the positive charges of the two cations. Thus, whereas the
Cmcm phase shows three clearly different oxygen atoms with charges of
—1.2, —1.1, and —0.87 and two different cations (T17%* and V*2.), in the
P2/c phase, oxygen charges are very similar ( — 1.06 and — 1.13), and
the opposite occurs in the cations (T1"17 y V+262). The relative posi-
tions of the cations and anions in both structures explain the differences
in the charges. The oxygen atoms which are the nearest neighbors of
cations are the atoms with the most negative charge. As we move from
the low- to the high-pressure phase, cation-oxygen and oxygen-oxygen
distances increase as a consequence of the modifications of coordina-
tion polyhedra. As a result, the anisotropy of the local atomic
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Fig. 11. (Color online) Electronics band structure of the CrVO,-type phase
calculated at 0 GPa using the HSE06 functional.

Table 6
Band-gap energy of the two phases of TIVO, calculated using the HSE06
functional.

phase Eg experiment

Cmcm at 0 GPa 2.94

P2/c at 3.1 GPa

2.89
3.13

4 Ref. [12]
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Fig. 12. (Color online) Calculated projected electronic density of states of the
Cmcm phase at 0 GPa.

environment decreases. This is one of the reasons for stabilizing the
high-pressure phase. It has been also found that the compression of the
TIVO4 cell affects the distances between atoms and alters the overlap of
electron orbitals, leading to changes in the energy levels of the valence
and conduction bands.

Let discuss now the band structure and electronic density of states.
We display in Fig. 11 the electronic band structure of the Cmcm phase at
zero pressure. The band structure has been calculated using the HSE06
functional, which is known to give more accurate values of the band-gap
energy than PBE and AMO5 [50], CrVOg4-type TIVO4 has a direct band
gap at the Y-Y point of the Brillouin zone with a value of 2.89 eV. The
calculated band gap agrees within uncertainties with the experimental
band gap of 2.94(5) eV determined from photoluminescence measure-
ments [12] (see Table 6). Our calculations indicate that the top of the
valence band is dominated by O 2p and V 3p states and the bottom of the
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conduction band by TI 6s states; see Fig. 12. This is a distinctive feature
because in orthovanadate compounds usually the states near the Fermi
level are dominated by O and V orbitals. The change in the crystal
structure at the phase transition led to an increase in the band-gap en-
ergy which is equal to 3.13 eV at 3.1 GPa. This increase of the band-gap
energy is different from the decrease of the band-gap energy at the
CrVOg4-to-wolframite transition in InVO4 and CrVOy4 [2,5]. The HP phase
has a direct and an indirect band gap with the same energy, having two
degenerated minima in the conduction band at a Cp and E¢ points of the
Brillouin zone and two degenerated maxima in the valence band located
at the Y and Ej points (see Figure S8 in the S.M. [7]). This change in the
band-structure topology is mainly due to the difference in atomic
spacing between the low- and high-pressure structures that modify the
electrostatic forces acting on the electrons, thus altering their energy
states. In the HP phase the top of the valence band is dominated only by
O 2p states and the minimum of the conduction band by TI 6s with a
minor contribution of O 2s states (see Figure S9 in the S.M. [7]). The
change of the orbital contribution to states near the Fermi level is what
favors the increase of the band-gap energy at the phase transition. The
3.1 eV band gap of the wolframite phase and the potential fact that it can
be possibly synthesized as a metastable phase could have important
implications for applications of TIVOg4. In particular, a band gap of
3.1 eV makes wolframite-type TIVO4 more suitable for the photo-
catalytic treatment of residual dyes from different sources and a wide
variety of organic pollutants introduced into the natural water
resources.

To gain a deeper insight into the new electronic configuration, we
have also analyzed the bonding changes through the NCI plot derived
from quantum-mechanical calculations [27,51]. This tool can provide
insights into the strength and nature of intermolecular interactions. This
index visualizes electronic domains indexed by color gradient, which
quantifies the strength of non-covalent interactions at each point in
space through the reduced density gradient RDG or S(r) map [52]. It
uses the sign of the second-largest eigenvalue of the Hessian matrix at
each isosurface point. In this way, we could distinguish between sup-
posedly attractive (sign(12)p(r) < 0), allegedly repulsive (sign(i2)p(r)
> 0) and finally, the van der Waals (sign(12)p(r) ~ 0) interactions. S(r)
versus sign(i2)p(r) plots for both Cmcm and P2/c HP structures are dis-
played in Figs 13(a) and (b). We can show that both structures contain
regions where the non-covalent interactions are relatively weak or
insignificant. The transition from Cmcm to P2/c phase induces a
decrease in repulsive interactions in red. This can be seen near sign(i2)p
(r) ~ 0.04 of Fig. 13(a). The transition is also characterized by a change
in the nature of the disc-shaped region located between Tl and O atoms.
The isosurface around the TI-O bond becomes darker, indicating
stronger interactions, mainly due to the increase in ionicity in the unit
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cell. Interestingly, there is a strong overlap of electronic clouds in the
VOg unit, which occurs in close proximity to the V-O bonds, the
signature of steric hindrance; this trend is rather due to the enhancement
of repulsion in the wolframite-type phase.

4. Conclusions

We have presented a systematic density-functional theory study of
the high-pressure behavior of TIVO4. We have described the structural,
vibrational, elastic, and electronic properties of TIVO4 at ambient con-
ditions and under high pressure, We have also found that TIVO4 un-
dergoes a phase transition at 2.7 GPa to a monoclinic structure. The
structural transition involves an increase in the coordination number of
thallium and vanadium atoms. The phase transition also induces a
change in the band-gap energy, which has been explained by changes
induced in bonding. Upon further compression, TIVO4 has been pro-
posed to undergo pressure-driven amorphization at 6 GPa, a fact never
observed before in orthovanadates at such low pressures. Decomposition
of TIVO4 has been also found to be not possible, The distinctive behavior
of TIVO4 under compression seems to be related to the contribution of Tl
6s states to bonding. The reported results are the missing piece to the
puzzle of the behavior of orthovanadates under high pressure.
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