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1.INTRODUCTION

ABSTRACT

Double perovskites are emerging due to their eco-friendly, and spin-
polarized characteristics, and present an appealing option for
applications in spintronics. In current investigation, we delve into
the effect of Mn d-electrons on the magnetic response of A2MnCI6
(A = K, Rb, Cs) through theoretical analysis using the WIEN2k
code. The value of lattice constant increased from 9.61 to 9.69 and
9.82 A when K is replaced with Rb and Cs respectively which
caused a reduction in Bulk modulus from 39.91 to 39.29 and 38.71
GPa. The calculated formation energy values (-1.64, -1.82, and -
1.96 eV) affirm the thermodynamic stability of the system.
Examination of band structure and density of states divulges a half-
metallic ferromagnetic character, elucidated through exchange
energies and exchange constants. Our calculations indicate that the
interplay of basic hybridization processes, exchange energies and
crystal field effects play a pivotal role in the development of
ferromagnetism driven by the spin of electrons. Finally, an
assessment of electrical (0.2-1.02x1019/Qms) and thermal
conductivity (0-4.8x1014 W/mKSs), Seebeck coefficient (>200
pV/K), power factor (0-4.5x1011 W/mK2s), magnetic susceptibility
(0-1.6x10-9 m3/mol), and figure of merit (up to 0.97) is performed
to evaluate the prospective of the inspected compounds for potential
applications in energy harvesting technologies.

