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Half-metallic semiconductors typically exhibit 100% spin polarization at the Fermi level which makes them

desired materials for spintronic applications. In this study, we reported a half-metallic ferromagnetic nature

in vacancy-ordered double perovskites Tl2WX6 (X = Cl and Br). The magnetic, electronic, and

thermoelectric properties of the material are studied by the use of density functional theory (DFT). For

the calculations of exchange–correlation potential, PBE-sol is employed while more accurate electronic

band structure and density of states (DOS) are calculated by the mBJ potential. Both materials exhibited

structural stability in the cubic structure with Fm�3m space-group. The mechanical stability is confirmed

by their computed elastic constants while their thermodynamic stability is attested by negative formation

energy. The spin-based volume optimization suggested the ferromagnetic nature of the materials which

is further confirmed by the negative value of the exchange energy Dx(pd). Moreover, computed

magnetic moment value for Tl2WCl6 and Tl2WBr6 is 2 mB and the majority of this comes from W. The

spin-polarized band structure and DOS confirmed that both materials are half-metallic and at the Fermi

level they exhibit 100% spin polarization. Furthermore, in the spin-down state, materials behave as

semiconductors with wide bandgaps. Lastly, the thermoelectric properties are evaluated by the BoltzTrap

code. The thermoelectric parameters which include the Seebeck coefficient, electrical conductivity,

thermal conductivity, power factor, and figure of merit (ZT) are investigated in the range of temperatures

from 200 to 800 K. The half-metallic ferromagnetic and thermoelectric characteristics make these

materials desired for spintronics and thermoelectric applications.
1. Introduction

Spintronics is a growing eld of magnetic electronics, that has
the potential to revolutionize the world by replacing conven-
tional electronics. In conventional electronics, only the charge
of electrons is accounted for while spintronics also utilizes the
spin degree of freedom.1 In 1988, the discovery of giant
magnetoresistance (GMR) in multilayer structures consisting of
a nonmagnetic conducting layer sandwiched between ferro-
magnetic magnetic layers provided the foundation for this
novel idea of spintronics.2 Furthermore, a high tunneling
magnetoresistance (TMR) at room temperature was reported in
1995 which makes this phenomenon attractive for the devel-
opment of magnetic sensors and memory storage devices.3 In
and Technology, University of Education,

ilameer7673@gmail.com

nal University, Campus Lahore, 53700,

on University, Seoul, 01897, South Korea

, King Saud University, P.O. Box 2455,

the Royal Society of Chemistry
addition, other advanced spin-based devices include spin
transistors, spin capacitors, spin valves, and spin lasers.4 The
advantages of spintronics over conventional electronics are
their high-density memory and logic, high speed, and low power
consumption5 with unlimited endurance.6

Spintronics works by creating spin polarization, and mate-
rials that provide high spin polarization are considered desir-
able.7 In this regard, several materials which include half metals
(HM), ferromagnetic semiconductors (FMS), and dilute
magnetic semiconductors (DMS) are considered suitable as HM
and FMS provide high spin polarization and DMS provide ease
for spin injection.8–10 In recent decades, researchers have
discovered both half metallic and ferromagnetic characteristics
in double perovskite semiconductors (DPs) which make the
scientic community to further explore these materials for
possible spintronic applications.11 DPs are compounds with the
general formula of ABB0X6. Here, A, B, and B0 are the cations,
where A generally belongs to rare-earth or alkaline earth metals,
B and B0 are transition metals. In the composition, X represents
an anion which may be halogen, oxygen, or chalcogenide.12

Furthermore, along with their HM and FMS nature, DPs also
exhibit optimistic optoelectronic and thermoelectric properties.
RSC Adv., 2024, 14, 18385–18394 | 18385
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In the context of thermoelectric (TE) properties, DPs possess
high electrical and low thermal conductivities,13 high thermal
stability, and an environment-friendly nature.14

