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This study explores the structural, electronic, elastic, optical, and thermoelectric properties of two novel
oxide perovskites, TlNbO3 and TlTaO3, using density functional theory with the generalized gradient
approximation and modi�ed Becke�Johnson potential to accurately capture exchange�correlation ef-
fects. Our analysis con�rms the thermodynamic stability of both compounds through assessments of
cohesive energy, formation enthalpy, and phonon dispersion, indicating their cubic and dynamic stabil-
ity. The band structure reveals that TlNbO3 has a direct band gap of 0.17 eV, while TlTaO3 exhibits
a wider gap of 1.52 eV, con�rming their semiconductor behavior. Elastic property calculations indicate
that TlNbO3 is brittle and TlTaO3 is more ductile, with both materials demonstrating elastic anisotropy
and a mix of metallic and covalent bonding. The density of states analysis highlights signi�cant con-
tributions from Tl, O, and Nb/Ta in the valence and conduction bands, emphasizing their potential
in optoelectronic applications. Optical analyses further reveal high refractive indices and favorable di-
electric properties, supporting their use in devices. Additionally, thermoelectric evaluations show a κ/σ
ratio on the order of 10−5, indicating low thermal conductivity alongside signi�cant electrical conduc-
tivity. Notably, TlTaO3 demonstrates substantial power factor values, positioning it as a promising
candidate for thermal applications and energy conversion systems. Overall, this comprehensive investi-
gation underscores the potential of TlNbO3 and TlTaO3 for advanced technological applications.

topics: oxide perovskites, density functional theory (DFT) calculations, band gap, thermoelectric prop-
erties

1. Introduction

The ongoing pursuit of sustainable energy solu-
tions and e�cient energy management is critical in
addressing global challenges such as fossil fuel de-
pletion and climate change [1]. As the world seeks
alternatives to fossil fuels, energy storage technolo-
gies have become pivotal [2]. These technologies en-
able the capture and utilization of energy generated
at various times, e�ectively addressing the intermit-
tent nature of renewable energy sources and opti-
mizing energy use in modern society [3]. E�ective
energy management supports not only industrial
processes but also the performance of a wide range
of electronic and electrical devices. In this context,
dielectric materials and their associated technolo-
gies are essential, as they store and deliver energy
rapidly, making them crucial for applications in hy-
brid electric vehicles, portable electronic devices,
and pulse power systems [4�6].

Perovskite materials have emerged as promising
candidates for addressing the global energy chal-
lenges of fossil fuel depletion and climate change [7].
The perovskite structure, characterized by its ver-
satile ABX3 composition, allows for incorporating a
wide range of cations [8]. This adaptability results in
materials with diverse and tunable properties, mak-
ing perovskites highly suitable for various applica-
tions, including energy storage and conversion tech-
nologies [9, 10]. Their inherent stability, combined
with unique electronic, magnetic, and optical prop-
erties, positions them as key materials in developing
advanced technologies aimed at sustainable energy
solutions [11�13]. Among the di�erent classes of per-
ovskites, oxide perovskites such as barium titanate
(BaTiO3) and strontium ruthenate (SrRuO3) stand
out due to their stability and functional versatility.
These materials are integral to various applications,
from capacitors and actuators to catalysts and
photovoltaic systems. Their capacity to facilitate
chemical reactions and absorb light makes them
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indispensable in both energy production and envi-
ronmental technologies. The robust performance of
oxide perovskites in various industrial applications
underscores their importance in advancing energy
e�ciency and sustainability [14�18]. In turn, halide
perovskites, denoted by the formula ABX3, where
'X' is a halogen, have gained signi�cant attention
for their remarkable optoelectronic properties [19].
A notable example is methylammonium lead iodide
(MAPbI3), which has achieved high e�ciency in so-
lar cells and light-emitting diodes (LEDs). The low
cost and ease of fabrication associated with halide
perovskites further enhance their potential for re-
newable energy technologies. Their ability to e�-
ciently convert light into electrical energy highlights
their role in the ongoing quest for sustainable en-
ergy solutions [20, 21].
Among the various perovskite types, thallium-

based perovskites o�er intriguing possibilities due
to thallium's high atomic number and variable oxi-
dation states. These features can introduce unique
characteristics into the perovskite lattice, poten-
tially enhancing performance in applications such
as thermoelectrics and catalysis [22]. The explo-
ration of thallium oxide perovskites is of particular
interest as they may provide new pathways for im-
proving energy e�ciency and developing innovative
technologies. By leveraging the unique properties of
thallium, researchers can unlock new opportunities
for advancing energy-related applications and tech-
nologies [23].
Research on thallium-based perovskites has

demonstrated their broad potential in �elds such
as optoelectronics, photovoltaics, and radiation de-
tection. Yanagida and colleagues explored sev-
eral Tl-based crystalline scintillators, including
Tl2ZrCl6 [24], TlXCl3 (X = Mg, Cd, and Ba) [24],
noting that Tl2ZrCl6 achieved the highest resolu-
tion of 5.6% at 662 keV [25, 26]. Zaman et al. [27]
conducted an ab initio study of Tl-based chloroper-
ovskites, speci�cally TlXCl3 (X = Ca and Cd), and
emphasized the key role of thallium atoms in scintil-
lation applications. Beck and colleagues' work [28]
on synthesizing the thallium perovskite TlPbCl3
found it promising for use in photovoltaic devices.
Singh [29] examined the electronic structures of
TlGeI3, TlSnI3, and TlPbI3, identifying TlPbI3 as a
potential low-band-gap scintillator [29]. Sharma et
al. [30] focused on chemical shifts in polycrystalline
halides, such as ABX3 (A = Cs, Tl; B = Pb; X = Br,
I), using nuclear magnetic resonance (NMR) spec-
troscopy. Yadav et al. [31] explored the suitability
of TlPbX3 (X = Cl, Br, I) compounds for opto-
electronics and renewable energy applications. Ayub
and colleagues' research [32] highlighted the me-
chanical stability of cubic TlXF3 (X = Be, Sr) com-
pounds, indicating their potential in energy stor-
age. Hany et al. [33] studied the electrical and
optical properties of TlPbI3 for gamma radiation
detection, while Yousefzadeh and colleagues [34]
developed TlSnI3/g-C3N4 nanocomposites, which