2023). Half Metallicity is one of the most
appealing aspects of spintronics and

Spintronics, abbreviated for spin transport
electronics, marks a revolutionary shift in the
realm of electronics by capitalizing on the
inherent spin of electrons alongside their
fundamental  charge. Different  from
conventional electronics, the functioning of
spintronics is based on both the charge and the
spin states, which is a new approach that not
only enhances the possibility of using
electronics but is also related to creating brand-
new possibilities to develop energy-saving and
faster components of electronics (Mustafa et
al., 2022; Tang and Zhu, 2022; Ramawat et al.,
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remarkably contributes to the development of
spintronics applications. Half metals can be
described as materials with opposite electronic
types of properties; one spin channel acts like
metal while the other resembles an insulator or
a semiconductor. This distinct feature
possesses deep implications for spintronics,
especially with regard to the field of magnetic
materials (Mir and Gupta, 2020). The
relationship between spintronics and half-
metallicity entails the enhancement of the spin-
polarized material that can efficiently support
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half-metallicity. Spin polarization is the
process whereby the spin of the electron will be
oriented in a given direction. When it comes to
half  metallicity, increasing the spin
polarization to a higher level is inevitable for
applications in spin valves, magnetic tunnel
junctions, and spin filters (Abdullah and Gupta,
2023). Half metallic (HM) materials are also
proven ideal for spintronics devices because
they allow the transport of spins of one polarity
while blocking those of the other polarity
(Souidi et al., 2016). Such skin-specific spin
transport turns out to be highly advantageous in
the generation of spin-polarized currents which
further enhances the prospect of spin-based
memory as well as logic components. Since the
spin elements of a half metal possess different
electronic characteristics, engineers working in
the spintronics area consider it possible to
design improved and more versatile
components for the next generation of
electronic equipment (Khandy and Gupta,
2021). Double perovskites appear as a separate
class of crystalline materials that are described
by a complex and, at that, nontrivial structure,
the study of which has attracted researcher’s
attention given the heightened importance of
the corresponding materials in the fields of
spintronics and half metallicity. These
materials belong to the group of perovskites,
which are characterized by the crystal structure
formula A2BB'Os, where A and B are cations
and B' is a different cation. The unique feature
of double perovskites is the presence of two
dissimilar B-site cations, which make these
materials outstanding in terms of electronic and
magnetic properties (Leng et al., 2020). The
relevance of double perovskites in relation to
spintronics is obvious, providing a highly
versatile system of controlling electron spin,
which is one of the most important
prerequisites for the development of spin-based
electronics (Lamrani et al., 2013). The
modifiability of their electronic characteristics
enables the researcher to shape these materials
for the characteristics that are required, making
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them good rivals for use in applications
requiring effective spin polarization and
control. These characteristics form an
important  foundation upon which spin
manipulation efficiency is enhanced and spins,
generally, progress spintronics applications
(Dar et al, 2019). Furthermore, the
arrangement of the cations in the double
perovskites leads to incentivizing spin-orbit
coupling, thus affecting the relation between
the spin and the orbital, how electrons move in
a direction perpendicular to an applied
magnetic field also making them suitable for
spintronic applications. The interaction they
have with other spintronics materials enables
their incorporation into the complex systems
hence bringing closer the opportunity to create
new fusions that enhance overall device
performance significantly. Moreover, the
variety of magnetic properties exhibited by
double perovskites, which include
ferromagnetic, antiferromagnetic, and
ferrimagnetic ~ behaviors  provides  the
researcher with a versatile menu from which to
design and create materials with specific
spintronic applications. Some of the double
perovskites also display multiferroic behavior
where both, ferroelectric and magnetic
ordering exist in the compound paving the way
to the large category of multifunctional devices
where spintronics works hand in hand with
others. The study of double perovskites in the
scientific literature has sparked a new wave of
interest, which encouraged the probing of
interesting materials, with completely new
combinations of elements, and new trends in
the complex world of spintronics and half-
metal systems. As researchers continue
developing interest in understanding the
complex feature of double perovskites their
promising importance cannot be
overemphasized as they are pointed to
changing the face of electronics, devices, and
technologies in the near future (Mahmood et
al., 2022a).
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In recent times, double perovskites have
emerged as an ideal candidate for lead-based
double perovskites for photovoltaic technology
and others related to thermoelectric
applications. Dar and Want (2023) investigated
in detail the effect and understanding of
structural stability, half-metallic magnetic
nature, as well as the optoelectronic properties
present in Cs;KXClg, where ‘X’ being Ti and
V in the double perovskite arrangement. The
study provides valuable information about the
stability of the compound as well as the details
of the rules that control its half-metallic
magnetic properties. Moreover, the analysis of
the structures and the optoelectronic behavior
of Cs,KXCls education expands the overall
understanding of various potential
functionalities (Dar and Want, 2023). In the
recent study by Radja et al. (2022) the authors
performed a comprehensive investigation of
Cs,AgFeClg, which is a novel family of Pb-free
double perovskites using predictive first-
principles calculations. The paper explores a
range of properties that include structural,
elastic, mechanical, magnetoelectronic, and
transport properties. The results provide
valuable information about the material’s
enhanced structural organization, complex
magnetic and electronic properties, as well as
product opportunities for the use of
thermoelectric applications (Radja et al.,
2022). Mahmood et al. (2022b) made an effort
to evaluate the impacts of 5d-electrons on both
thermoelectric and half-metallic
ferromagnetism of Cs,Z(Cl/Br)s (where Z
stands for Os or Ir) and the results could open
up application prospects of spintronics. The
research  reveals exciting  discoveries,
demonstrating that 5d-electrons significantly
determine  HM ferromagnetic  properties
present in the material. In addition, the study of
various thermoelectric properties includes
information concerning their suitability in
spintronic applications.
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Halide-based double perovskites have helped
in spintronics and implied potential for spin-
dependent devices like magnetic storage
devices, spin valves, and spin-orbit devices due
to their tunable magnetic and electrical
properties. This may be indicative of the
continued research investigation in this field
area that holds the possible key to
revolutionizing the entire information and
technology for better data storage device uses.
The current study aims to explore
comprehensively and more scientifically the
physical and mechanical characterizations of
AMnCls (A = K, Rb, Cs) in terms of
composition, electronic, mechanical,
magnetism, and transport.

