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es of vacancy-ordered double
perovskites K2TcZ6 (Z = Cl, Br) for spintronics
applications: DFT calculations

Huda A. Alburaih,a Sadia Nazir,*b N. A. Noor, *c A. Laref d and M. Musa Saad H.-E.e

Vacancy-ordered double perovskites (DPs) are emerging materials for spintronics due to their stable

structures and non-toxic properties. In this study, we conducted a comprehensive investigation into the

role of 4d electrons in Tc to understand their impact on the ferromagnetic properties of K2TcY6 (Y = Cl,

Br). We have employed a modified Back and Johnson potential to assess electronic and magnetic

characteristics and utilized the BoltzTraP code to investigate thermoelectric effects. Experimental lattice

constants confirmed the presence of stable structures and formation energy estimates affirmed their

thermodynamic stability. The Heisenberg model and density of electron states (DOS) at the Fermi level

provides insights into Curie temperature and spin polarization. The presence of ferromagnetism is

evident in the density of states, reflecting the transition of electron spins that support the exchange

mechanism. The study delves into how electron functionality influences the control of ferromagnetism,

considering exchange constants, exchange energies, hybridization process and the crystal field energies.

Moreover, the exploitation of magnetic moments from Tc to K and Cl/Br sites takes precedence in

driving ferromagnetism by exchanging electron spins rather than forming magnetic clusters. Additionally,

to explore the optical characteristics of the compounds, we investigated their optical absorption,

dielectric constants and refractive index within the energy range of 0–10 eV, ensuring absorption across

both the visible and ultraviolet regions. Finally, we delve into the impact of the thermoelectric effect on

both thermoelectric performance and spin functionality, taking into account factors such as the Seebeck

coefficient, power factor, and electronic conductivity.
1. Introduction

Over the last two decades, there has been signicant research
interest in the eld of room temperature ferromagnetism in
semiconductors, primarily because of its potential applications
in non-volatile memory, quantum computing and
spintronics.1–5 Ferromagnetism in semiconductors holds the
promise of facilitating the transmission of spin-polarized elec-
trons, a crucial requirement in spintronics.6 Initial reports
suggesting the possibility of a Curie temperature above room
temperature in materials like GaN and ZnO7 led to several
experimental studies claiming the existence of room tempera-
ture ferromagnetism.8–11 Furthermore, ferromagnetism has
, Princess Nourah Bint Abdulrahman
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been identied in a range of non-magnetic semiconductor
samples through the introduction of the creation of atomic
defects and non-magnetic elements.12–21 This phenomenon is
commonly referred to as d0 ferromagnetism.22 In such cases, the
source of magnetism is distinct from the partially lled 4d or f-
orbital electrons. The investigation of ferromagnetic charac-
teristics has become a technological necessity for future
advancements, given that spin-polarized currents have the
ability to ow, unlike the unpolarized currents found in tradi-
tional electronic devices. As a result, researchers have reported
the presence of ferromagnetic characteristics in perovskite
materials.23 However, the applicability of perovskites on
a broader scale is hindered by the presence of toxic constituent
elements and stability concerns.24

To address these limitations, researchers have undertaken
studies on ferromagnetism in various A2BB

′X6 type double
perovskites (DPs).25–27 The half-metallic DP Sr2FeMoO6 has
demonstrated a magnetic transition at temperature 410 K, as
reported in ref. 28. This nding highlights the potential of such
materials to unveil magnetic characteristics at higher temper-
atures.28 In a more recent experimental study of Pr2FeCrO6,
researchers observed a magnetic transition occurring at 550 K.
This nding was supported by the observed changes in
© 2024 The Author(s). Published by the Royal Society of Chemistry
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magnetic susceptibility, dielectric constant and resistivity as
a function of temperature.29,30 Double perovskite materials have
been extensively explored for their magnetic and thermoelectric
characteristics using a Density Functional Theory (DFT)
approach, including compounds like Ba2FeMoO6 and Dy2-
CoMnO6.31,32 Double perovskite structures with a vacancy
ordering are created by replicating the conventional ABX3

perovskite conguration and subsequently eliminating half of
the B-type cations.33 These DPs are appealing because of their
resemblance to perovskites in terms of structure and their
impressive material characteristics, stemming from their broad
range of constituent ion compositions and the potential for
tilting in the [BX6]