For spintronic devices to work efficiently at room tempera-
ture, those HMs are desired which exhibit a large bandgap to
avoid spin ipping of carriers from thermal energy and have
a high curie temperature (Tc > room temperature).15 In the quest
for these properties, Philipp et al. reported HM nature in DPs
A2CrWO6 (A = Sr, Ca, and Ba). Among these materials, Sr2-
CrWO6 exhibits the highest value of Tc = 458 K and it showed
a tolerance factor equal to 1 which indicates the undistorted
cubic structure. The replacement of Ca and Ba in place of Sr
causes a reduction in the value of Tc. Furthermore, partial
substitution of La2+ in place of Sr2+ resulted in the reduction in
both saturation magnetization and curie temperature.16 In
another study, Kumar et al. reported a half-metallic ferromag-
netic HMFM-DP Ba2YbTaO6, which showedmetallic behavior in
the spin-down state while exhibiting a wide bandgap of 3.47 eV
in the spin-up state.17 Besides oxide DPs, to explore the HMFM
in halide-based DPs, Mir and Gupta studied Cs2NaMCl6 (M = V
and Ti), and reported the HMFM in both materials with 100%
spin polarization. The partial density of states (DOS) plot
showed that HMFM properties were contributed by unpaired
electrons of split d-orbitals of M-site elements in the crystal
eld.18 In context to TE properties, a material with a high gure
of merit (ZT) is considered suitable for TE applications.
Regarding this, Harbi et al. studied Ba2MWO6 (M = Cd, Zn, and
Mg) and reported a high gure of merit at 800 K with the values
of 0.64, 0.71, and 0.76 for Cd/Zn/Mg compositions respectively.
Also, all three materials were found mechanically stable.19 In
a separate study about TE properties Haque and Hossain re-
ported a very low lattice thermal conductivity of 0.2 W m−1 K−1

for the halide DP Cs2InAgCl6. By increasing temperature from
300 to 700 K power factor decreases but due to low total thermal
conductivity, a high ZT= 0.74 was obtained at 700 K.20 Since the
process of doping in DPs affects its TE properties, so to inves-
tigate these effects, Hira et al., studied Sr2−xBixCoRuO6 (0# x#
0.8) and reported that with increasing Bi doping, the material
changes from n-type to p-type and also a decrease in thermal
conductivity was observed. ZT value also increased with
increasing Bi content and the highest value of ZT was reported
at x = 0.8.21

Considering these useful properties of DPs reported in the
above-mentioned studies, we investigated the structures of
vacancy-ordered DPs Tl2WX6 (X = Cl, Br) along with their
mechanical, electronic, magnetic, and thermoelectric proper-
ties by using DFT. The reported results of our study are
encouraging and are a worthwhile contribution to the existing
knowledge of DPs and also showcased the capability of these
materials for application in the eld of spintronics and
thermoelectrics.

2. Computational details

In the present study, we used full potential linearized
augmented plane wave (FP-LAPW) calculations for structural
optimization and to examine the mechanical, electronic, and
18386 | RSC Adv., 2024, 14, 18385–18394
magnetic response of Tl2WCl/Br6. The calculations were per-
formed on the DFT-based Wein2K package. For structural
optimization and mechanical properties, exchange correlation
potential was evaluated utilizing PBE-sol approximation while
for accurate computation of band structure (BS) and density of
state (DOS), we utilized mBJ potential. The lattice parameters
were calculated by optimization of volume for the lowest ground
state energy. To predict the magnetic nature of materials, the
volume optimization was implemented separately with initial
spin states of antiferromagnetic (AFM) and ferromagnetic (FM)
phases. For improved measurements of lattice constants and
bulk modulus, the Birch–Murnaghan equation of states was
employed.22

EðaÞ ¼ E0 þ 9B0V0
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In the above equation, a0 and V0 represents the equilibrium
lattice constant and volume respectively, E0 represents energy
corresponding to a0, B0 and B