2. METHODOLOGY

In this investigation, we used the WIEN2k
computational tool based on the DFT-
FPLAPW approach (Cai et al., 2017) as our
theoretical platform. The aim was to analyze in
detail the potential of optimizing the structural
parameters, electronic properties, and magnetic
parameters  of  compounds  K;MnCls,
Rb,MnCls, and Cs;MnCls. For structural
optimization, the ground state energy has been
calculated for ferromagnetic (FM) and
antiferromagnetic (AFM) states using the
PBEsol method. In antiferromagnetic
configurations, the orientation of electron spins
in alternate layers was inverted. Results from
our investigation disclosed that the
ferromagnetic state revealed high energy
release in comparison to antiferromagnetic
states. Lattice constant and bulk moduli were
determined by applying the Murnaghan
equations of state. Recognizing the limitations
inherent in the PBEsol method, especially in
accurately predicting band gaps, we adopted
mBJ potential (Siad et al., 2021a). This
particular selection of potential not only
enhances computational performance but also
addresses shortcomings associated with the
commonly utilized HSE06 method within this



domain (Fedorovskiy et al.,
expressions  employed for
calculations are as follows:

2020). The
potential

15 J2ts ()
Vo (=cVig (+@Ee-2) 2= (1)
Here, VAR (r) represents Becke-Roussel
potential, p, (r) signifies the density of states,
and t, (r) shows kinetic energy density,
however, ¢ is symbolized as;

_ 1 o3 IVp@I\Y/?

c=a+ (ﬁ Vcellfd r p() ) (2)
In the computational software WIEN2K, we
implemented specific coefficients denoted as o
and g, with a set to -0.012 and p set to 1.023
bohr'2, These constants played a crucial role in
our computations. To determine the solution of
the wave function, we scrutinized the
interstitial region and muffin tin. In the muffin
tin zone, we applied a spherical harmonics-
based solution, whereas for areas external to
the core, plane waves approximating the
solution were employed. Our computations
fully incorporated effects for the core area.
Various options  were selected for
measurements, including the radius of the
muffin tin and the cutoff for plane waves,
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defined as the product of Ryt and Kpax, which
is equal to 8. The angular momentum denoted
as Lmax Was set at 10, and the Gaussian factor
(Gmax) was established at 20. Achieving
convergence in  energy and charge
measurements was dependent on the strategic
placement of k-points. In our current
investigation, we chose to utilize 2000 k-
points, observing that the energy of the system
remained consistent beyond this threshold.
Through a repetitive method, the energy
convergence up to a precision of 102 mRy was
successfully achieved. In the computation of
transport response, we applied semi-classical
Boltzmann expressions within the approximate
relaxation time of (10-*) s. These calculations
were performed by utilizing the Boltz-TraP
package (Mahmood et al., 2019).

3. RESULTS
3.1 Structural Properties

In the initial phase of examining structural
characteristics of A,MnClg (A =K, Rb, Cs), we
undertook optimization of lattice structure and
atomic position. This involved diminishing
force acting on individual atoms utilizing WC-
GGA approximation (Faizan et al.).

Table 1. The computed values of a, (&), Bo (GPa), and AH (eV) calculated for

A2MnCls (A = K, Rb, Cs)

DPs ao (A)
KaMnClg 9.61
Exp 9.642
Rb,MnCls 9.69
Exp 9.822
Cs2MnCls 9.82
Exp.

3(Moews Jr, 1966)

To determine lattice constant and bulk moduli
values, meticulous analysis was conducted by
fitting the information obtained from
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Bo(GPa) AH(eV)
39.91 -1.64
39.29 -1.82
38.71 -1.96

the volume optimization plot of the Birch
Murnaghan expression, as outlined by Nishio-
Hamane et al. (2010).
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Figure 1. Crystal structure of double perovskltes (a) KzMnCIe, (b) Rb2MnCls and (c) (a) CszMnCle.
Purple/Pink/sky blue, blue, and green spheres represent K/Rb/Cs, Mn, and Cl atoms, respectively
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Figure 2. Energy-volume optimization of (a) K2MnCls, (b) Rb2MnCls and (c) (a) Cs2MnCle in ferromagnetic

(FM) and anti-ferromagnetic (AFM) phases
3.2 Electronic Properties

In the investigations of the electronic response
in the AoMnCls (A = K, Rb, Cs) compound,
based on the calculated geometry, we

performed computations for spin-polarized
electronic band structure and density of states.
The TB-mBJ was used to gather more
information on the electronic nature of these
compounds in detail (Mahmood et al., 2019).