2− octahedra.34–36 Recently, DPs with cubic
vacancy ordering in the A2BX6 structure have been employed in
light absorption applications.37

Researchers are also engaged in theoretical investigations of
these vacancy-ordered DPs to explore their half-metallic ferro-
magnetic characteristics.38 Moreover, vacancy-ordered DPs with
ferromagnetic properties are worth exploring for potential
applications in thermoelectric systems.39 Using DFT calcula-
tions, spin dependent DPs Rb2(Tc,Mo)X6 (X = Cl, Br) are
investigated for spintronic applications due to the role of Mo/Tc
atom 4d electrons and show all DPs ferromagnetic character-
istics.40 Mustafa et al.,41 systematically explored the ferromag-
netic characteristics in DPs Rb2(Os/Ir)Cl/Br6 using density
functional theory. Their analysis of the computations shows
that electron spin causes ferromagnetism to be induced by
crystal eld energy. The structural formula of K2TcY6 (Y = Cl or
Br) suggests the potential for ferromagnetism in these vacancy-
ordered DPs. These investigated DPs are gaining prominence as
novel materials in the realm of spintronic applications,
including the realization of phenomena such as dynamic
random-access memories (DRAM), swi quantum computing,
spin valves, magnetic switches and the giant magneto-
resistance effect (GMR). In such devices, properties are
controlled by manipulating the spin of electrons rather than
altering their charge, making these materials faster and more
versatile. Additionally, these materials nd use in power-
harvesting tools such as thermoelectric generators.

The investigation of these DPs is motivated by their full spin
polarization, substantial magnetic coupling and enduring
ferromagnetism, making them promising candidates for spin-
tronic devices. Particularly, these DPs present the intriguing
feature of maintaining ferromagnetic properties at tempera-
tures exceeding room temperature, while simultaneously
exhibiting ultralow thermal conductivity.42,43 Moreover, Cs2-
AgFeCl6 is subjected to magnetic and transport analysis
employing the TB-mBJ potential, and its thermoelectric features
are elucidated through a gure of merit scale.44,45 This study
includes the comprehensive rst-principles calculations to
explore the magnetic characteristics within the DPs K2TcY6 (Y=

Cl, Br). Experimental ndings46 regarding K2TcY6 suggest that
the Tc atom is a promising candidate for generating a substan-
tial magnetic moment and ferromagnetic spin ordering in
initially non-magnetic materials. Consequently, the K2TcY6 (Y=

Cl, Br) DPs may exhibit intriguing electronic properties, which
could play a crucial role in advancing the eld of spintronics
© 2024 The Author(s). Published by the Royal Society of Chemistry
within these direct bandgap semiconductors. We have further
examined the impact of their ferromagnetic nature on the
thermoelectric properties by analyzing key thermoelectric
parameters computed using the BoltzTraP code.47 Moreover,
our results clearly demonstrate semiconducting ferromagnetic
nature of these compounds and ultralow values of ke that can
prove useful for application of these materials in spintronic and
thermoelectric devices.

2. Method of calculations

The DFT gives the absolute information of the compounds'
properties before recognizing them for being utilized in useful
manufacturing of various devices. BoltzTraP codes were
brought into use for thermoelectric analysis whereas the
Wien2k code48 was employed for the evaluation of the struc-
tural, magnetic and spin-polarized electronic features. The
optimization for AFM and FM states along with structural
properties were conducted by PBEsol in the FP-LAPWmethod.49