showed promise for organic dye degradation. Mitro
and colleagues' work [35] on TlPbX3 (X = Cl, Br)
under low pressure con�rmed the semiconducting
properties of these compounds, and Jin et al. [36]
used density functional theory (DFT) to investi-
gate TlSnX3 (X = Cl, Br, I), revealing that the
Rashba e�ect contributes to their semiconductor
potential. Yang et al. [37] emphasized the utility of
TlPbI3 in producing radiation detectors for med-
ical imaging, national security, astrophysics, and
industrial monitoring. Lastly, Wakil Hasan and col-
leagues [38] provided a comprehensive investiga-
tion of TlBO3 (B = Cr, Mn) perovskites, focusing
on their structural, mechanical, elastic, electronic,
optical, and thermodynamic properties using DFT
calculations. Their study showed that both TlCrO3

and TlMnO3 exhibit good mechanical stability and
ductility, as indicated by the ful�llment of Born
criteria and favorable elastic moduli. The optical
properties of these materials were particularly note-
worthy, with potential applications in waveguides,
ultralarge integration of circuits, microelectronics,
and solar cells. The study highlighted that TlCrO3

and TlMnO3 demonstrate better absorption char-
acteristics with spin con�gurations, suggesting their
utility in advanced applications [38].
Despite these promising �ndings, a comprehen-

sive theoretical understanding of thallium oxide
perovskites remains underexplored. To address this,
our study employs DFT to conduct an in-depth
analysis of TlXO3 (X = Nb, Ta) perovskites. Our
goal is to investigate their structural, electronic,
elastic, optical, and thermoelectric properties, pro-
viding a robust theoretical framework that will sup-
port future experimental research. By o�ering de-
tailed insights into these materials, we aim to aid
in their development and application in advanced
technologies. Our theoretical work is intended to
build on existing research and provide valuable
data that can guide experimental e�orts. We hope
that our �ndings will facilitate the practical explo-
ration of thallium oxide perovskites and contribute
to their integration into cutting-edge technologies,
ultimately supporting the broader goals of sustain-
able energy and e�cient resource management.

2. Computational method

In this study, we employed �rst-principles cal-
culations to investigate the structural, electronic,
optical, and thermoelectric properties of thallium
oxide-based perovskites TlXO3 (X = Nb, Ta),
crystallizing in the cubic Pm-3m space group
(no. 221). These calculations were performed us-
ing the full-potential linearized augmented plane
wave (FP-LAPW) method [39], as implemented
in the WIEN2k code [40], which is grounded
in density functional theory (DFT) [41]. The
exchange�correlation potential was treated using
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the generalized gradient approximation (GGA) as
developed by Perdew, Burke, and Ernzerhof (PBE
functional) [42, 43], providing reliable results for
the ground-state properties. In addition, the mod-
i�ed Becke�Johnson (TB-mBJ) potential was em-
ployed to improve the accuracy of the calculated
electronic band gaps [44], o�ering a more realistic
prediction of the materials' optoelectronic behavior.
The electronic con�gurations of the atoms involved
are explicitly considered, with Nb: [Kr]4d45s1,
Ta: [Xe]4f145d106s2, Tl: [Xe]4f145d106s26p1, and
O: [He]2s2p4. These con�gurations help determine
the valence electrons that are directly involved in
bonding and a�ect the electronic properties of the
compounds. To optimize the lattice parameters, we
set the mu�n-tin radius (RMT) values to 1.92,
2.50, and 1.74 a.u. for Nb/Ta, Tl, and O atoms,
respectively. These values were reduced by 5% to
ensure a proper description of the interactions near
the atomic spheres. Within the atomic spheres, the
crystal potential and electronic wavefunctions were
expanded using a maximum angular momentum
cuto� of lmax = 10, and the plane-wave cuto� pa-
rameter Rmt × kmax was set to 7. The wave vector
was extended up to Gmax = 12 in the interstitial re-
gion to ensure high accuracy of these calculations.
For geometric optimization, we used a 12× 12× 12
k-point mesh, ensuring adequate convergence for
the structural properties. For the calculation of the
density of states (DOS), a denser 18 × 18 × 18
k-point mesh was employed. The energy conver-
gence criterion between successive iterations was set
to 0.0001 Ry, and forces acting on the atoms were
minimized to 1 mRy/Bohr. To analyze the lattice
dynamics, we used the Phonopy code [45], calculat-
ing the phonon dispersion curves using a 5 × 5 × 5
supercell and a k-mesh of 5× 5× 5. This allowed us
to evaluate the dynamic stability of the perovskite
structures. The optical properties were determined
from the complex dielectric function [46], which al-
lowed us to derive the optical constants, including
refractive indices, absorption coe�cients, and re-
�ectivity. These optical properties provide insights
into the material's suitability for applications such
as photovoltaics and optoelectronic devices. To in-
vestigate the thermoelectric properties, we used the
semi-classical Boltzmann transport theory as imple-
mented in the BoltzTraP code [47]. A �ne k-point
grid of 46 × 46 × 46 was applied to compute the
thermoelectric response, including the Seebeck co-
e�cient, electrical conductivity, and thermal con-
ductivity.