Table 2. The bandgap value in spin up channel, total and the local magnetic moments

DPs TEg(eV) Total (us)  Int. (U8) K/Rb/Cs (ug) = Mn (uB) Cl(us)
KaoMnClg 2.20 3.0002 0.1015 0.0005 2.7281 0.0282
Rb,MnClg 2.25 3.0002 0.0922 0.0009 2.7777 0.0214
Cs,MnCle 2.30 3.0001 0.0736 0.0024 2.8222 0.0165
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To enhance our understanding of electronic
properties within the A,MnCls (A = K, Rb, Cs)
framework, a comprehensive analysis of the
total (TDOS) and partial (PDOS) density of
states was conducted. Fig. (4-6) provides
detailed insights into DOS calculated for all
compositions.

3.3 Magnetic Properties

The interaction between electron spins is
facilitated by the coupling of various states
near band edges. Understanding this exchange
process involves the computation of crystal
field energy (AEcy), A(pd), and A(d) exchange
energies. The direct A(d) is computed by the
disparity in energy levels of the d state in spin-
(1) and spin-(|) mode. On the other hand,
indirect A(pd) is calculated using contrasting
electron energies in p and d orbitals within the
same spin down () channel (Mahmood et al.,
2016b; Li et al., 2019; Flemban et al., 2022).
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An alternative method for A(pd) computation
encompasses inspecting the location of the s
state of K/Rb/Cs in the spin-down channel.
This approach provides a straightforward
means to exchange interaction energy
calculation. A force from the crystal field,
driving it to ground energies, influences the Mn
tyg state, also known as the bonding phase.
Contrarily, the eq state of Mn, referred to as an
antibonding state, experiences an elevation in
energy levels due to the crystal field. The
computation of crystal field energy involves
determining the energy difference between tyg
and ey states. For a prevailing ferromagnetic
nature, AEcy should be less than A(d). The
exchange interface is influenced by the
difference A(d) - AEcy, thereby potentially
altering the magnetic characteristics of various
compounds. Another pivotal factor is A(pd),
arising from the interaction between the d
states of Mn and the 4s/5s/6s states of K/Rb/Cs
(Mahmood et al., 2020).
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Table 3. The computed values of AEcrystal, Ax(d), Ax(d) and Noa and Nog in ground

state of A2MnCls (A = K, Rb, Cs) halides

DPs (AEcrystar) Ax(d)
K2MnClsg 3.8 6.6
Rb,MnClg 3.4 6.2
Cs;MnClg 3.0 6.0

3.4 Thermoelectric Properties

The evaluation of thermoelectric performance
relies on ZT, denoted by the expression ZT =
S%k/T. Achieving optimal ZT values
necessitates low thermal conductivity (ke/t)
coupled with high Seebeck coefficient (S) and
electrical conductivity (o/t) (Ashiq et al.,
2023). The computed transport response is
visually represented in Fig. 7 (a-f). The thermal
conductivity (ke/t) comprises contributions

Ax(pd) Noot Nof

-0.3 -0.24 -0.21
-0.2 -0.28 -0.14
-0.1 -0.34 -0.08

from both electrons (ke) and phonons (kp).
Because Boltzmann's theory confines, our
focus is solely on ke. To determine phonon
contributions, i, iS independently computed
using the ShengBTE code. BoltzTraP code
calculations address Fermi integration,
presenting thermoelectric characteristics
concerning carrier doping and temperature.
Additionally, «¢ and ¢ are normalized by 104
s relaxation time, representing the average
duration of collisions in the atomic system.