Although the PBEsol accurately determines the lattice parame-
ters as well as the energies of the system, it is unable to evaluate
their band gaps and electronic behavior. For that reason, TB-
mBJ potential were employed as an entire package for the
improvement of band gap on which the compounds' physical
features relies.50 In the whole potential method, the electronic
gap system was divided into interstitial regions and muffin-tin
corresponding to the plane wave and spherical harmonic solu-
tions. In addition, RMT × Kmax = 8.0 was set by holding the
radius of the muffin tin sphere as well as the wave vector in the
opposite lattice. A k-mesh of 20 × 20 × 20 was employed for the
iterative energy conversion approach within the rst Brillouin
zone. The above-mentioned k-mesh performed the convergence
of the whole observed system. As a default setup, the other two
fundamental factors such as angular momentum ‘max = 10 and
Gaussian factor Gmax = 16. The convergence of energy was the
sequence of 10−4 Ry. The charge convergence obtained from TB-
mBJ, alongside the ground state energy, serves as the input for
the BoltzTraP code, a classical transport theory-based tool for
studying transport properties.

3. Results and discussion
3.1 Structural properties

Fig. 1 shows the structural nature of the observed compounds
(Fm�3m (225)) in cubic phase. The le part in the Fig. 1 presents
the polyhedral form whereas the right one displays ball format.
The geometric and atomic congurations are ensured by the
unit cell. Amongst the octahedral of M(Cl/Br)6, the K atoms are
located. The octahedral form for every atom is kept by the 12-
fold composition order of Cl/Br atoms. The Tc atoms lie in the
middle position of every octahedron of Cl/Br atoms. Further, the
Wyckoff positions for Tc, Cl/Br and K are 4a (0, 0, 0), 24e (0.20, 0,
0), and 8c (0.25, 0.25, 0.25), respectively. The obtained values of
the lattice constants (a0) determined through Murnaghan
equation of state and found comparable to experimental lattice
constant.46 From Table 1, it is clear when the ionic radius
increases, the a0 also starts increasing from Cl to Br containing
RSC Adv., 2024, 14, 1822–1832 | 1823
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Fig. 1 Unit cell of double perovskites K2TcX6 (X=Cl, Br) (a) ball format and (b) polyhedral format. Purple, red and green spheres show K, Tc, and X
atoms, respectively.

Table 1 The calculated lattice constant (a0 (Å)), bulk modulus (B0

(GPa)), formation energy and Curie temperature Tc (K) for DPs K2TcX6
(X = Cl, Br)

Parameters K2TcCl6 K2TcBr6

a0 9.84 10.46
Exp. work 9.83a

B0 43.68 35.04
DHf −1.43 −1.28
Tc 545 505

a Ref. 46.
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compound. On the other hand, it is also evident from Table 1
that the larger electronegativity value of Cl causes it to have
large value of formation energy compared to K2TcBr6. As the
increasing values of a0 reduces the density of the structures, the
bulk modulus (B0), quite contrary to a0, starts decreasing from
Cl to Br.
3.2 Curie temperature and structural stability

The graphs of the volume and augmented energy in anti-
ferromagnetic (AFM) and in ferromagnetic (FM) states have
been plotted in Fig. 2a–c. The estimation and comparison of the
Fig. 2 The energy (in term of Ryd) vs. volume (in term of [a.u]3) plots of d
anti-ferromagnetic (AFM) phases.

1824 | RSC Adv., 2024, 14, 1822–1832
energies affirmed in Rydberg for AFM and FM states was done
from the bottom. For FM, the highest omission of energy was
observed as compared with AFM states. Thus, more suitability
in the FM state is believed for the K2TcX6 (X = Cl, Br).