0
0 indicates the values of bulk

modulus and its derivative with respect to pressure respectively.
To evaluate solution of wave function, both muffin tin (MT) and
interstitial regions were examined. In the MT region, we
assumed a spherically harmonic solution whereas in interstitial
regions, plane wave solution of an electronic system was
employed. During the whole calculations, we kept some
parameters constant. The constant parameters include the
value of angular momentum ðlmaxÞ ¼ 10, Gaussian factor Gmax

= 20, and the product of MT radius and wave vector (R × Kmax)
= 8. We select a 2000 k-point mesh as through iteration, we
found that the results start to converge at this value of k-points.
The energy cutoff was set at 10−2 mRy for better convergence.
For the computation of thermoelectric properties, semiclassical
Boltzmann relations were employed under the xed relaxation
time (s = 10−14 s). Boltzmann relations were executed by using
BoltzTrap code.
3. Results and discussion
3.1. Structural properties

Unlike normal double perovskites, vacancy-ordered double
perovskites have a composition of A2BX6 in which half of the B
site or all the B0 site ions are vacant. Fig. 1(a) shows the ball stick
model of Tl2WX6 (X = Cl, Br) in which Tl, W, and Cl/Br ions are
represented by grey, pink, and red color balls respectively. It is
clear from the gure that W has a 6-fold coordination with Cl/Br
while Tl has a 12-fold coordination with Cl/Br. Another struc-
tural model is shown in Fig. 1(b), which represents the poly-
hedral format of compositions. Due to vacancy ordered
composition, alternate B0X6 octahedron is not present in the
structure leaving behind only the BX6 or WCl/Br6 octahedron
which is highlighted with grey color. Tl cation exists in the space
produced by joined neighboring WCl/Br6 octahedron. Both of
the gures conrm the cubic structure of DPs with the Fm�3m
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Unit cell of DPs Tl2WCl/Br6 (a) ball-stick model and (b) poly-
hedral model. Tl, W, and Cl/Br ions are represented by gray, pink and
red spheres respectively.

Table 1 The optimized lattice constants (ao), bulk modulus (Bo), the
ground-state energy differences between AFM and FM phases, Curie
temperature (Tc (K)) and formation energy (DHf (eV)) of DPs Tl2WCl/Br6

DPs ao (Å) Bo (GPa) DE = EAFM − EFM Tc DHf

Tl2WCl6 9.96 46.25 19.21 558 −1.38
Exp. 9.87 (ref. 23)
Tl2WBr6 10.49 37.50 11.06 524 −1.04
Exp. —

Table 2 The computed values of elastic constants (C11, C12, C44),
elastic moduli (B0, G and Y), B0/G, y and anisotropy (A)

DPs C11 C12 C44 B0 G Y B0/G y A

Tl2WCl6 95.55 20.49 13.38 45.51 20.52 53.53 2.22 0.30 0.36
Tl2WBr6 82.09 14.90 12.69 37.29 18.97 48.66 1.96 0.28 0.37
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space group. The oxidation states of Tl, W, and Cl/Br are +1, +4,
and −1 and in both compositions, these ions lie at 8c, 4a, and
24e Wyckoff positions respectively.

The lattice constants ao (Å) were calculated by optimization
of unit cell volume of compositions for lowest ground-state
energy. Fig. 2 shows the volume optimization against ground
state energy and the computed values of lattice constant (ao) are
placed in Table 1. The computed value of ao for Tl2WCl6 is 9.96
Å which is well matched with the experimental value.23 It is
observed that when Cl is replaced by Br the value of ao increases
and becomes 10.49 Å. This increase in the value of ao resulted
because of the larger ionic radius of Br−1 as compared to Cl−1.
The magnetic ordering was also investigated through volume
optimization by separately taking FM and C/G-AFM spin states
as initial approximations. Fig. 2(a) and (b) display that optimi-
zation of structure was performed for several magnetic confor-
mations, including ferromagnetic (FM), C-type anti-
ferromagnetic (C-AFM), and G-type anti-ferromagnetic (G-
AFM). It was found that both DPs phases were stable in ferro-
magnetic phase. This shows that ferromagnetic ordering is
dynamically promising for these states, proposing a particular
magnetic conguration that improves their stability. Moreover,
energies of formation DHf were calculated to examine thermo-
dynamic stability. DHf was given by difference of total energy of
a compound and sum of energies of individual elements. The
Fig. 2 Plots of volume optimization for DPs (a) Tl2WCl6 and (b) Tl2WBr6