2 1000
= @ ——  K,MnCl, (b) 1
g —  Rb,MnC, {800
% ——  Cs,MnCl, Jeoo ¥
> 1 1 el
o -
S — a0 =
e 200
e} ]
0 1 L 0
2

K /1 (10" W/mKs)
n w B o

e

-

m}/mol)

x (10

I

0 o]
o B 1
Y |
4
§ I 0.9
B =
=5 0.8 N
= |
iy .
© g i L 1 1
200 400 600 800 200 400 600 800

Temperature (K)

Temperature (K)

Figure 7. The computed (a) electrical conductivity (c/t), (b) thermal conductivity (ke/t), (c) Seebeck
coefficients (S), (d) Specific heat capacity (Cv), (€) power factor, and (f) figure of merit against temperature

for DPs A2MnCls (A = K, Rb, Cs) halides

O NATURE’S SYMPHONY
%O@ Volume 2 Issue 1, Spring 2024



The Seebeck coefficient (S) plays a pivotal role
in gauging the potential variation among
different metal contacts, vital for optimizing
the device’s thermoelectric efficiency (Wang et
al., 2019; Mahmood et al., 2021). The
susceptibility of any material is indicative of its
magnetic  response. In the case of
semiconductors, the typical value is on the
order of 10° The power factor (PF),
represented as 6S%/1, offers insights into the
thermoelectric capabilities of materials without
accounting for thermal conductivity (ie/T).
Moreover, the ZT is computed to assess the
thermoelectric response of the investigated
composition.

3.5 Elastic Properties

The investigation of elastic properties of
A;MnCls (A = K, Rb, Cs) involves the

(a) K;MnClg

Linear
compressnbility

Young’s Modulus

Shear Modulus

Poisson’s ratio

(b) Rb,MnCl,

QQQ
ZIBVQQ
o e @ W
L = B )
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application of tensor examination to nonlinear
differential equations utilizing the Chapin
approach. The three key elastic constants (Ci,
Ciz, and Cu), are employed to convey
mechanical stability and characteristics
associated with cubic symmetry (Noor et al.,
2018b). The criteria for Born conditions,
supported by stability, are articulated through
the expressions Css> 0, C11— C12 >0, C12 < B,
< Ci1, and Cy1 + 2Cy2 > 0, with their computed
values detailed in Table 4. Application of stress
to any material reveals important elastic
constants crucial for validating a crystal
structure’s mechanical stability (Noor et al.,
2018a). Anisotropy is quantified by a relation
A = 2Cu/(Ci— Ci2), a pivotal factor in
assessing material characteristics.

(c) Cs,MnClg

Figure 8. Representation of elastic moduli in three dimensions
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Table 4. Elastic constants of A2MnCls (A= K, Rb, Cs) in GPa

Compounds
Cll
KaMnClg 76.27
Rb,MnCls 74.08
CsaMnClg 73.25

Elastic Constant

Ci2 Cas
21.35 15.04
20.95 13.30
19.45 12.15

Table 5. Bulk modulus B(GPa), Shear modulus G(GPa), Young’s modulus E(GPa), Poison’s

ratio (v) of A2MnCls (A= K, Rb, Cs) at 0 GPa

Bulk Shear Young’s Poisson’s
Compounds .

modulus modulus modulus ratio
K>MnClg 40.23 19.07 49.35 0.301
Rb,MnCls 38.65 17.41 45.19 0.304
Cs;MnClg 37.38 16.80 43.94 0.305

Table 6. The maximum and minimum values of elastic moduli and their anisotropy

Linear Young’s Modulus Shear modulus Poisson’s ratio
Parameters = compressibility () (YY) (G) o)
(TPal) (GPa) (GPa)
Bmin ﬂmax A Y min Y max A Gmin Gmax A  Vmin Vmax A
KoMnCls 88990 88990 1 0.019 0.028 1.4 0.016 0.06 4.1 -0.8 -04 05
Rb,MnCls 89860 89860 1 0.019 0.027 14 0.015 0.05 34 -0.7 -0.3 05
Cs;MnCls 87507 87507 1 0.020 0.028 1.3 0.017 0.05 3.1 -0.7 -04 05
4. DISCUSSION neighboring chlorine (Cl) atoms are located at