Further, formation energy helped illustrating the thermo-
dynamic behavior while employing a reasonable chemical
relation:50

DHf = Etotal(KaTcbXc) − aEK − bETc − cEX (1)

where EK, ETc, EX, are the energies of K, Tc, X atoms and
Etotal(KaTcbXc) are the energies of K2TcX6 (X = Cl, Br). The major
contribution of atoms towards the computation remained from
the a-Rb, b-Tc, and n-X. In FM state, the obtained values of DHf

for K2TcCl6 and K2TcBr6 are listed in Table 1. The energy
exhausted is symbolized by the negative sign during the
compound formation ensuring the thermodynamic stability of
the observed compounds. Further, Br based DPs discharge less
energy than that of the Cl based DP. Aer evaluating thermo-
dynamic stability, it is very important to observe low Curie
temperature (Tc) of the compounds. In this regard, Heisenberg
model through the equation Tc = 2DE/3xKB, was brought into
use where KB represents the Boltzmann constant, x symbolizes
the percentage of Tc and DE = EAFM − EFM shows the lowest
amount of energy in the compounds. The noted values of Tc for
ouble perovskites (a) K2TcCl6 and (b) K2TcBr6 in ferromagnetic (FM) and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Calculated phonon band structures for DPs (a) K2TcCl6 and (b)
K2TcBr6.

Fig. 4 Band structures calculated for (a) K2TcCl6 and (b) K2TcBr6 for
spin up (black line) and spin down (pink line) using mBJ potential.
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K2TcCl6 and K2TcBr6 are 545 K and 505 K. These values conrm
the higher-temperature ferromagnetism for the observed
compounds. The Curie temperature of Cs2Re(Cl/Br)6 and Sr2-
Cr(Re/Os)O6 are mentioned as 635/725 K in ref. 34. We con-
ducted calculations on phonon band structure and thermal
stability for both DPs Cs2TcCl6 and Cs2TcBr6 to assess their
stability. The phonon band structures for both compounds are
computed and illustrated in Fig. 3a and b. The supercell
approach, implemented in the PHONOPY package,51 was
utilized for these analyses. Analyzing the phonon dispersion
provides insights into the phonon spectrum's band gaps.
Imaginary modes in the phonon spectra signify structural
dynamical instability. If the frequencies gained from the
phonon spectra are imaginary, the perovskite structure is
deemed unstable. In a structurally stable crystal, the absence of
imaginary phonon frequencies and continuous phonon
dispersion curves without gaps between optical phonon
branches are expected. Gaps in these curves suggest an unstable
crystal structure, indicating the existence of unrealizable
vibrational modes. Such gaps oen occur near the zone
boundaries in the Brillouin zone and are associated with so
modes, indicating structural instabilities that can lead to phase
transitions. The phonon frequencies are signicantly inu-
enced by the mass difference between atoms in a crystal lattice,
as well as the force constants between the lattice structure and
atoms.
3.3 Spin polarized electronic properties and magnetic
behavior

The band structure (BS) for spin-down (Y) as well as spin-up ([)
orientations were computed using TB-mBJ potential for illus-
trating the ferromagnetism and spin polarization for DPs
K2TcCl6 and K2TcBr6 (see Fig. 4a and b). Fermi-level (EF)
remains within the insulating region between conduction band
(CB) and valence band (VB) of for spin-down (Y) for both DPs.
On the other hands, the states stay at EF for K2TcCl/Br6 in spin-
up ([). Resultantly, our compounds exhibited semiconducting
ferromagnetic DPs that is assumed a necessary factor in spin-
tronics. Spin-up ([) channel indicate direct bandgap nature
having bandgap values are 3.3 eV and 2.7 eV for K2TcCl6 and
© 2024 The Author(s). Published by the Royal Society of Chemistry
K2TcBr6 respectively. Both double perovskites studied in this
work have earlier been studied with theoretical calculations and
have been shown to have band gaps above 1 eV. However,
accurate determination of band gap with TB-mBJ functional has
not been reported which we have done for the rst time.
Although no experimental data is available for comparison, our
calculated values of band gaps for the two systems are better
than those reported by Berri et al.,52 and materials project
database.53 The larger exchange interaction value causes the
larger semiconducting gap that ensures the larger
ferromagnetism.

Total density of states (TDOS) along with partial density of
states of Tc, K and Cl/Br atoms are calculated and represented
in Fig. 5 and 6. TDOS also represent the semiconducting
ferromagnetic behavior according to spin down (Y) and spin up
([) calculated DOS. From PDOS, we see a major role of the burly
hybridization of 3p/4p-Cl/Br electrons with 4-d states electrons
of Tc in justifying the ferromagnetic interface [see Fig. 5 and 6].