3. Results and discussion

3.1. Structural properties

The tolerance factor (τ) is a critical parameter
used to predict the structural stability and crys-
tallization of perovskite compounds, particularly to

determine whether they will adopt a cubic, tetrago-
nal, or orthorhombic phase. It is calculated using
the bond lengths between the atoms in the per-
ovskite structure and is given by [48]

τ = 0.707
LA−X

LB−X
. (1)

In this case, LA−X refers to the bond length between
the thallium atom (Tl) and the oxygen atom (O),
while LB−X refers to the bond length between the
B-site cation (Nb or Ta) and the oxygen atom (O).
For the TlXO3 (X = Nb, Ta) compounds, the bond
lengths are LTl−O = 3.36 Å and LB−O = 2.45 Å.
Using these bond lengths, the calculated tolerance
factor is τ ≈ 0.99. This value, being close to 1,
strongly supports the prediction that the compound
crystallizes in a stable cubic phase. A tolerance fac-
tor near 1 typically indicates that the perovskite
structure is stable in its ideal cubic form [48, 49].
In our exploration of the structural properties of
TlNbO3 and TlTaO3 perovskites, we sought to eval-
uate their stability and potential application in ad-
vanced technologies, such as light-emitting diodes
(LEDs), solid-state batteries, and solar panels. Us-
ing �rst-principles methods, we investigated key
ground-state parameters to provide deeper insights
into the stability and versatility of these materials
for such applications [50].
The optimized geometries for TlNbO3 and

TlTaO3 were determined by solving Murnaghan's
equation of state (EOS) [51]

E (V ) = E0 +
B0 V

B′
0 (B

′
0 − 1)

[(
V0

V

)B′
0

− 1

]
, (2)

where E(V ) represents the energy as a function of
volume V , B0 is bulk modulus, B′

0 is its pressure
derivative, V0 is the equilibrium volume, and E0 is
the equilibrium energy. These calculations unveiled
that both perovskites adopt a cubic Pm-3m struc-
ture. In this lattice, the thallium (Tl) atoms occupy
the 1a (0, 0, 0) Wycko� site, the B-cations (Nb and
Ta) are located at the 1b (0.5, 0.5, 0.5) positions,
and the oxygen (O) atoms are positioned at the
3c (0.5, 0.5, 0) Wycko� site (see Fig. 1). Struc-
tural optimizations were carried out for nonmag-
netic (NM), ferromagnetic (FM), and antiferromag-
netic (AFM) con�gurations. As seen in Fig. 2a, b,
the NM con�guration was identi�ed as the most
stable, exhibiting the lowest ground-state energy
among the three magnetic con�gurations. Table I
(see also [52]) presents various key structural pa-
rameters, including the lattice constant (a0), pres-
sure derivative B′

0, the ground-state energies Emin,
the equilibrium volume V0, and energetic prop-
erties. The lattice constants (a0) were optimized
at 4.09 Å for TlNbO3 and 4.08 Å for TlTaO3,
which aligns well with previously reported theoret-
ical data, con�rming the accuracy of our results. In
addition to the lattice parameters, the formation en-
ergy (∆Hf ) was calculated to assess the thermody-
namic stability of these compounds. The formation
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TABLE I

Lattice parameters, bulk moduli, equilibrium volume, and energetic properties of TlXO3 perovskite in di�erent
magnetic states.

Material State
a [Å]

B′
0 Emin [Ry] V0 [(a.u)3] ∆Hf [Ry]

GGA LDA

TlNbO3

NM 4.09 − 4.61 −48670.629055 462.2340

−0.457FM 4.09 − 4.61 −48670.629009 460.0457
AFM 4.09 − 4.61 −48670.628998 462.2378

TlTaO3

NM 4.08 3.85 [52] 4.90 −72281.949332 459.8744
−0.924FM 4.08 − 5.00 −72281.949327 459.8102

AFM 4.08 − 4.72 −72281.949219 459.9474

Fig. 1. Geometrically depicted cubic crystals of
TlXO3 (X = Nb, Ta) in the Pm-3m space group.

energy is a crucial indicator of whether a material
can be experimentally synthesized and is computed
using [53]

∆Hf = Etot
TlXO3

−
(
Ebulk

Tl + Ebulk
X + 3Ebulk

O

)
, (3)

where Etot(TlXO3) represents the total energy of
perovskite structure, and E(Tl), E(X), and E(O)
represent the energies of individual Tl, B-cation,
and oxygen atoms, respectively. The formation en-
ergies for TlNbO3 and TlTaO3 were found to be
−2.41 eV and −2.43 eV, respectively. The negative
values of ∆Hf con�rm the thermodynamic stabil-
ity of these perovskites, indicating that they are
energetically favorable for experimental synthesis.
The slightly lower formation energy for TlTaO3 sug-
gests it may exhibit marginally higher stability than
TlNbO3 [54, 55].

3.2. Phonon dispersion

The phonon dispersion curves, density of states
(DOS), and thermal phonon properties of the per-
ovskite compounds TlNbO3 and TlTaO3 provide
a comprehensive understanding of their lattice dy-
namics, vibrational behavior, and thermodynamic
properties. Figure 3a�b reveals the vibrational

Fig. 2. Energy�volume optimization curves of
TlXO3 (X = Nb, Ta) in nonmagnetic, ferromag-
netic, and antiferromagnetic phases.

characteristics of both compounds along high-
symmetry directions (Γ�M�X�R�Γ) under the three
phases: nonmagnetic (NM), ferromagnetic (FM),
and antiferromagnetic (AFM). In this �gure, the
Γ point corresponds to the Γ(NM) for the nonmag-
netic phase, and to Γ(A′FM′) for both the FM and
AFM phases. In the FM phase, imaginary modes
are observed, indicating the instability of this phase
for both materials. In contrast, the NM and AFM
phases display stable vibrational characteristics.
The NM phase, characterized by the lowest ground
energy, further supports its stability, making it the

396



Investigating the Structural, Electronic, Optical, and Thermoelectric. . .

