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Device applications in magnetic media, spintronics, oxygen membranes, sensors, etc., are some of the
uses of ferrite materials. In this work, we have studied the structural, electronic, magnetic, mechanical,
and thermoelectric properties of Cs-based double perovskites Cs2AX6 (A = Ge, Mn; X = Cl, I), using
Quantum Espresso with generalized gradient approximation Perdew–Burke–Ernzerhof and Perdew–
Burke–Ernzerhof in solids exchange–correlation functionals. The band structure results show that
Cs2GeCl6 and Cs2MnCl6 are semiconductors with direct band gaps. However, there are bands crossing
observed for Cs2GeI6 from the conduction band minimum to the valence band maximum, indicating
the metallic nature of the material. Moreover, Cs2MnI6 has magnetic properties; it exhibits a metal-
lic nature in the spin-up state and a semiconductor nature in the spin-down state, suggesting that it
can be used in spintronics applications. The calculated total magnetic moment of Cs2MnCl6 is 3.0µB

(for both Perdew–Burke–Ernzerhof and Perdew–Burke–Ernzerhof in solids), while for Cs2MnI6, the
calculated total magnetic moments are 3.02µB and 3.06µB, for Perdew–Burke–Ernzerhof and Perdew–
Burke–Ernzerhof in solids exchange–correlation functionals, respectively. The results of the mechanical
properties calculations show that Cs-based double perovskites Cs2AX6 (A = Ge, Mn; X = Cl, I) are
mechanically stable. Cauchy’s pressure and Poisson’s, Frantsevich’s, and Pugh’s ratios of the studied
materials confirm that Cs2MnCl6 is brittle, while the remaining studied double perovskite materials
are ductile. Electrical conductivity, thermal conductivity, Seebeck coefficients, power factor, and figure
of merit are the thermoelectric parameters analyzed in this study. Seebeck coefficients, electrical con-
ductivity, and power factor increase with the rise in temperature, and Cs2MnX6 (X = Cl, I) double
perovskite materials have higher values of electrical conductivity than Cs2GeX6 (X = Cl, I). All the
studied materials have positive type conductivity due to their positive Seebeck coefficient values.

topics: double perovskite; doping; magnetic moment; electronic, mechanical, and thermoelectric
properties

1. Introduction

The increasing demand for energy has forced
scientific societies to seek alternative solutions to
traditional energy sources. Non-renewable energy
sources are limited in availability, expensive in na-
ture, have a detrimental influence on our envi-
ronment, and have a variety of other difficulties
that have successfully increased the world’s ur-
gency to embrace clean, renewable energy. Solar
energy is one of the renewable energy sources and
is efficient, clean, abundant, and practical; this en-
ergy may be absorbed and used via solar panels
with high conversion efficiency, stability, and low-
cost photovoltaic technology. Lead halide (organic–
inorganic) perovskite materials have long carrier
diffusion length, high absorption coefficient, higher
charge carrier mobility, and appropriate bang gap,

and are fabricated by solution-processable tech-
niques, which makes the materials more popular
in photovoltaic applications [1–3]. The tunability
of perovskites’ electronic and optical parameters
makes them appealing for energy and microelec-
tronics applications [1, 4, 5]. The limitations in the
technical applications of perovskites are due to their
finite electrical conduction, structural stabilities,
and toxicity [4, 6, 7]. Finding non-toxic lead-based
perovskites requires substantial investigation into
other non-toxic metals. Because of the structural
tunability of perovskites, a double perovskite with
the general structural formula A2BX6 was discov-
ered, where A and B are tetravalent and octavalent
cations, and X can be Cl, Br, or I (anion halides).
These cations and anions might be changed se-
lectively to generate a non-toxic, stable, and effi-
cient perovskite. The heightened interest in double
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perovskite materials stems from their distinct ad-
vantages over conventional perovskites. These ad-
vantages include amplified stability [8], customiz-
able properties, unique magnetic and electronic
characteristics [9], tailored band structures, and the
formation of functional heterostructures [10]. These
collective advantages position double perovskites as
promising candidates for next-generation materi-
als across various technological applications, owing
to their adjustability and heightened stability com-
pared to traditional perovskites.