The resulting optimized structures of the unit
cell are depicted in Fig. 1. As we observed, the
monovalent cation (K, Rb, Cs) is surrounded
by twelve halogen ions, while every tetravalent
cation (Mn) exhibits coordination with 6
halogen ions, making octahedron (Amin et al.,
2022). The anion (CI) is coordinated 6-fold.
Each compound scrutinized in this report
crystallizes in a cubic double perovskite
structure having Fm3m (# 225) space group. In
this arrangement, the K, Rb, and Cs atoms
occupy the Wyckoff position 8c, specifically at
coordinates (1/4, 1/4, 1/4), while the MnCls
octahedra are centered on manganese (Mn) at
the 4a-position with coordinates (0, 0, 0). The

e
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the 24e position with coordinates (x, 0, 0),
where the approximate value of x is around 0.2
for each compound. Our determined structural
parameters, encompassing lattice constant (ao),
bulk moduli (B,), and enthalpy of formation,
are compiled in Table 1.

A brief analysis of the table reveals an apparent
increase in lattice constant by changing
monovalent cation in sequence K — Rb — Cs.
Specifically, it measures 9.61 A for K,MnCls,
9.69 A for Rb,MnCls, and 9.82 A for
CsMnCls. Moreover, it is noteworthy that the
lattice constant for each compound marginally
exceeds experimentally calculated data as cited
in Table 1 (Moews Jr, 1966), a deviation likely



attributable to utilizing the GGA function,
known to somewhat inflate lattice constants.
The computation of ground state energy for
each composition was carried out through the
FP-LAPW method in DFT (Mera et al., 2023).

In Fig. 2(a-c), a plot depicting the volume
against energy is presented and calculated
using GGA. The analysis reveals that each
compound exhibits higher stability in the
ferromagnetic (FM) phase in comparison to the
antiferromagnetic (AFM) phase (Manzoor et
al., 2023). The rationale for this lies in the
realization that energy output in the
ferromagnetic phase is higher than that which
is in the AFM phase. This implies that the
considered FM may represent stable
ferromagnetic states and have practical use, as
indicated in the work (Ali et al., 2021). In
addition, the determination of the energy of
formation AH: was done to establish the
thermodynamic stability of the compounds.
The sign of the obtained AH; values indicates
the possibility of energy release during the
formation of compounds, indicating the
thermodynamic possibility of the compositions
described. However, a higher AHs has been
observed in Cs;MnClg than in K;MnClg and
Rb,MnCle, as indicated in Table 1. According
to this examination, it can be deduced that the
stability = of Cs-based formation s
comparatively better than that of K and Rb-
based composition (Alnujaim et al., 2022).

The calculated band structures for A;MnClg
(K, Rb, C) are shown in the Fig. 3. Notably, for
KoMnCls, the valence band (VBM) maxima
and conduction band (CBM) minima were
positioned such that their energy difference is
2.20 eV, in the 1% Brillouin zone. For
Rb,MnCls valence band maxima at I
symmetry point and conduction band minimum
were located at X position with the bandgap
value of 2.25 eV and for Cs,MnCls, this
bandgap is further increased to 2.30 eV in spin
up (1) configuration (Siad et al., 2021b). The
computations indicated that composition
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exhibits a direct band gap and computed values
are enlisted in Table 2.

Additionally, we present spin-polarized
projected density of states plots for K, Rb, Cs,
Mn, and CI atoms to discern the individual
contributions of each atom to TDOS. In Fig. 4,
the edge of the VB (approximately at — 4 eV)
of KoMnClg is primarily composed of the d-
state of Mn, the 4s-state of K, and the 4p-state
of Cl. An overlay across the Fermi level is
observed among the de-localized d-state of Mn
and the 4p-state of Cl. The conduction band is
made up of d-states of Mn, 4s-states of, and 4p-
states of Cl. A similar scenario is observed in
Rb,MnCle as presented in Fig. 5. Additionally,
a sharp peak in the valence band section is
attributed to the d-state of Mn, whereas the 5s
and 3p states of Rb and CI, respectively.
Similarly, the same states of individual atoms
are noticed to contribute to the formation of
valence and conduction bands for Cs;MnClg
except for the slight movements towards the
Fermi level with change in atoms at A-site
which is attributed to the change in the strength
of spin-orbit coupling of A-site atoms with the
Cl atoms (Soulen Jr et al., 1998).