© 2024 The Author(s). Published by the Royal Society of Chemistry
formation energy values are presented in Table 1, which are
−1.38 eV and −1.04 eV for the Cl and Br based composition
respectively. A negative sign shows that the energy is released
during formation which testify to the thermodynamic stability
of the compositions. Since the unit cell of Tl2WCl6 releases
more energy during formation than Tl2WBr6, so the former
composition is more stable.

3.2. Mechanical properties

The mechanical stability of the materials was tested by esti-
mating their elastic stiffness constants. Elastic constants help
to understand the behavior of materials toward stress. For cubic
crystal structure, there are 3 elastic stiffness constants which are
C11, C12, and C44. The calculated values of these stiffness
constants are listed in Table 2. The mechanical stability of
a cubic structure is described by Born stability criteria which
states that a cubic structure is stable if C11–C12, C11–2C12, and
C44 must be greater than zero.24 The calculated constants satisfy
these conditions and hence the materials are mechanically
stable. Moreover, elastic moduli which include shear modulus
in FM, C-AFM and G-AFM phases.

RSC Adv., 2024, 14, 18385–18394 | 18387
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(G), bulk modulus (Bo) and young modulus (Y), were calculated
and enlisted in Table 2. It is observed that the values of stiffness
constants and elastic moduli are greater in case of Tl2WCl6
which means that it is more rigid as compared to Tl2WBr6. The
behavior of a decrease in the elastic moduli and elastic stiffness
constants, when Cl is replaced by Br, is because of the increase
in lattice constants.25 Furthermore, in order to check whether
the materials are ductile or brittle, Poisson (y) and Pugh (B0/G)
ratios were computed. Amaterial is considered ductile if y > 0.26
and B0/G > 1.75.26,27 The calculated values of y and B0/G show
that both materials are ductile in nature. A ductile or brittle
nature can also be conrmed by the term C12–C44 called Cauchy
pressure. If the Cauchy pressure is positive then material is
ductile and it is brittle in case of a negative value.28 The positive
magnitude of C12–C44 conrmed the ductile nature of both
compositions. The values of y, B0/G, and A are written in Table 2.
The anisotropic properties of a material can be evaluated using
the formula;
Fig. 3 Calculated band structures for DPs Cs2W(Cl/Br)6 in spin-up ([) a

18388 | RSC Adv., 2024, 14, 18385–18394
A ¼ 2C44

C11 � C12

In an ideal isotropic system, the value of A is one. However,
any deviation from this value indicates anisotropic behavior.
For the compounds Tl2WCl/Br6, the calculated A values are 0.36
and 0.37, respectively, demonstrating the anisotropic nature of
these materials as shown in Table 2.
3.3. Electronic properties

The electronic conduction mechanism can be understood by
investigating electronic band structure. The band structure was
examined through a band structure diagram which is presented
in Fig. 3. The band structure diagram of materials was obtained
in energy ranges from −6 eV to +6 eV. The spin-polarized band
structure conrmed that both materials are halfmetallic in
nature. The materials show metallic behavior in up-spin
nd spin-down (Y) by utilizing mBJ potential.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Total DOS and partial DOS for DP Tl2WCl6 and Tl, W and Cl ions in spin-up ([) and spin-down (Y) channels by utilizing mBJ potential.
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conguration whereas in down-spin conguration, Fermi level
lies between the conduction band (CB) and valence band (VB)
which shows that in this spin state, the materials are semi-
conductors. Moreover, the materials exhibit wide bandgaps (Eg)
as shown in Fig. 3. In the case of Tl2WCl6, the Eg is indirect
because the VB maxima and CB minima lie at different K-
Fig. 5 Total DOS and partial DOS for DP Tl2WBr6 and Tl, W and Br ions