The significant characteristics, such as flexibility
and diversity of the chemical compositional forms
of double perovskite materials, established their im-
portance in modern materials research and technol-
ogy [11–14]. Manganites and cobalties are among
the rare-earth (RE) materials currently receiving
a lot of attention among the many known dou-
ble perovskite materials [14, 15]. Structural, opto-
electronic, and magnetic interactions in strongly
coupled systems are what initially drew attention
to these ferrite materials. Such ferrite materials
have good applications in sensors, spintronics, mag-
netic media electrode materials, and so on [14, 16].
These double perovskites, which are RE-based ma-
terials, have drawn the most attention among the
diverse spectrum of ferrites due to their intriguing
structural properties [14, 17]. As previously stated
in [14, 17], the magnetic properties of RE-based ox-
ides are heavily influenced by various synthesis pro-
cedures and conditions.

Diao et al. [18] used density functional theory
(DFT) to perform high-throughput screening of ef-
ficient and stable double inorganic halide perovskite
materials using the CASTEP and DMol3 codes. Sta-
bility and photoelectric conversion of 42 inorganic
double perovskite materials, including Cs2GeX6

(X = Cl, Br, I), were reported. Band gap values of
0.323 eV and 0.347 eV were reported for Cs2GeBr6,
using the CASTEP and DMol3 codes, respectively,
and 2.179 eV and 2.233 eV were also reported for
Cs2GeCl6, using the CASTEP and DMol3 codes,
respectively. It was discovered that double per-
ovskite that contains caesium (Cs) tends to have the
same structural formation, prevalent band struc-
tures, and structural stability and possesses good
light absorption properties.

Mahmood et al. [19] investigated optical, thermo-
electric, and mechanical properties of double per-
ovskites Cs2GeCl/Br6 using a full potential lin-
earized augmented plane wave (FP-LAPW) method
as implemented in a DFT code, WIEN2k. It was
clear that replacing Cl with Br increases the lattice
constant from 1.75 (Cl) to 1.85 A (Br). The cal-
culated Poisson’s and Pugh’s ratios indicated the
ductile nature of Cs2GeCl/Br6. They calculated the
band gap to be 3.42 eV and 2.15 eV for Cs2GeCl and
Cs2GeBr6, respectively, making them ideal for op-
tical applications. The ultraviolet area (UV) has a
higher intensity than the visible region, with exci-
tonic peaks in both the visible and ultraviolet re-

gions, making it an excellent material for optoelec-
tronic applications that function in UV light. The
authors concluded that the examined double per-
ovskites are viable materials for use in sustainable
applications based on their optical and thermoelec-
tric properties results.

Cai et al. [20] also investigated the electronic
structure and structural stability of A2BX6 inor-
ganic halide Perovskite compounds. They employed
spin-polarized PBE-GGA and HSE06 exchange–
correlation functionals using VASP (Vienna Ab ini-
tio Simulation Package). In their study, they found
that the impact of cations on A-site is more compli-
cated. When the size of the A-site cation decreases,
the predicted band gap in the cubic structure also
decreases. Alloying the A and X sites is expected to
be effective in adjusting the stability of the struc-
ture and in improving the bandgap.

In this work, Cs-based double perovskites
Cs2AX6 (A = Ge, Mn; X = Cl, I) materials
are studied. The structural, electronic, mechan-
ical, and thermoelectric properties of Cs2GeX6

(X = Cl, I) and Cs2MnX6 (X = Cl, I) double per-
ovskites are investigated for solar cells and spin-
tronics applications. A plane wave basis set of
Quantum ESPRESSO (QE) code has been used in
the study of the physical properties of the dou-
ble perovskite materials Cs2GeX6 (X = Cl, I).
Furthermore, Ge was replaced by Mn to obtain
Cs2MnX6 (X = Cl, I), and the physical proper-
ties were calculated by considering spin polariza-
tion. Generalized gradient approximation Perdew–
Burke–Ernzerhof (GGA-PBE) and Perdew–Burke–
Ernzerhof in solids (PBESol) exchange–correlation
functionals have been utilized. This article is orga-
nized as follows: computational details are described
in Sect. 2, results and discussions in Sect. 3, and the
conclusion in Sect. 4.