Fig. 3. Phonon dispersion curves for TlXO3

(X = Nb, Ta) perovskites.

most stable phase for both compounds. This anal-
ysis underscores the dynamic stability of the NM
and AFM phases, with the FM phase showing sig-
ni�cant instabilities due to the appearance of imag-
inary phonon modes. In the nonmagnetic phase,
each compound exhibits three acoustic branches
and several optical branches, typical of perovskite
structures. The acoustic modes, which originate
from the Γ point at 0 THz, are crucial for ther-
mal transport, while the optical branches appear
at higher frequencies, primarily above 4 THz. The
absence of imaginary (negative frequency) modes
in both TlNbO3 and TlTaO3 con�rms their dy-
namical stability, indicating no structural instabili-
ties. The optical phonon branches in TlNbO3 reach
slightly higher frequencies (∼ 15 THz) compared to
TlTaO3, suggesting stronger bonding interactions in
Nb�O bonds relative to Ta�O bonds. TlNbO3 also
shows more dispersive optical branches, indicating
higher phonon group velocities, which could con-
tribute to enhanced thermal transport compared to
TlTaO3 [56].

Fig. 4. Phonon density of states curves for (a)
TlNbO3 and (b) TlTaO3 perovskites.

The phonon density of states (DOS) in Fig. 4a�b
further clari�es the vibrational contributions of dif-
ferent atomic species. The low-frequency region
(0�5 THz) is dominated by vibrations from the
heavy Tl and O atoms, while the mid-frequency
range (5�10 THz) corresponds to a mixture of
oxygen 2p states and B-cation (Nb or Ta) vibra-
tions. The high-frequency peaks above 10 THz are
mainly associated with Nb 4d and Ta 5d states,
indicating that the B-cation plays a crucial role
in determining the phonon behavior. The DOS of
TlNbO3 shows a broader distribution in the mid-
frequency range, implying stronger hybridization
between Nb and O atoms, while TlTaO3 exhibits
a slightly sharper high-frequency peak, suggesting
sti�er Ta�O bonds. These variations in the phonon
DOS in�uence the thermal transport properties, as
materials with broader DOS distributions often ex-
hibit increased phonon scattering [57].
The phonon thermal properties curves shown

in Fig. 5a�b illustrate the temperature dependence
of Helmholtz free energy (F ), entropy (S), heat
capacity (CV ), and internal energy (E). The
free energy decreases with increasing temperature
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TABLE II

Band gaps of TlXO3 calculated using GGA-PBE, TB-mBJ, LDA (local density approximation), and mBJ.

Material
Approximation

Band gap
type

GGA-PBE TB-mBJ LDA mBJ LDA
this work other works

TlNbO3 0.246 0.175 − − direct
TlTaO3 0.832 1.18 0.55 [52] 1.22 [52] direct

, re�ecting the anharmonic nature of lattice vibra-
tions, while the entropy increases, indicating en-
hanced disorder in the phonon system at higher
temperatures [58]. The heat capacity (CV ) initially
rises with temperature and eventually saturates,
consistent with the Dulong�Petit limit, where all
phonon modes are fully excited [59]. The internal
energy follows a nearly linear trend with tempera-
ture, as expected from phonon contributions. The
slightly higher entropy and internal energy values
of TlNbO3 suggest stronger phonon interactions
and a higher density of vibrational states compared
to TlTaO3. The heat capacity behavior also im-
plies that TlNbO3 may reach thermal equilibrium
faster than TlTaO3, in�uencing its potential appli-
cations in thermal management and dielectric prop-
erties [60].
The combined phonon dispersion, DOS, and ther-

mal phonon analyses indicate that TlNbO3 exhibits
stronger lattice interactions and higher phonon
frequencies, suggesting superior thermal transport
properties compared to TlTaO3. The absence of
imaginary frequencies in both compounds con�rms
their dynamical stability, and the variations in
phonon behavior between Nb- and Ta-based per-
ovskites highlight the impact of B-site cation selec-
tion on vibrational and thermal characteristics.

3.3. Electronic properties

3.3.1. Band structure

Band structures are essential in determining the
electronic properties, revealing how electrons be-
have in a material and the energy required to tran-
sition between states [61]. As shown in Fig. 6a�b,
the band structure for TlNbO3 and TlTaO3 demon-
strates a clear semiconductor behavior with a di-
rect band gap located at the X point. For TlNbO3,
the band gap calculated using the GGA-PBE func-
tional is 0.246 eV, whereas TlTaO3 shows a larger
gap of 0.832 eV. These results are summarized in
Table II (see also [52]. After applying the more ad-
vanced TB-mBJ method, which provides a more
accurate prediction of band gaps, we observe a
slight decrease in TlNbO3's gap to 0.175 eV, while
TlTaO3's gap increases to 1.18 eV. Additionally,
the local density approximation (LDA), another

Fig. 5. Phonon thermal properties curves for (a)
TlNbO3 and (b) TlTaO3 perovskites.

common method in density functional theory, pre-
dicts a band gap of 0.55 eV for TlTaO3 (as re-
ported in previous works [55]), which is lower than
the TB-mBJ value but higher than GGA-PBE. For
TlNbO3, LDA data is not available in the literature
for comparison.
The re�nement of these values with TB-mBJ sug-

gests that TlNbO3, with its smaller band gap, might
be well-suited for low-energy applications such as
photodetectors, while the larger gap in TlTaO3 in-
dicates a potential for higher-energy applications,
like ultraviolet (UV) detectors [62]. Both materials
maintain a direct band gap at the X point, mak-
ing them promising for e�cient optical transitions
in various optoelectronic devices.
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Fig. 6. Band structure of TlXO3 (X = Nb, Ta) perovskites based on GGA-PBE and TB-mBJ predictions.

Fig. 7. Total and projected density of states for TlXO3 (X = Nb, Ta) perovskite oxides.