A negative value for the exchange energy
A(pd) indicates that the spin-down (]) mode is
contributing to the induction of ferromagnetic
traits. The split phases at the boundaries of the
bands, specifically the CBM (AEc) and VBM
(AEy), are identifiable through the exchange
constants (Nooo and Nof). These coefficients
quantify p-d and s-d exchanges and are
presented below (Mahmood et al., 2018):

AE
x(s)’

AEy
x(S)

Nya = N,B = 4)
The negative (-ve) value of Nof directs that the
down spin (|) mode promotes ferromagnetism
(Zanib et al., 2024). The exchange energy

parameter values are detailed in Table 3.

Table 2 presents computed magnetic moments
of distinct atoms and net magnetic moments
(Le). The high T and vacancies at the A/Mn site



22 | First Principles Simulation of Ferromagnetic A;MnCl...

contribute to magnetic moment magnitude.
Long-span ferromagnetism results from
contact among local magnetic moment and
unpaired electrons in a material, according to
the Ruderman—Kittel-Kasuya—Yosida
exchange interaction model (Brey et al., 2006).
This contact is a critical pointer often
mentioned in the literature to comprehend the
material’s magnetic response. For example,
Ishikawa et al. investigated SOC in Z;TaCls (Z
= K, Rb, Cs), noting its dependence on the
octahedron surrounding halide atoms, Jer = 3/2
of 5d es, and significant ionic behavior
(Ishikawa et al., 2019). In addition, the value of
magnetic moment of 0.39, 0.22, and -0.86 ug
for Mo, W, and Re were observed by Fang et
al. in exploring the influence of 5d electrons on
magnetoresistance and ferromagnetism in
SroFe(Mo/W/Re)Og. Related to 3d es, 5d e's
exhibit higher unquenched magnetic moments,
leading to stronger coupling and boosted
magnetic nature (Fang et al., 2001). The
integral values of the net pe confirm 100% SP
(Brey et al., 2006).

Fig. 7 (a) depicts o/t values of 0.24/0.02/0.22 x
10 (1/Qm) at 200 K, increasing to
1.02/0.82/0.97 x 10 (1/Qm) for KoMnCls,
Rb,MnCls, and Cs,MnCls, respectively with
rising temperature up to 800 K. The computed
Seebeck  coefficient, plotted  against
temperature (T), is illustrated in Fig. 7 (b). The
temperature-dependent trends of S expose a
decreasing value from 770 at 200 K to 310
uV/K at 800 K for Rb,MnCls, and a constant
value is observed for K;MnClg and Cs;MnCle.
This decline in Seebeck co-efficient may be
attributed to the carrier’s thermal excitation
with increasing temperature. The e/t trends,
illustrated in Fig. 7 (c), mirror those of o/,
although the wvalues are notably low,
emphasizing the significance of the studied
composition for thermoelectric applications.
The temperature-dependent behavior of e/t
reveals an increase from 0.38/0.02/0.41 W/mK
to 4.51/3.22/4.86 WI/mK for K;MnCls,
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RboMnCls, and Cs;MnCls, respectively
corresponding to the rise in thermally excited
carriers  with  increasing  temperature.
Consequently, the /o ratio, standing at 107,
aligns with the Weidman-Franz law, indicating
an exceedingly small ratio (Albalawi et al.,
2022) At 200 K, KoxMnCls, RboMnClg, and
Cs,MnClg exhibit a susceptibility of 0.6 x 1079,
0.02 x 10° and 0.8 x 10° (m3mol™?),
respectively, which escalates to 1.1 x 107° for
KoMnClg, 0.5 x 107 for Rb,MnClg, and 1.6 x
107° (m®mol™?) for Cs,MnClg at 800 K (Sajjad
et al., 2019). This increase could be attributed
to the thermal effects on the spin movement of
electrons, as depicted in Fig. 7 (d). Graphical
representations in Fig. 7 (e) showcase the
reported power factor against temperature. The
value of power factor is recorded as 1.05 x 10%*
for KoMnClg, 0.04 x 10! for Rb,MnCle, and
1.08 x 10 W/mK? for Cs,MnClg at 200 K
which is increasing up to 4.3 x 10 for
K2MnClg, 3.6 x 10! for Rb,MnClg, and 4.5 x
10 W/mK? for Cs,MnClg at 800 K (Sajjad et
al., 2019). The ZT values are plotted in Fig. 7
(f) for temperature (K). Notably, ZT values at
200 K are 0.75/0.97/0.76, decreasing with
rising temperature to 0.74/0.9/0.75 at 800 K for