2. Computational details

Quantum ESPRESSO code (QE) was used for the
calculation of structural, magnetic, electronic, me-
chanical, and thermoelectric properties of Cs-based
double perovskite materials Cs2AX6 (A = Ge, Mn;
X = Cl, I) [21, 22]. To describe interactions between
core and valence electrons, the plane wave method
was used. Norm-conserving pseudo potentials were
utilized to describe electron–ion interactions us-
ing GGA in the form of Perdew–Burke–Ernzerhof
(GGA-PBE) and of Perdew–Burke–Ernzerhof for
solids (GGA-PBESol) [23]. Cut-off energy conver-
gence was set at 120 Ry, while 10−5 eV and
10−5 eV/Å were used as energy and force conver-
gence thresholds per atom, respectively, and cen-
tred 8× 8× 8 k-mesh in the Brillouin zone integra-
tion was used [24]. Next, k-points of 8 × 8 × 8 were
applied in calculating magnetic, structural, elec-
tronic, and mechanical properties, while k-points
of 12 × 12 × 12 were used to calculate the density
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of states. Positions of atoms were totally opti-
mized for all calculations, and structural relax-
ation was achieved using the Broyden–Fletcher–
Goldfarb–Shanno quasi-Newton algorithm [25, 26].

2.1. Mechanical properties

Certain properties of materials become important
when forces are applied to the materials, particu-
larly during manufacturing and fabrication. These
properties include elastic and mechanical proper-
ties [27–29]. It is very important to understand how
mechanically stable the atoms of a material and the
atom-to-atom bonding are. Elastic constants (C11,
C12, C44) for Cs-based double perovskite materials
Cs2AX6 (A = Ge, Mn; X = Cl, I) were calculated
under ambient conditions. A crystal cannot exist in
a stable or meta-stable state unless its elastic con-
stants satisfy the generalized mechanical stability
criteria [28, 30]. The Born–Huang elastic criteria
theorem is given as [27, 31]

C11 − C12 > 0, (1)

C11 − 2C12 > 0, (2)

C44 > 0, (3)
and

C11 < B < C44. (4)
The bulk modulus (B) was determined using

B =
C11 + 2C12

3
. (5)

Chung and Buessem [32] harmonized the Voigt–
Reuss–Hill approximation (VHR) into a relation-
ship between some isotropic characteristics (bulk
modulus, shear modulus, and Young modulus) and
the elastic constant defined by Voigt, Reuss, and
Hill. This method converts anisotropic elastic con-
stants into isotropic polycrystalline elastic moduli.
The following are Voigt’s [33] elastic moduli equa-
tions

BV =
C11 + 2C12

3
, (6)

GV =
C11 − C12 + 3C44

5
, (7)

where BV and GV are the isotropic bulk modulus
and shear modulus, respectively. For a cubic struc-
ture, Reuss’s bulk modulus (BR) and Voigt’s bulk
modulus (BV ) are equivalent. Reuss’s shear modu-
lus (GR) is expressed as follows [34]

GR =
5 (C11 − C12)C44

4C44 + 3 (C11 − C12)
. (8)

Hill’s elastic moduli approximation is the average
values of Voigt’s and Reuss’s elastic moduli, which
are

BH =
1

2
(BV +BR), (9)

GH =
1

2
(GV +GR). (10)

Hill’s bulk (GH) and shear moduli (BH) are given
by (9) and (10), respectively [35].