The 4d states of Tc are sum of 4d-t2g and 4d-eg states. The
black color from 4d states overlapped by the red and blue color
in the plot of the 4d-t2g and 4d-eg states from which it is
conrmed the complete division of the 4d states into degen-
erated states. The 4d-Tc states are separated in ve degenerated
states. Three states (dzx, dyz and dxy) out of ve degenerate states
recombined to triplet-t2g-states. On the other hand, the rest of
the two states (dz2 and dx2–y2) recombined to doublet-eg-states
and lie at the highest energy-states. The hybridization of t2g
states with 3p/4p-Cl/Br is found to observe at EF level in spin-up
([). While at −3.2 eV, the hybridization of t2g and eg states was
noted with p states of Cl/Br atom both (Y) and ([) channels.
However, the t2g signicantly contribute to hybridization with p
from −0.4 eV at EF. Further, there was interaction between t2g
states and p states of Cl/Br in (Y), which generated exchange
energies (D(d), D(pd)) and crystal eld energy (DCF). The limi-
tations of the studied compounds for ferromagnetism are also
known through these energies. The calculation of the DCF was
performed of the energy differences among degenerated states
of Tc by the equation; DCF = t2g − eg. Nevertheless, D(d) was
estimated from differences of 4d states of (Y) and ([) for Tc. The
same (D(d)) also ensured the existence of ferromagnetism. D(d)
RSC Adv., 2024, 14, 1822–1832 | 1825
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Fig. 5 Total DOS and partial DOS for DP K2TcCl6 with K, Tc and Cl atoms in spin up ([) and spin down (Y).
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holding larger value than that of DCF (see Table 2) conrms the
ferromagnetism in the compounds in hand. The stable ferro-
magnetism is vilied by the negative value of D(pd), due to
lower energy operating through energy forbidden region in
(Y).54

The major contribution of the partial sub states 3p/4p of Cl/
Br, 4d of Tc, and 4s of K is conrmed by the electronic
arrangements of Br [Ar] 4s23d104p5, Cl [Ne] 3s23p5, Tc [Kr]
Fig. 6 Total DOS and partial DOS for DP K2TcBr6 with K, Tc and Br atom

1826 | RSC Adv., 2024, 14, 1822–1832
4d55s2, and K [Ar] 4s1. The band edge splitting at CB and VB
caused by the mentioned partially lled states are represented
as exchange constants (Nob and Noa). The p–d interactions are
attributed to Nob whereas s–d states interactions are related to
Noa by the relation as under:

Noa ¼ DEC

xhSi (2)
s in spin up ([) and spin down (Y).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Computed crystal field energy, exchange splitting Dx(d), p–
d exchange constant (Nob) and s–d exchange-constant (Noa) for DPs
K2TcX6 (X = Cl, Br)

Parameters K2TcCl6 K2TcBr6

DEcry 3.2 2.9
Dx(d) 5.4 5.0
Dx(pd) −0.6 −0.4
Noa −0.39 −0.33
Nob −0.53 −0.38
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Nob ¼ DEV

xhSi (3)

The DEV is the valence band edge (VBE) difference whereas
DEC is the conduction band edge (CBE) difference for (Y) and
([) channels. x represents the concentration of Tc and hSi is
symbolized for the value of magnetic moment.55,56 Nob remains
negative whereas Noa stays positive for normal wave functions
that become just like stationary waves aerwards, which reverts
the sign of Noa, by being trapped into deep potential through
quantum connement effect, (see Table 2). The exchange
mechanism helps lowering the energy of the compounds while
stabilizing the ferromagnetism; hence, the Nob becomes more
outstanding for ferromagnetism. Our results show that
exchange mechanism is responsible for ferromagnetic interac-
tion for the two double perovskites. This is based on the
computed s–d exchange-constant (Noa), p–d exchange constant
(Nob), exchange splitting Dx(d) and crystal eld energy for DPs
K2TcX6 (X = Cl, Br) reported in Table 2.