© 2024 The Author(s). Published by the Royal Society of Chemistry
points. The VB maxima lie at the X-symmetry point while the
CB minima lie at the G-symmetry point. Whereas, Tl2WBr6
exhibits a direct bandgap because the energy maxima of VB and
energy minima of CB lie at the same G-symmetry point. In order
to further understand band structure and contribution of
different electronic states in the HM nature of materials, total
in spin-up ([) and spin-down (Y) channels by utilizing mBJ potential.

RSC Adv., 2024, 14, 18385–18394 | 18389
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density of states (TDOS) and partial density of states (PDOS)
were examined in the same energy range as in the band struc-
ture diagram, and their plots are presented in Fig. 4 and 5.
TDOS of Tl2WCl6 and Tl2WBr6 as shown in Fig. 4 and 5 in up-
spin shows non-zero DOS at the Fermi level which continu-
ously spread across Fermi level demonstrating metallic char-
acter while in down-spin, it shows a wide bandgap. HMs are the
compounds that generally possess 100% spin polarization
which can be computed utilizing given relation:

P ¼ N[�NY

N[þNY
� 100% (2)

Here, N[ and NY show the DOS at the Fermi level in spin-up
and spin-down respectively.29 According to the above relation,
studied materials exhibit 100% spin polarization at Fermi level.
In Fig. 4. PDOS plots of Tl2WCl6 show that in this composition,
metallic behavior in spin-up is because of major contribution of
d-t2g states of W and a minor contribution by the electronic
states of Tl and Cl. In spin-down, where the Eg is present, near
the Fermi level, the VB is formed by the major contribution of
states of Cl and then Tl and with a very little contribution of d-
t2g states of W. In the formation of CB, d-t2g has a vital role while
there is a small role of Cl and Tl's states. In the case of Tl2WBr6,
its PDOS illustrated in Fig. 5, shows that d-t2g states of W and
electronic states of Br are responsible for metallic behavior in
spin-up, with an insignicant contribution of Tl's state also. In
spin-down, near Fermi level, VB is formed by a vital role of Br
states and a small share of states of Tl while the edges of the CB
are majorly shaped by d–t2g states of W with a meager and
negligible contribution of electronic states of Br and Tl
respectively.
3.4. Magnetic properties

To examine the magnetic characteristics of materials, exchange
mechanism is crucial to understand. The parameters which are
related to the exchange mechanism include crystal eld splitting
(DCF), exchange splitting (Dxd), and indirect exchange energy
Dx(pd). TheDCF arises from the splitting of degenerated d-orbitals
of W. When six Cl/Br ligands surround the W cation in an octa-
hedral manner then due to the non-spherical eld of ligands, the
d-orbitals ofW split into three low-energy degenerated t2g orbitals
while two high-energy degenerated eg orbitals. DCF is the differ-
ence of energy between these eg and t2g orbitals.30 On the other
hand, Dxd can be calculated by the difference of energy among
corresponding up-spin and down-spin peaks of d-orbitals.31 The
values of DCF and Dxd are tabulated in Table 3. It can be seen
from the results that Dxd < DCF, and this shows that ferromag-
netic nature is dominated in both compositions. The third
Table 3 The estimated magnitudes of DCF, Dx(d), Dx(pd), Noa and Nob

for DPs Tl2WCl/Br6

DPs DCF Dx(d) Dx(pd) Noa Nob

Tl2WCl6 5.8 4.2 −2.2 0.42 −2.93
Tl2WBr6 5.4 3.9 −1.9 0.31 −2.56

18390 | RSC Adv., 2024, 14, 18385–18394
parameter Dx(pd) (which arises from d-states of W and p-states of
Cl/Br) can be calculated by taking the difference of energy of
valence band maxima in down-spin and up-spin states.32