The values of shear anisotropy (A), Cauchy’s
pressure (PC), Young’s modulus (Y ), Poisson’s
ratio (ν), Pugh’s ratio (RP ), and Frantsevich’s
ratio (RF ) were calculated using the following
equations [36]

A =
2C44

C11 − C12
, (11)

PC = C12 − C44, (12)

Y =
9BG

3B +G
, (13)

v =
3B − 2G

6B + 2G
, (14)

Rp =
B

G
, (15)

Rf =
G

B
. (16)

2.2. Thermoelectric properties

The thermoelectric (TE) properties of the
studied Cs-based double perovskite materials
Cs2AX6 (A = Ge, Mn; X = Cl, I) were calculated
using the BoltzTraP2 package [37] using both
GGA (PBE and PBESol) exchange–correlation
functionals. Electronic thermal conductivity (κe),
Seebeck coefficient (S), electrical conductivity
(σ), power factor (PF ), and figure of merit (ZT )
are the thermoelectric properties calculated in
this study. The BoltzTraP2 package operates
within the framework of DFT, as implemented in
the QE code, and a relaxation time constant of
(τ = 10−14 s) was used. Figure of merit (ZT ) is
strongly influenced by the Seebeck coefficient (S)
and electronic and thermal conductivity (κe), and
these thermoelectric parameters depend on the
relaxation time constant. All the TE properties are
calculated within temperature (T ) values in the
range of 150–1300 K. Power factor is calculated
using [38]

PF = S2σ, (17)
while the figure of merit (ZT) was computed
using [39]

ZT =
σS2

κe
T. (18)

3. Results and discussion

3.1. Structural properties

Cs-based double perovskite materials Cs2AX6

(A = Ge, Mn; X = Cl, I) have space group of
Fm−3m, face-centred cubic (fcc) structure, with
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Fig. 1. Polyhedral crystal structure of (a)
Cs2GeCl6 and (b) Cs2MnCl6.

coordination of Cs+2 in 12-fold cubo-octahedral sur-
rounded in 6-fold coordination by each Ge+ and
Mn+ cation alternating along the planes of [001],
[010], and [100], as shown in Fig. 1. In the figure,
light teal colour denotes Cs atoms, grey and violet
colour denote Ge and Mn atoms, respectively, and
lime colour denotes the Cl atoms.

Ground state energy of the atoms is required for
the description of any material’s quantitative me-
chanical properties. Atoms in solids can be in their
ground state by minimising crystals energy [27].
A plane wave basis set was used in the structural
parameters calculation of the studied double per-
ovskite materials. Birch–Murngham’s equation of
state was used to calculate the system’s equilib-
rium volume by fitting the total energy as a function
of volume using GGA-PBE and PBESol exchange–
correlation functionals. The graphs of optimized en-
ergy against volume in Figs. 2 and 3 obtained with
both GGA-PBE and PBESol of the studied Cs-
based double perovskite materials indicate the equi-
librium volume at which the total energy of the ex-
amined double perovskite materials becomes min-
imum. Excellent electronic structure measurement
will be obtained when internal parameters are re-
laxed by minimising the total energy of the studied
Cs-based double perovskite materials.

Lattice constant at equilibrium (a), bulk modu-
lus (B), bulk modulus pressure derivative (B

′
), unit

cell volume (V ), and enthalpy (given in Ry) calcu-
lated using Birch–Murngham’s equation of state are

Fig. 2. Cs2GeCl6 optimized energy versus vol-
ume plots calculated with GGA (a) PBE and (b)
PBESol.

Fig. 3. Cs2GeI6 optimized energy versus volume
plots calculated with GGA (a) PBE and (b)
PBESol.

shown in Table I. According to the table, Cs2GeI6
and Cs2MnI6 have higher a [Å], B [GPa], B

′
, and

V [Å3] values. The results show that the values of
lattice constant and unit cell volume at equilibrium
rise from Cl to I anion due to the increasing atomic
size of the anion, i.e., that iodine anion has a higher
ionic radius than chlorine anion [40, 41].
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3.2. Electronic properties

Electronic properties influence material applica-
tions in device engineering. These properties classify
the materials in order to reveal the carrier transport
mechanism; they also reveal the materials’ semi-
conductor, insulator, semimetal, and metal nature.
Band structure and density of states (DOS) of Cs-
based double perovskite materials Cs2AX6 (A = Ge,
Mn; X = Cl, I) were studied using both GGA-PBE
and PBESol exchange–correlation functionals to re-
veal their electronic properties.