The role electronic spins in magnetic moment (MM) along
FM for K2TcCl6 and K2TcBr6 is explained in Table 3. The abso-
lute polarization is shown by the integer values of MM. Further,
the exchange of electrons spin is conrmed by the electronic
shi from Tc to K, Cl/Br. In addition, Tc andMM is increased by
the empty places at Tc, which becomes their outstanding
properties for spintronics. The solitude electrons conguration
along with MM connects neighboring polarized atoms,
increasing broad-range FM through RKKY exchange model.57

The shi of MM towards nonmagnetic sites (Rb, Cl/Br) from
magnetic elements (Tc) is generated by the hybridization
between 3p/4p-Cl/Br and 4d-Tc. The ferromagnetism is shown
for Cs2MoCl6 along with node ring electrons in BS.58 The
potency of spin–orbit coupling of A2TaCl6 because of octahedral
of halogen ions and substantial ionicity, Jeff = 3/2 of 5d was
Table 3 The calculated values of magnetic moments, M for DPs
K2TcX6 (X = Cl, Br)

Parameters K2TcCl6 K2TcBr6

Mtot (mB) 2.999 2.999
MK (mB) 0.006 0.008
MTc (mB) 2.259 2.215
MCl/Br (mB) 0.061 0.056
MInt (mB) 0.373 0.442

© 2024 The Author(s). Published by the Royal Society of Chemistry
studied by Ishikawa et al.59 Consequently, 100% spin polariza-
tion is exhibited by the integer values of MM, which is the major
contribution of Tc (see Table 3).
3.4 Optical properties

Fig. 7a–f show the elaboration of the optical parameters, which
depend on bandgap (BG). These compounds become very
imperative for being utilized in optoelectronics just because of
having direct BG of ferromagnetic DPs K2TcX6 as it limits the
de-excitation along with direct electronic transition to CB from
VB. In addition, changeability in band gap further formulates
them for being employed in a range of other device applica-
tions. K2TcBr6 and K2TcCl6 possessing the values of absorption
of light energy 2.7 eV and 3.3 eV for BGs goes down in UV and
visible spectrum.60,61 The optical parameters have been analyzed
in the form of real as well as imaginary parts of dielectric
constants 31(u) and 32(u). The polarization and dispersion of
light is symbolically and quantitatively measured by 31(u).
Fig. 7a clearly displays its observed value 31(u) at u= 0, reaching
at 3.9 aer increasing from 3.2 when Cl was changed to Br. The
increasing value of 31(0) due to changing the halide ions causes
the reduction in BG from 3.3 to 2.7 exactly satisfying the Penn's
model 31(0)z 1 + (ħup/Eg)

2.62 The polarization and dispersion of
light energy becomes comparatively high due to resonance
peaks of the 31(u) that have different peak sets, as at 4.3/3.0 eV
and at 2.5/1.0 eV. The variation in refractive index n(u) also
changes the speed decay of light while passing through
compounds. The behavior of 31(u) and n(u) has also been
proven to be alike (see Fig. 7b). The n(0) has been observed
through the equation n(0)= (31(0))

1/2, (see Table 1). The change
of anions enhances the values of n(0), however, largely the
relation with 31(0) remains secured. Further, Krammer–Kronge
formulism was used to determine 32(u) from 31(u).63 The
absorbed light energy in a compound is symbolized by 32(u).
Therefore, its higher value due to huge absorption is believed to
be incredible for optoelectronic applications. It obtained value
has been displayed in Fig. 7c. Its critical values were recorded as
2.2 eV and 3.2 eV showing the band gap of K2TcBr6 and K2TcCl6
correspondingly. Similarly, the absorption bands observed for
K2TcBr6 and K2TcCl6 are 2.5 to 3.5 eV and 4.0 to 4.5 eV
accordingly. K2TcBr6 is certied by the recorded bands for
visible regions and K2TcCl6 for UV as well. The absorption
bands were also formed by the electronic transitions at 3.8 eV
onwards, 3.0 to 4.0 eV and 4.2 to 4.8 eV. However, generally the
rst absorption bands are strongly preferred for
optoelectronics.