3.3.2. Density of state

In our density of states (DOS) and partial den-
sity of states (PDOS) analysis for TlXO3 (X = Nb,
Ta) perovskite oxides, as plotted in Fig. 7a�b, we

investigated the energy range from −6.5 to 6.5 eV.
The results clearly con�rm the semiconducting na-
ture of these compounds. The DOS and PDOS
reveal distinct contributions from di�erent atomic
orbitals in both the valence and conduction bands.
The valence band, in the negative energy range, is
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primarily dominated by the 6s orbitals of the thal-
lium (Tl) atom near the Fermi level, with minor
contributions from the 2p orbitals of the oxygen (O)
atom and the 4d orbitals of the B-cation (Nb) in
TlNbO3 or 5d orbitals in TlTaO3. The lower en-
ergy levels of the valence band (−2 to −6 eV) are
mainly dominated by the 2p orbitals of the oxy-
gen atoms, indicating strong bonding interactions
within the lattice. In the conduction band, the pos-
itive energy range near the conduction band min-
imum is dominated by the 4d orbitals of Nb in
TlNbO3 or the 5d orbitals of Ta in TlTaO3, sug-
gesting that the B-cation signi�cantly contributes
to the conduction properties of these materials. In
the middle energy range (∼ 3 eV), there is a no-
ticeable interaction from the 2p orbitals of oxygen,
indicating some hybridization between the oxygen
and B-cation orbitals. At higher energy levels, there
is a minor contribution from the 6p orbitals of the Tl
atom, which might in�uence the higher energy con-
duction states. Our �ndings align well with those of
other similarly studied compounds, such as TlGeX3

(X = Cl, Br, and I), further con�rming the robust-
ness of our analysis [63].

3.4. Mechanical stability

In this part, we investigate the mechanical prop-
erties of TlNbO3 and TlTaO3 to con�rm the sta-
bility of these compounds. Speci�cally, we exam-
ine the bulk modulus (B), shear modulus (G),
Young's modulus (E), Poisson's ratio (ν), Cauchy
pressure (Cp), anisotropic factor (A), and Pugh's
ratio (B/G). These properties are calculated using

B =
1

3
(C11 + 2C12) , (4)

G =
C11 − C12

2
, (5)

E =
9BG

3B +G
, (6)

ν =
3B − 2G

2(3B +G)
, (7)

Cp = C12 − C44, (8)

A =
C44

C11 − C12
. (9)

The equations (4)�(9) allow us to derive the param-
eters and assess the materials' stability and mechan-
ical behavior [64], and the results are summarized
in Table III.
The elastic constants indicate that both materi-

als are stable under deformation, meeting the Born
stability criteria [65]. For TlNbO3, C11 − C12 =
254.60 GPa, which is greater than zero, and
C11 + 2C12 = 542.550 GPa, which is also positive.

TABLE III

Mechanical properties of TlXO3 antiperovskites.

Property TlNbO3 TlTaO3

C11 [GPa] 350.588 388.171
C12 [GPa] 95.981 9.691
C44 [GPa] 82.566 83.481
bulk modulus (B) 35.344 24.246
shear modulus (G) 43.993 35.640
Young's modulus (E) 56.783 29.973
Poisson's ratio (ν) 0.066 0.033
Cauchy pressure (Cp) −8.985 −13.890

anisotropic factor (A) 0.169 0.243
Pugh's ratio (B/G) 0.803 0.679

This shows stability against deformation. Simi-
larly, TlTaO3 meets the criteria with C11 − C12 =
378.480 GPa and C11 + 2C12 = 389.553 GPa, con-
�rming its stability. Both materials satisfy the con-
ditions C11 > 0, C44 > 0, and C12 < C11, indicating
they are stable under various strains. The bulk mod-
ulus for TlNbO3 is 180.85 GPa, which is relatively
high and suggests that this compound has good
resistance to uniform compression. In comparison,
TlTaO3 has a lower bulk modulus of 135.85 GPa, in-
dicating that it is more compressible under applied
stress. This re�ects weaker resistance to volumet-
ric deformation relative to TlNbO3 [66]. The shear
modulus for TlNbO3 is G = 100.46 GPa, which is
lower than for TlTaO3, i.e., G = 125.78 GPa. This
suggests that TlTaO3 has better resistance to shear
deformation, making it harder and more resistant
to shape changes under shear stress [67]. Young's
modulus is higher for TlTaO3 (E = 288.36 GPa)
than for TlNbO3 (E = 254.30 GPa). This indicates
that TlTaO3 is sti�er and more resistant to stretch-
ing under tensile stress. In contrast, TlNbO3 � al-
though still relatively sti� � is less sti� compared
to TlTaO3 [68]. The Poisson's ratio of TlNbO3

is 0.266, while for TlTaO3 it is 0.146. These val-
ues indicate that TlNbO3 exhibits a greater volu-
metric response to axial stress than TlTaO3. The
lower Poisson's ratio for TlTaO3 suggests it has
more covalent bonding, as compared to the metallic
bonding suggested by TlNbO3's higher Poisson's ra-
tio [69]. The Cauchy pressure for TlNbO3 is positive
at 13.41 GPa, which aligns with metallic bonding
characteristics. In contrast, TlTaO3 has a negative
Cauchy pressure of −73.79 GPa, indicating a more
covalent nature of bonding [70]. The anisotropic fac-
tor for TlNbO3 is 0.649, which is higher than 0.441
for TlTaO3, suggesting that TlNbO3's mechanical
properties are more directionally dependent [69]. Fi-
nally, Pugh's ratio is 1.80 for TlNbO3, indicating
ductile behavior, whereas the ratio for TlTaO3 of
1.08 suggests that it is more brittle. This con�rms
that TlNbO3 is more ductile, while TlTaO3, with its
lower Pugh's ratio, is more prone to brittleness [71].
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Fig. 8. (a) Real and (b) imaginary parts of the dielectric function, (c) refractive index, and (d) extinction
coe�cient for TlXO3 (X = Nb, Ta) perovskite oxides.