3.2.1. Band structure

A turning point in revealing the nature of the
material is known as band structure. Band struc-
ture can reveal a material’s metallic, semiconduct-
ing, and insulating properties. According to [42],
the band structure is the foundation for solid-state
devices (transistors, solar cells, etc.), and the opti-
cal behaviour and electrical resistivity of a material
can be explained using band structures. Band struc-
tures of Cs2AX6 (A = Ge, Mn; X = Cl, I) were
studied using both GGA-PBE and PBESol. Spin-
polarized calculations were carried out for Cs2MnX6

(X = Cl, I) due to the presence of a transition metal
(Mn). The substitution of chloride with iodide in-
duces alterations in the band structure due to dif-
ferences in ionic size, electronegativity, and other
electronic properties. This modification affects the
energies of both the valence and conduction bands,
consequently influencing the type of band gap en-
ergies or influencing the nature of the material —
either insulator, semiconductor, or conductor. Ad-
ditionally, the choice of transition metals signifi-
cantly shapes the electronic structure of perovskite
materials. For example, manganese and germanium
possess distinct electronic configurations and bond-
ing characteristics. The inclusion of these metals al-
ters the band structure, thereby modifying the en-
ergies of both the direct and indirect band gaps.
The calculated band gaps are given in Table II (see
also [18, 19]).

TABLE I

Calculated structural properties of Cs-based double
perovskite materials Cs2AX6 (A = Ge, Mn; X = Cl, I)
with GGA-PBE and PBESol.

Materials a [Å] B [GPa] B
′

V [Å3]

Cs2GeCl6
GGA-PBE 19.29 11.33 5.74 2065.35
GGA-PBESol 20.02 8.76 6.37 1851.58

Cs2GeI6
GGA-PBE 22.27 7.47 7.37 2843.58
GGA-PBESol 21.37 12.50 8.07 2511.16

Cs2MnCl6
GGA-PBE 19.86 8.92 6.66 2022.77
GGA-PBESol 19.11 11.73 6.66 1801.71

Cs2MnI6
GGA-PBE 22.08 7.34 6.60 2765.38
GGA-PBESol 21.15 12.09 7.86 2435.20

TABLE II
Calculated electronic band gaps of Cs-based double
perovskite materials Cs2AX6 (A = Ge, Mn; X = Cl, I)
using GGA-PBE and PBESol.

Material
GGA-PBE

[eV]
GGA-PBESol

[eV]
Other

calc. [eV]

Cs2GeCl6 2.1696 2.1359
2.233a

2.179a

3.42b

Cs2GeI6 0.00 0.00
0.00a

0.244a

Cs2MnCl6
spin-up 1.3670 1.4804 –
spin-down 1.7928 1.6962 –

Cs2MnI6
spin-up 0.00 0.00 –
spin-down 0.8600 1.0527 –

aRef. [18], bRef. [19]

Band structures of Cs2AX6 (A = Ge, Mn;
X = Cl, I) along the high symmetry directions of
the Brillouin zone are depicted in Figs. 4–9. The
plots revealed that the investigated double per-
ovskite materials have a direct band gap semicon-
ductor for Cs2GeCl6 (GGA-PBE and PBESol) be-
cause the conduction band minimum (CBM) and
maximum valence band (VBM) lie at the same sym-
metry point (Γ–Γ). Cs2GeCl6 has band gap val-
ues of 2.1696 eV and 2.1359 eV for GGA-PBE and
PBESol, respectively. As shown in Table II, GGA-
PBE has higher band gap values than GGA-PBESol
for both Cs2GeCl6. The band structure of Cs2GeI6
(GGA-PBE and PBESol) shows a zero band gap,
indicating that the double perovskite material is
metallic. Band gap results obtained for Cs2AX6

(A = Ge, Mn; X = Cl, I) are compared with the
existing literature in Table II.