Fig. 7d shows the recorded values of absorption coefficient
a(u). A similar trend of a(u) as that of 32(u) was found to
observe. It was so because the both (a(u) and 32(u)) have
representation of absorption of light. There is also a bit over-
estimation in the obtained values of absorptions and optical
bands gap due to DFT. When Cl is replaced by Br, the absorp-
tion bands move towards lower energy. The modeling of band
gap causes this shi towards lower values. The k(u) represents
to be the ctional of refraction as 32(u). It represents the
decayed part of light energy (see Fig. 7d). In addition, it has two
RSC Adv., 2024, 14, 1822–1832 | 1827
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Fig. 7 The calculated (a) real part 31(u), (b) imaginary part 32(u), (c) refraction n(u), (d) extinction co-efficient k(u), (e) absorption a(u), (f) reflectivity
R(u) of DPs K2TcCl6 and K2TcBr6.
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consecutive sets of peaks; the rst one at 2.8/4.4 and the second
one at 3.6/5.2 for Br/Cl correspondingly. The obtained values
proved to be in accordance with 32(u) and a(u).64 The reected
part of energy from the surface of the compound is known as
reectivity R(u). Its frequency dependent value and static value
R(0) have been expressed in Fig. 7f. Its static value R(0) started
increasing by replacing the Cl with Br. The uppermost peak
value of R(u) remained below 0.21 that was much smaller as
compared with the absorption of light energy in the
compounds.
3.5 Thermoelectric properties

Thermoelectric features are generally investigated for the better
understanding of their effects on thermoelectric performance
and electronic spin in specic compounds. Any thermoelectric
compound is believed to possess heavier elements to restrain
the phonons transport.65,66 The ideal thermoelectric
compounds also possess ultralow thermal conductivity (ke),
electric conductivity (s), and extensive Seebeck coefficient (S).
The temperature limit for the computed parameters is from 200
K to 800 K. In this regard, power factor (sS2) was computed to
assay the performance of DPs K2TcCl6 and K2TcBr6. In accor-
dance with the classical Boltzmann theory, the collision rate of
time for electronic gas was set as 10−14 s. Thus, the division of
1828 | RSC Adv., 2024, 14, 1822–1832
the ke and the s was taken in terms of 10−14 s [see Fig. 8a–f]. The
combination of all three parameters (ke, s, S) for (Y) and ([) is
taken by the following equation:47

k = k([) + k(Y)/2 (4)

S = S([)s([) + S(Y)s(Y)/s([) + s(Y) (5)

The above written relation shows the means of the both spin
formations. Fig. 8a shows the computed values of s. There is
a difference between the thermoelectric factors of Tc based
double perovskites as Tc possesses the electrons in odd
numbers (5) in 4d orbitals. Its values increases at 200 K and 800
K from 0.6/0.3 × 1019 (U−1 m−1 s−1) to 0.9/1.6 × 1019 (U−1

m−1 s−1) respectively. The values of s are more for Br based DPs
than that of Cl based DPs at 400–800 K. It is so because the free
carriers are increased in numbers by increasing the size of ions.
Quite contrary to the values of s, the ke starts increasing at 200 K
to 800 K from 0.4/0.5 × 1014 W m−1 K−1 s−1 to 1.9/5.5 × 1014 W
m−1 K−1 s−1 for K2Tc(Cl/Br)6. It is so because the lattice
disturbance and the ow of carriers is increased by thermal
effect (see Fig. 8c). Here, due to the restrictions of classical
theory of Boltzmann, the merely electronic contribution to
thermal conductivity was investigated whereas we could not
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The computed (a) electrical conductivity (s/s), (b) thermal conductivity (ke/s), (c) Seebeck coefficients (S), (d) specific heat capacity (Cv), (e)
power factor and (f) figure of merit against temperature for DPs K2TcCl6 and K2TcBr6.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 4
/9

/2
02

6 
11

:1
6:

37
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
touch the lattice disturbance. The comparison of s and ke was
performed through the k/s that is set as 10−6 in order to eval-
uate the relative effect.67 The ultralow values of ke provide the
room for the compounds to be the best for spintronic and
thermoelectric projects.