Dx(pd) = EY
v − E[

v (3)

Here, EYv and E[v are the energy of VB maxima in down-spin (Y)
and up-spin ([) respectively. According to the denition of
Dx(pd), a negative value signies that the energy of the spin-
down state is lower, indicating a preference for downward
spin orientation. In ferromagnetism, this preference leads to
the alignment of magnetic moments in the same direction,
contributing to the overall magnetization of the material.33 The
values of Dx(pd) is listed in Table 3. For further examination of
magnetic properties, we calculated s–d and p–d exchange
constants Noa and Nob respectively from the difference of
energy between down and up-spin states. This energy difference
arises from edge splitting at CB minima (DEc = EYc − E[c ) and VB
maxima (DEv = EYv − E[v ). The following relations are used for
calculations of these constants.

Noa ¼ DEc

xhSi ; Nob ¼ DEv

xhSi (4)

Here, x represents the magnetic ion's concentration while S
represents the mean value of magnetic moment of a magnetic
ion. The value of these exchange constants is written in Table 3.
The positive magnitude of Noa and negative magnitude of Nob

are obtained which is a typical response in HMFM
semiconductors.33

The total magnetic moment along with local magnetic
moment of Tl, W and Cl/Br were calculated and enlisted in
Table 4. It is observed that both compositions have the same
value for total magnetic moment with a major contribution
from W ions while Tl and Cl/Br contribute insignicantly to net
magnetic moment. Since the magnetic moment in an energy
range arises from spin polarization which depends on the
difference of integral of spin DOS in that range of energy, so, the
exchange splitting induces magnetic moment. The large
exchange splitting in d-orbitals of W is accountable for its larger
magnetic moment as this makes one spin state favorable below
the Fermi level. Moreover, the interstitial magnetic moment was
also calculated and it has a decent share in the net magnetic
moment. The interstitial magnetic moment values are given in
Table 4. Since for spintronic devices to work at room tempera-
ture, their Curie temperature (Tc) must be higher than room
temperature. The Curie temperature (Tc) has been computed by
utilizing smearing in mean-eld approximations, stated as

kBTC ¼ 2
3
DE.31 The magnetic inter-connection between two W
Table 4 Magnetic moments value for DPs Tl2WCl/Br6, total and their
local MTl, MW, and MCl/Br, interstitial (MInt.)

DPs MTotal MInt. MTl MW MCl/Br

Tl2WCl6 2.000 0.451 0.001 1.488 0.009
Tl2WBr6 2.000 0.487 0.002 1.481 0.004

© 2024 The Author(s). Published by the Royal Society of Chemistry
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atoms is described as difference of energy between FM and AFM
states DE = EFM − EAFM. The calculated values of Tc for studied
materials were obtained very large as compared to room
temperature. The Tc values are given in Table 1 as 558 and 524 K
for Tl2WCl6 and Tl2WBr6 respectively. The HMFM nature of
these materials with a wide Eg in minority spin channels and
larger Tc make them potential candidates for practical spin-
tronic applications.
3.5. Thermoelectric properties

All the energy generation processes are not 100% efficient and
a great amount of energy in the form of heat is wasted in the
environment. In this situation, thermoelectric (TE) devices
provide an eco-friendly way to convert this wasted heat into
electrical energy. In recent decades, materials that possess TE
characteristics have been studied extensively. In this article, we
reported TE properties of Tl2WCl6 and Tl2WBr6 calculated by
the BoltzTrap code. The reported TE properties include Seebeck
coefficient S, thermal and electrical conductivities per relaxa-
tion time (ke/s) and (s/s) respectively, magnetic susceptibility
(c), power factor (P.F.), and gure of merit (ZT) in the range of
temperature from 200–800 K. Due to its half-metallic nature,
Fig. 6 The calculated values of (a) s/s, (b) S, (c) ke/s, (d) c, (e) power fact
code.