The calculated band structure of spin-polarized
calculations along the Fermi energy level (EF) en-
virons for Cs2MnX6 (X = Cl, I) are depicted in
Figs. 6–9. The results of Cs2MnCl6 indicate a semi-
conductor nature for both spin-up and spin-down,
with a band gap of 1.3670 eV and 1.4804 eV for
a spin-up for GGA-PBE and PBESol, respectively,
while for a spin-down, band gap values are 1.7928 eV
and 1.6962 eV for GGA-PBE and PBESol, re-
spectively. Spin-down has higher band gap values
than spin-up; additionally, GGA-PBESol has higher
band gap values than GGA-PBE in a spin-up, and
GGA-PBE has higher band gap values than GGA-
PBESol in a spin-down. The calculated band struc-
ture for Cs2MnI6 spin-up shows zero band gap
values for both GGA-PBE and PBESol, indicat-
ing that the investigated double perovskite mate-
rial is metallic, whereas Cs2MnI6 spin-down has
band gap values of 0.8600 eV and 1.0527 eV for
GGA-PBE and PBESol, respectively. In Cs2MnI6
spin-down, GGA-PBESol has higher band gap val-
ues than GGA-PBE. For Cs2GeCl6, the band gap
value reduces after replacing Ge with Mn, but the
material still retains its semiconductor nature in
both spin-up and spin-down, but for Cs2GeI6, af-
ter introducing Mn, the material remains metal
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Fig. 4. Band structure plots of (a) Cs2GeCl6
(GGA-PBE) and (b) Cs2GeCl6 (GGA-PBESol).

Fig. 5. Band structure plots of (a) Cs2GeI6 (GGA-
PBE) and (b) Cs2GeI6 (GGA-PBESol).

with zero band gap in spin-up and has a semi-
conductor nature in spin-down with a band gap of
0.8600 and 1.0527 eV (GGA-PBE and PBESol, re-
spectively). The occurrence of spin-dependent band
gaps, where the band gap differs between differ-
ent spin orientations (spin-up or spin-down), is

Fig. 6. Band structure plots of Cs2MnCl6 using
GGA-PBE; (a) spin-up polarization and (b) spin-
down polarization.

Fig. 7. Band structure plots of Cs2MnCl6 using
GGA-PBESol; (a) spin-up polarization and (b)
spin-down polarization.

evident in specific materials owing to their elec-
tronic structure and magnetic characteristics.
This phenomenon commonly arises in materi-
als exhibiting spin-polarized electronic states, like
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Fig. 8. Band structure plots of Cs2MnI6 using
GGA-PBE; (a) spin-up polarization and (b) spin-
down polarization.

Fig. 9. Band structure plots of Cs2MnI6 using
GGA-PBESol; (a) spin-up polarization and (b)
spin-down polarization.

ferromagnetic or antiferromagnetic materials. Fac-
tors contributing to this spin-dependent band gap
encompass exchange splitting, magnetic ordering,
and spin–orbit coupling effects [43]. The transition

Fig. 10. Density of states of (a) Cs2GeCl6 (GGA-
PBE) and (b) Cs2GeCl6 (GGA-PBESol).

from chloride to iodide anions in double perovskite
structures, leading to the observed alteration in
electronic behaviour from a semiconductor with a
definite band gap to a metallic state, is a result of
a combination of factors, including lattice distor-
tion, spin-orbit coupling effects, orbital hybridiza-
tion [44], and quantum confinement effects [45].
These factors collectively contribute to the trans-
formation of electronic properties.