KzMﬂCle, szMﬂCle, and CSzMﬂCle,
respectively (Campi et al., 2017).
The distinction between ductility and

brittleness is discernible through Poisson’s (V)
ratio, where the value is greater than 0.26 and
the Pugh (B/G) ratio is greater than 1.75
demarcates ductile behavior (Cai et al., 2017).
Upon comparing critical values, all materials
are ductile which reinforces the potential of the
studied double perovskites for device
fabrication. The elastic character of the
composition is comprehensively presented in
Table 4. The scrutiny of nominal actualities in
solids underscores the significance of elastic
anisotropy (Mahmood et al., 2016a). Features
of elastic anisotropy assume importance in
enhancing the mechanical strength of the
material (Feng, 2014).



Anisotropy calculations, including shear
modulus (G), Poisson’s (v) ratio, linear
compressibility (), and Young’s modulus (Y),
have been executed for A;MnCls (A = K, Rb,
Cs), as depicted in Fig. 8 and values are
tabularized in Table 5. The asymmetrical
nature of Young’s modulus (Y), Poisson’s (V)
ratio, shear modulus (G), and linear
compressibility (B) in 3D is evident from the
distorted shape, deviating from a circular or
spherical form. The anisotropic nature of these
parameters is further confirmed by the
recorded minimum and maximum values in
Table 6, underscoring the heightened
anisotropy of KyMnCls (Kaderoglu et al.,
2017).

5. CONCLUSION

In the current report, we have explored the
electronic,  magnetic,  structural, and
thermoelectric response of A;MnClg (A = K,
Rb, Cs) using density functional theory based
on the WIEN2K package. Firstly, we scrutinize
the structure in both AFM and FM states,
conclusively establishing the higher stability of
the FM state. The ferromagnetic phase of
A;MnCls (A = K, Rb, Cs) exhibits formation
energies of -1.64, -1.82, and -1.96 eV,
affirming their Stable thermodynamic state. An
increase in the value of lattice constant was
witnessed from 9.61 to 9.69 and 9.82 A when
K has been replaced with Rb and Cs
respectively. The value of bulk modulus was
reduced from 39.91 to 39.29 and 38.71 GPa.
The spin-polarized DOS confirms 100% spin
polarization, while magnetic moment with high
Curie temperature suggests fundamental
hybridization. The hybridization of exchange
energies and outermost shell electrons
indicates that ferromagnetic behavior is driven
by electronic spin in contrast to clustering. The
significant effect of quantum confinement
contributes to negative exchange co-efficient
and A(pd) exchange energy values.
Furthermore, the calculation of electrical (0.2-
1.02x10%%/Qms) and thermal conductivity (0-
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4.8x10%* W/mKs), Seebeck coefficient (>200
uV/K), power factor (0-4.5x10* W/mK?3s),
magnetic susceptibility (0-1.6x10° m3/mol),
and figure of merit (up to 0.97) highlighted the
potential of these compositions in the field of
thermoelectrics.
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