3.5. Optical properties

In our study, the dielectric function, refractive
index, extinction coe�cient, absorption coe�cient,
energy loss, and re�ectivity were calculated based
on the equations outlined below
ε (ω) = ε1 (ω) + iε2 (ω) , (10)

ε1(ω) = 1 +
2

π
P

∫ ∞

0

dω
ε2 (ω

′)ω′

ω2 − ω2
, (11)

ε2(ω) =
e2h′

πm2ω2

∑
V,C

∫
BZ

d3K |MV,C(K)|2

×δ (ωC,V (K)− ω) , (12)

η (ω) =

[
ε1 (ω)

2
+

√
ε21 (ω) + ε22 (ω)

2

] 1
2

, (13)

k(ω) =

[
−ε1(ω)

2
+

√
ε21(ω) + ε22(ω)

2

] 1
2

, (14)

R =

∣∣∣∣n1 − n2

n1 + n2

∣∣∣∣2 , (15)

L (ω) =
ε2(ω)

ε21(ω) + ε22(ω)
, (16)

α(ω) =
2ω

c
k(ω), (17)

where c is the speed of light in vacuum. The equa-
tions (10)�(17) provide the mathematical frame-
work to derive the optical properties, enabling us to
analyze the electronic transitions and interaction of
electromagnetic waves with the material [72].
The results are presented in Figs. 7a�c and 8a�d.

In Fig. 8a, the real part of the dielectric function,
ε1, reveals signi�cant insights. For TlNbO3, the
static dielectric constant, ε1(0), is 6.77, highlighting
its strong polarizability at low frequencies. We ob-
served the �rst peak in the visible range at 2.20 eV
with a value of 8.46, followed by the highest peak
at 3.09 eV with a value of 8.86. These peaks suggest
notable optical activity and electronic transitions in
the visible spectrum. In contrast, TlTaO3 exhibits
a lower static dielectric constant of 4.95, with a
stronger response in the ultraviolet (UV) region. Its
highest peak occurs at 4.14 eV with a value of 8.75,
indicating that its primary optical transitions occur
at higher energies. Furthermore, ε1 becomes nega-
tive at 7.77 eV for TlNbO3 and 8.52 eV for TlTaO3,
signifying a transition to metallic behavior beyond
these energy thresholds.
The imaginary part of the dielectric function, ε2,

depicted in Fig. 8b, complements these observa-
tions. TlNbO3 shows its �rst peak in the visible
range at 2.40 eV with a value of 3.95, while its
highest peak occurs in the UV range at 7.76 eV
with a value of 8.01. On the other hand, TlTaO3
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Fig. 9. (a) Re�ectivity, (b) energy loss function, and (c) absorption coe�cient for TlXO3 (X = Nb, Ta)
perovskite oxides.

has its �rst peak in the UV region at 3.51 eV with
a value of 1.85, with the highest peak at 6.34 eV
at a value of 7.50. These peaks correspond to in-
terband electronic transitions and indicate strong
optical absorption, particularly in the UV range.
Similarly, the refractive index η(ω), shown in

Fig. 8c, follows the trend of ε1. TlNbO3 shows
two peaks in the visible range, with values of 2.94
and 3.04, emphasizing its optical response to visible
light. TlTaO3, however, shows its peaks in the UV
region with values of 2.65 and 3.01, making it more
suitable for UV applications. The extinction coe�-
cient κ(ω) in Fig. 8d mirrors ε2 closely. For TlNbO3,
the �rst peak is observed in the visible range at
2.42 eV with a value of 0.71, while the highest peak
occurs in the UV range at 8.59 eV with a value of
2.18. TlTaO3 shows its �rst peak in the UV region
at 3.54 eV with a value of 0.35, and the highest peak
at 9.56 eV with a value of 1.92.
The re�ectivity R(ω), shown in Fig. 9a, demon-

strates that TlNbO3 has a static re�ectivity R(0)
of 0.19, while TlTaO3 exhibits a slightly lower R(0)
of 0.14. Across the energy range from 0 to 13.5 eV,
the highest re�ectivity for both materials does not
exceed 0.75. In the visible range, the re�ectivity
remains below 0.3 for both compounds, indicating
moderate re�ectance, which is more pronounced in
the UV region. This suggests that these materials

may absorb more light than they re�ect in the visi-
ble spectrum, a desirable feature for optoelectronic
applications.
The energy loss function E(ω), presented

in Fig. 9b, shows relatively low values for both com-
pounds in the visible range, not exceeding 0.06. This
behavior suggests minimal energy dissipation due to
plasmonic or electronic transitions at visible wave-
lengths. In the UV range, the energy loss increases,
reaching a maximum of 0.31 for both materials,
indicating a stronger interaction between incident
photons and the electron gas at higher energies.
The absorption coe�cient α(ω), plotted

in Fig. 9c, reveals distinct behavior for TlNbO3 and
TlTaO3. In the near-infrared (NIR) range, TlNbO3

shows a low absorption coe�cient, while TlTaO3

exhibits almost zero absorption in this range. In the
visible range, TlNbO3 presents its �rst absorption
peak at 2.43 eV with a value of 18.33, followed by a
decrease and then reaching its highest visible-range
peak of 28.35 at 3.25 eV. TlTaO3, however, shows
no signi�cant peak in the visible range, with a
maximum absorption value of 6.90 at 3.25 eV.
In the UV range, TlNbO3 reaches its highest
absorption peak of 190.60 at 8.60 eV, indicating
strong photon absorption at high energies. TlTaO3

shows its �rst absorption peak in the UV region at
3.56 eV with a value of 13.18, and its highest peak
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at 9.56 eV with a value of 186.93. These results
highlight that TlNbO3 is more active in both the
visible and UV ranges, while TlTaO3 primarily
exhibits strong absorption in the UV region.
The re�ectivity, energy loss, and absorption co-

e�cient analyses suggest that TlNbO3 is more
suited for applications that require strong absorp-
tion across the visible and UV ranges. At the same
time, TlTaO3 is better tailored for UV-speci�c ap-
plications. The optical characteristics of both ma-
terials indicate their potential for diverse optoelec-
tronic and photonic applications.