The potential gradient for thermoelectric measured through
S is presented in Fig. 8b. The value of S became positive for
K2Tc(Cl/Br)6 at 200–800 K, showing the p-type character. With
increasing temperature from 200 K to 800 K, the values of S
reduced from 148/230 mV K−1 to 130/180 mV K−1 for K2Tc(Cl/
Br)6. The variation of the susceptibility of K2Tc(Cl/Br)6 as
depicted in Fig. 8d, manifest an opposite trend. For K2TcCl6, the
value of c decreases up to 400 K then becomes constant to reach
approximately value of 1.6 × 10−9 m3 mol−1 at 800 K. For
K2TcCl6, the value of c increases steadily up to 800 K then
attains almost a steady approximately value of 2.3 × 10−9 m3

mol−1.
From the analysis of the computed values of power factor

(PF) (see Fig. 8e), it is clear that its values are lowest for K2TcCl6
and highest for K2TcBr6. Therefore, Br based DP is believed to
be more suitable for being used in thermoelectric device
applications as compared with the Cl based DP. Additionally,
the PF, mathematically equivalent to sS2, is calculated conse-
quently, by utilizing these Seebeck coefficients in conjunction
© 2024 The Author(s). Published by the Royal Society of Chemistry
with the structural factor, one can determine the gure of merit,
which fundamentally characterizes the efficacy of any thermo-
electric material. When calculating the thermal efficiency (ZT)
(see Fig. 8f), it exhibited a pattern similar to that of PF, for both
studied DPs. This underscores the potential of both DPs as
promising thermoelectric materials for a wide array of ther-
moelectric purposes.
4. Conclusion

To sum up, we have conducted a systematic evaluation of
ferromagnetism and its impact on the functionality of electrons
in the double perovskites (DPs) K2TcY6 (Y = Cl, Br) with the aim
of exploring their potential applications in energy harvesting
and spintronic devices. Primarily, our examination of cubic
spinel structures of the investigated double perovskites in both
ferromagnetic (FM) and antiferromagnetic (AFM) states has
affirmed that with higher energy release the FM states are more
energetically stable. Their structural and thermodynamic
stability in FM states has also been corroborated by the toler-
ance factor and formation energy assessment. Moreover, the
Heisenberg model corroborates that Tc remains above room
temperature, while the larger exchange-energies in comparison
to crystal eld energy, coupled with the double exchange model,
RSC Adv., 2024, 14, 1822–1832 | 1829
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point towards the presence of ferromagnetism resulting from
spin functionality and hybridization, as opposed to clustering.
The prevailing negative exchange-constants exert a signicant
inuence through the quantum connement effect, effectively
conning the electron wavefunction within a deep potential
well. This negative pd exchange-interaction, coupled with the
shi of magnetic moments from Tc to the K and Cl/Br sites, is
a result of exchange mechanism that reduces the system's
energy and bolsters the stability of ferromagnetism. From our
results it can be seen that the band gaps of K2TcBr6 and K2TcCl6
are 2.2 eV and 3.2 eV, respectively. Since these values are in the
UV region, one can expect these materials to be suitable for
optical devices operating in UV region of electromagnetic
spectrum. Absorption spectra have been observed in both the
UV and visible regions for double perovskites containing Cl and
Br anions. Furthermore, the presence of unpaired electrons in
Tc enhances electrical conductivity and the performance of
K2TcBr6-based double perovskites surpasses that of K2TcCl6-
based DP. Moreover, our computed properties exhibit semi-
conducting ferromagnetic DPs that is assumed a necessary
factor in spintronics devices.
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