© 2024 The Author(s). Published by the Royal Society of Chemistry
these parameters give different results in different spin chan-
nels, so the net effect of these parameters can be calculated
using following expressions.34

s ¼ sð[Þ þ sðYÞ
2

(5)

k ¼ kð[Þ þ kðYÞ
2

(6)

S ¼ sð[ÞSð[Þ þ sðYÞSðYÞ
sð[Þ þ sðYÞ (7)

In Fig. 6(a), (s/s) for both compositions are observed to
decrease with an increase in temperature. At 200 K their values
are 2.45 × 1019 and 2.6 × 1019 (U ms)−1 for Cl and Br-based
composition which decreases with temperature and becomes
1.8 × 1019 and 2.13 × 1019 (U ms)−1 at 800 K respectively. The
decrease in the (s/s) arises because of the HM nature of mate-
rials with wide Eg as (s/s) in spin-up decreases due to metallic
nature in that spin channel while in spin-down, owing to wide
Eg, the carrier density cannot increase signicantly causing net
(s/s) to decrease. The total thermal conductivity (k) is the sum of
or and (f) ZT against temperature for DPs Tl2W(Cl/Br)6 using BoltzTrap

RSC Adv., 2024, 14, 18385–18394 | 18391
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Fig. 7 The calculated lattice conductivity (klat/s) for DPs Tl2W(Cl/Br)6
against temperature 200–800 K.
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thermal conductivity contributed by charge carriers (ke) and
lattice vibrations or phonons (kL). In this work, we only
computed ke, and their values were displayed in Fig. 6(c). At 200
K, Tl2WCl6 and Tl2WBr6 have the (ke/s) of 1.1 × 1014 and 1.2 ×

1014 W m K−1 s−1 respectively which rst increases non-linearly
with temperature and then start to decrease and gives the nal
values of 1.65 × 1014 and 2.15 × 1014 W m K−1 s−1 at 800 K
respectively for Tl2WCl6 and Tl2WBr6. The ratio (ke/s) is found to
be in the order of 10−5 making it a suitable candidate for TE
applications. Another important parameter is Seebeck coeffi-
cient (S) which measures magnitude of potential difference
induced at the ends of TE material when it is subjected to
temperature gradient. The magnitude of S can be estimated by
using the Pisarenko relation.35

S ¼ 8p2kB
2

3eh2
m*T

�p

3n

�2
3 (8)

Here, the symbols e, h, kB, T, m*, and n represent the carrier's
charge, Plank's constant, Boltzmann constant, the absolute
value of temperature, effective mass of charge carrier, and
carrier concentration respectively.
Fig. 8 The calculated phonon dispersion plot for DPs (a) Tl2WCl6 and (b