3.6. Thermoelectric properties

The thermoelectric properties of the materials
under investigation allow us to evaluate their po-
tential for energy conversion applications by exam-
ining key parameters like the Seebeck coe�cient
(S), electrical conductivity (σ), thermal conduc-
tivity (κ), and the overall �gure of merit (ZT ).
In this context, thermal properties were calculated
using [73]

ZT =
σS2T

κ
, (18)

PF = S2 σ

κ
, (19)

σαβ(T, µ) =
1

V

∫
dε σαβ(ε)

[
−∂f(T, ε, µ)

∂ε

]
, (20)

Sαβ(T, µ) =
1

e T V σαβ(T, µ)

×
∫

dεσαβ(ε) (ε− µ)

[
−∂f(T, ε, µ)

∂ε

]
, (21)

κe
αβ(T, µ) =

1

e2T V

×
∫

dε σαβ(ε) (ε−µ)
2

[
−∂f(T, ε, µ)

∂ε

]
, (22)

σαβ(ε) =
1

N

∑
i,k

σαβ(i, k)
δ (ε−εi,k)

δ(ε)
=

e2

N

∑
i,k

τi,k να(i, k) νβ(i, k)
δ (ε−εi,k)

δ(ε)
. (23)

Thermal properties, followed by the power factor
(PF), are shown in Fig. 10a�e.
Figure 10a illustrates the variation of the See-

beck coe�cient as a function of temperature for
TlTaO3 and TlNbO3. The Seebeck coe�cient rep-
resents the voltage generated in response to a tem-
perature gradient across the material. Positive val-
ues of this coe�cient indicate that the material is
a p-type semiconductor, where holes act as the pri-
mary charge carriers. Based on the plotted data,
both TlTaO3 and TlNbO3 exhibit positive See-
beck coe�cients throughout the temperature range,

con�rming their p-type behavior. At lower tempera-
tures, the Seebeck coe�cient values for both materi-
als are relatively small but gradually increase as the
temperature rises. This trend suggests an enhance-
ment in thermoelectric performance with increasing
temperature. TlTaO3, in particular, shows consis-
tently higher Seebeck values compared to TlNbO3,
indicating that TlTaO3 may have better potential
for thermoelectric applications at elevated temper-
atures. At 300 K, TlTaO3 has a Seebeck coe�-
cient of ≈ 2.13 µV/K, while for TlNbO3 it shows a
slightly lower value of 1.87 µV/K. As the temper-
ature approaches 1200 K, the Seebeck coe�cient
of TlTaO3 continues to rise, whereas TlNbO3 ex-
hibits a gradual decrease beyond a certain point,
showing a di�erent thermoelectric behavior at high
temperatures. This indicates that TlNbO3 might
not perform as e�ciently at very high temper-
atures, while TlTaO3 maintains a strong perfor-
mance throughout the examined range. The pos-
itive values of the Seebeck coe�cient across the
temperature range con�rm that both materials ex-
hibit p-type semiconductor characteristics, making
them suitable candidates for thermoelectric appli-
cations where hole carriers dominate. Further anal-
ysis will explore their electrical conductivity, ther-
mal conductivity, power factor, and �gure of merit
to provide a complete picture of their thermoelectric
potential [74].
Electrical conductivity (σ) is critical for eval-

uating how well a material can conduct elec-
tric current, which directly in�uences thermoelec-
tric e�ciency. The data reveal the temperature
dependence of electrical conductivity for TlTaO3

and TlNbO3. As shown in Fig. 10b, both materi-
als exhibit a clear increase in electrical conductiv-
ity with rising temperature. This trend indicates
enhanced charge carrier mobility and concentra-
tion as thermal energy increases. At low temper-
atures, TlTaO3 and TlNbO3 show relatively lower
conductivity values, but as the temperature ap-
proaches 1200 K, both materials exhibit signi�-
cant increases. For instance, at 300 K, TlTaO3

has an electrical conductivity of approximately
2.86× 1018 (Ω cm s)−1, while TlNbO3 shows a
slightly lower value of about 2.73×1018 (Ω cm s)−1.
By 1200 K, TlTaO3 reaches an impressive conduc-
tivity of about 1.68×1019 (Ω cm s)−1, and TlNbO3

of ≈ 2.78 × 1019 (Ω cm s)−1. The higher conduc-
tivity of TlNbO3 at elevated temperatures suggests
that it may have a larger number of charge carriers
or better charge transport characteristics compared
to TlTaO3 under those conditions. However, both
materials demonstrate strong potential for thermo-
electric applications due to their conductivity in-
creasing with temperature, which is bene�cial for
e�cient energy conversion [75].
Thermal conductivity (κ) quanti�es a mate-

rial's ability to conduct heat and is an impor-
tant parameter in assessing thermoelectric perfor-
mance. The data indicate how thermal conductivity
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Fig. 10. Comprehensive analysis of thermoelectric properties and performance metrics of TlXO3 (X = Nb,
Ta) perovskite oxides across the temperature range.

varies with temperature for TlTaO3 and TlNbO3.
As shown in Fig. 10c, both materials demonstrate
a substantial increase in thermal conductivity
with rising temperature. At low temperatures,
TlTaO3 and TlNbO3 have relatively modest
thermal conductivity values. However, as the
temperature increases, both materials exhibit
marked improvements in their ability to conduct
heat. For example, at 300 K, TlTaO3 has a
thermal conductivity of ≈ 5.59× 1013 W/(m K),
while TlNbO3 shows a slightly higher value

of around 5.89× 1013 W/(m K). As the tem-
perature approaches 1200 K, the thermal
conductivity values rise dramatically, reaching
about 1.41 × 1015 W/(m K) for TlTaO3 and
≈ 2.80× 1015 W/(m K) for TlNbO3. This signif-
icant increase indicates that both materials can
e�ciently transport heat at elevated temperatures.
The greater thermal conductivity of TlNbO3

at higher temperatures suggests that it may be
more e�ective in dissipating heat, which could
be advantageous in thermoelectric applications
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where heat management is crucial. Conversely,
the lower thermal conductivity of TlTaO3 may be
bene�cial for maintaining a temperature gradient,
which is essential for optimizing thermoelectric
performance [75].
Next, we analyze the power factor depicted

in Fig. 10d. The power factor (PF) is a critical pa-
rameter in assessing the e�ciency of thermoelectric
materials, calculated as the product of the square of
the Seebeck coe�cient and electrical conductivity.
This factor plays a signi�cant role in determining
the overall thermoelectric performance, contribut-
ing to the �gure of merit (ZT ). From the plotted
data, we observe a clear trend, namely, both TlTaO3

and TlNbO3 show an increase in power factor with
rising temperature. At 25 K, TlTaO3 has a power
factor of ≈ 2.49× 109 W/(m K2), while TlNbO3

starts higher, at around 3.48×109 W/(m K2). This
initial di�erence suggests that TlNbO3 has a bet-
ter ability to convert thermal energy into electrical
energy at lower temperatures. As the temperature
increases, both materials exhibit signi�cant growth
in their power factors. At 300 K, TlTaO3 reaches a
power factor of about 1.31 × 1011 W/(m K2), and
TlNbO3, despite starting higher, shows a reduction
to ≈ 9.50 × 109 W/(m K2). The increasing trend
of TlTaO3's power factor suggests improved ther-
moelectric performance as it bene�ts from higher
electrical conductivity and Seebeck coe�cient at el-
evated temperatures. At higher temperatures, par-
ticularly approaching 1200 K, TlTaO3's power fac-
tor continues to rise signi�cantly, reaching around
8.89 × 1011 W/(m K2). In contrast, TlNbO3 sees
a marked decline, with power factor dropping to
≈ 5.53×109 W/(m K2), indicating a decrease in its
e�ciency as a thermoelectric material under these
conditions. The divergence in behavior between the
two compounds can be attributed to their di�er-
ing thermal and electrical properties, which in�u-
ence their capacity to maintain a temperature gra-
dient for e�cient energy conversion. The substantial
increase in the power factor for TlTaO3 at higher
temperatures positions it favorably for thermoelec-
tric applications, particularly in scenarios requiring
e�cient heat-to-electricity conversion [76].
Finally, we examine the �gure of merit (ZT ) pre-

sented in Fig. 10e. The �gure of merit is a crucial in-
dicator of a material's thermoelectric e�ciency, de-
�ned as the ratio of the power factor to the product
of thermal conductivity and absolute temperature.
It re�ects how e�ectively a material can convert
heat into electrical energy. From the data plotted,
both TlTaO3 and TlNbO3 exhibit a general increas-
ing trend in their �gure of merit with temperature.
At 25 K, TlTaO3 has a ZT value of ≈ 0.140, while
TlNbO3 starts higher, at around 0.184. This initial
di�erence highlights TlNbO3's relatively superior
performance at low temperatures. As the tempera-
ture increases, the �gure of merit for both materials
also rises, reaching values of 0.750 and 0.00237 for
TlTaO3 and TlNbO3, respectively, at 1200 K. This

signi�cant increase in ZT for TlTaO3 illustrates en-
hanced thermoelectric properties of this material,
particularly at higher temperatures, where it be-
comes more e�cient at energy conversion. Through-
out the temperature range, TlTaO3 consistently
demonstrates an upward trend in ZT , indicating
improvements in either electrical conductivity or
Seebeck coe�cient of the material or reductions
in its thermal conductivity. Conversely, TlNbO3

shows a slower rate of increase in its �gure of
merit, suggesting that while it maintains decent per-
formance, it does not improve as signi�cantly as
TlTaO3 under the same thermal conditions. This
behavior indicates that TlTaO3 is a more promis-
ing candidate for thermoelectric applications, par-
ticularly in high-temperature settings, due to its
greater ability to maintain a favorable ZT . The
sustained increase in ZT for TlTaO3 makes it ad-
vantageous for applications requiring e�cient ther-
moelectric conversion, while TlNbO3, despite start-
ing strong, appears less competitive as temperature
rises [70, 71].

4. Conclusions

In conclusion, our study employing GGA-PBE
and TB-mBJ potentials within the DFT framework
using the WIEN2k code has successfully elucidated
the structural, electronic, mechanical, optical, and
thermoelectric characteristics of the perovskite ox-
ides TlNbO3 and TlTaO3. Both compounds demon-
strate non-magnetic cubic stability, supported by
favorable formation energies and phonon disper-
sion analyses that con�rm their dynamic stability.
The direct band gaps of 0.17 eV for TlNbO3 and
1.52 eV for TlTaO3 reveal the potential of these
materials for optoelectronic applications, with den-
sity of states analysis indicating signi�cant contri-
butions from Tl, O, and Nb/Ta in the valence and
conduction bands. The mechanical stability, as in-
ferred from the various calculated Born parame-
ters, further underscores the robustness of these
compounds. Our comprehensive investigation into
their optical properties, spanning dielectric func-
tions, re�ectivity, refractive index, and absorption
coe�cients, highlights their suitability for opto-
electronic device applications. Additionally, ther-
moelectric properties analyzed via classical Boltz-
mann theory reveal a κ/σ ratio of the order of
10−5, indicating low thermal conductivity paired
with appreciable electrical conductivity, suggesting
excellent thermoelectric performance of these com-
pounds. Notably, the substantial power factor val-
ues for TlTaO3 position it as a promising candi-
date for thermal applications, paving the way for
further exploration of these materials in advanced
technologies.
The data that support the �ndings of this study

are available from the corresponding author.
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