18392 | RSC Adv., 2024, 14, 18385–18394
It is observed from Fig. 6(b), that S increases for both
materials when temperature is increased. The estimated values
of S at 200 K are 19.5 and 21.5 mV K−1, which at 800 K becomes
45 and 49 mV K−1 for Tl2WCl6 and Tl2WBr6. This increasing
behavior is because of the direct relation between S and T.
Moreover, positive magnitude of S shows majority of positive
charge carriers. To analyze effect of temperature on the
magnetization of the materials, their magnetic susceptibility (c)
against temperature range of 200–800 K was calculated and
presented in Fig. 6(d). Magnetic susceptibility is the measure of
the magnetization of materials in the existence of applied
magnetic eld. It is noted from gure that c decreases by
increasing temperature which is a typical response in the case of
ferromagnetic materials and follows the Curie Weiss law. When
temperature increases, the thermal energy disrupts the align-
ment of domains, which causes a decrease in magnetization
which in turn decreases the c. In order to probe how efficiently,
a TE material works and convert thermal energy into electrical
energy, a parameter named power factor (P.F.) was calculated.
The power factor was calculated by the relation P.F. = sS2/s and
its values are demonstrated in Fig. 6(e). At 200 K, P.F. value is 1.2
× 1011 and 1.0 × 1011 W mK−2 s−1 for Tl2WCl6 and Tl2WBr6
respectively. An increasing trend is observed in the P.F. for both
materials and at 800 K it becomes 3.7 × 1011 WmK−2 s−1 for Cl-
based material and 5 × 1011 W mK−2 s−1 for Br-based material.
Lastly, the overall performance of any TE material can be
assessed by an ultimate dimensionless quantity called gure of
merit (ZT). The ZT value can be measured using the relation ZT
= (S2s/k)T and its computed values are illustrated in Fig. 6(f). In
the case of Tl2WCl6, at 200 K the computed ZT is 0.02 which
increases almost linearly and becomes 0.185 at 800 K while in
the case of Tl2WBr6, the value of ZT is 0.016 and 0.185 at 200 K
and 800 K respectively.

To accurately determine the actual values of ZT, it is essential
to explain lattice thermal conductivity (kL). Therefore, kL is
computed separately and shown in Fig. 7 as a function of
temperature (T).36 The low kL values for both compositions
indicate that its contribution is minimal, which is advantageous
for enhancing the performance of these materials. Specically,
) Tl2WBr6.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the kL value for Tl2WCl6 is reported as 0.85 and for Tl2WBr6 is
1.03WmK−1 at 200 K. These values decrease to 0.21 and 0.27W
m K−1 at 800 K, respectively, highlighting the signicant
contribution of kL to the overall value of thermal conductivity of
these materials.37
3.6. Phonon dispersion plot

Fig. 8 presents the phonon band spectra for the double perov-
skites Tl2WX6 (X = Cl and Br), which is computed using the
PBE-GGA approximation.38 Each double perovskite structure,
comprising 9 atoms, yields a total of 27 phonon modes. These
modes are categorized into 3 acoustic and 24 optical phonons.
The positive frequency values conrm the stability of the
studied double perovskite compositions.39
4. Conclusion

In this study, we comprehensively explored DPs Tl2WX6 (X = Cl
and Br) for their electronic, magnetic, and thermoelectric prop-
erties by utilizing DFT. The materials were found to be mechan-
ically stable and ductile as suggested by their computed elastic
constants. The negative formation energies (DHf) testify that both
materials were thermodynamically stable. The values of DHf for
Tl2WCl6 and Tl2WBr6 were −1.38 and −1.04 eV respectively,
which indicates that the former one is more stable with more
energy released at the time of formation. Volume optimization
showed that materials with ferromagnetic spin states have the
lowest energies which indicated that they are more stable in the
ferromagnetic phase than the antiferromagnetic phase. The band
structure diagram and DOS depicted that the materials are half-
metallic and at Fermi level they exhibited 100% spin polarization.
Both compositions exhibited metallic character in up-spin
conguration and a wide bandgap in down-spin states. More-
over, (+ve) values of Noa and (−ve) values of Nob give further
evidence of halfmetallic ferromagnetic nature. Moreover, a high
Tc for Tl2WCl6 and Tl2WBr6 was obtained with values of 558 and
524 K which are well above the room temperature. In regards to
thermoelectric (TE) properties, electrical conductivity (s/s), and
magnetic susceptibility (c) were found to decrease with temper-
ature while other TE parameters which include, Seebeck coeffi-
cient (S), electronic part of thermal conductivity (ke/s), power
factor (P.F.), and gure of merit (ZT) increases with temperature.
The calculated ZT for both materials were 0.185 at 800 K. The
halfmetallic ferromagnetism with a high curie temperature and
wide bandgap along with TE characteristics make these materials
potential candidates for spintronic and TE applications.
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