3.2.2. Density of states

The density of states (DOS) gives useful infor-
mation regarding the electron transition from the
valence to the conduction band while also forecast-
ing the possession of an electronic orbital in the
electronic band structure over an energy interval.
DOS of a material can easily vary due to the pres-
ence of a substitute or dopant element, which re-
sults in either improved or degraded device per-
formance [46, 47]. The plots of DOS for Cs2GeX6

(X = Cl, I) are shown in Figs. 10–13, where the ver-
tical line represents the Fermi level, which is set to
zero energy. From the obtained results, bands for
Cs2GeCl6 (GGA-PBE and PBESol) do not cross
the Fermi energy level (EF), indicating that the
double perovskite material is a semiconductor. A
crossing of bands across EF for Cs2GeI6 (GGA-PBE
and PBESol) indicates that the double perovskite
material has a metallic nature. When Ge is replaced
by manganese (Mn) in the investigated double per-
ovskite material Cs2GeX6 (X = Cl, I), spin or-
bits are used in the DOS calculation of Cs2MnX6
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Fig. 11. Density of states of (a) Cs2GeI6 (GGA-
PBE) and (b) Cs2GeI6 (GGA-PBESol).

Fig. 12. Spin-polarized density of states for (a)
Cs2MnCl6 (GGA-PBE) and (b) Cs2MnCl6 (GGA-
PBESol).

(X = Cl, I). The spin-polarized density of states
plots for Cs2MnX6 (X = Cl, I) are depicted in
Figs. 12 and 13. Note that the bands in Cs2MnCl6
(GGA-PBE and PBESol) in both spin-up and spin-
down polarization did not cross EF, indicating that
the Cs2MnCl6 (GGA-PBE and PBESol) double

Fig. 13. Spin-polarized density of states for (a)
Cs2MnI6 (GGA-PBE) and (b) Cs2MnI6 (GGA-
PBESol).

perovskite material has a semiconductor nature. For
Cs2MnI6 (GGA-PBE and PBESol), there is a cross-
ing of bands at EF from the valence band max-
imum to the conduction band minimum, indicat-
ing the metallic nature of the studied double per-
ovskite material, whereas, for spin-down polariza-
tion, the bands do not cross EF, indicating semi-
conductor nature of the studied double perovskite
material. The results support the metallic character
for spin-up densities at EF for Cs2MnI6 (GGA-PBE
and PBESol) and the semiconductor character for
spin-down in Cs2MnI6 (GGA-PBE and PBESol).
The semi-metallic and metallic character stated in
the band structure calculation for Cs2MnI6 dou-
ble perovskite was clearly formed by the substi-
tute element, as seen in Fig. 13. Different electronic
properties were observed in spin-up (metallic) and
spin-down (semiconductor) in Cs2MnI6 double per-
ovskite material, allowing materials to be used for
a variety of applications due to the modification in
electronic properties. The average intensity of DOS
also increases the VBM and CBM near EF due to
the added density of states from Mn.

3.3. Magnetic moments

The magnetic moment is initiated by the ex-
change division (splitting) of electrons in the Mn-
3d and Mn-4d states. The material’s total magnetic
moment is the difference between the minority spin
state and the majority spin state, which generates
magnetic moments [14]. Magnetic properties of the
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TABLE III

Magnetic moment of Cs2MnX6 (X = Cl, I) studied
using GGA-PBE and PBESol.

Material GGA-PBE [µB] GGA-PBESol [µB]
Cs2MnCl6 3.0 3.0
Cs2MnI6 3.02 3.06

studied double perovskite were investigated due to
the advantages, uses, and importance of magnetic
materials. Magnetic interaction plays an essential
and important role in modern technological appli-
ances [48–50]. Total magnetic moment results for
the studied double perovskite material Cs2MnX6

(X = Cl, I) using GGA-PBE and PBESol were de-
picted in Table III. The results show that the total
magnetic moment for Cs2MnCl6 using GGA-PBE
and GGA-PBESol is 3.00µB for each exchange–
correlation functional, while the total magnetic
moment for Cs2MnI6 using both GGA-PBE and
PBESol is 3.02µB and 3.06µB, respectively, demon-
strating the optimal half-metallic property of the
studied double perovskite materials [14]. It is worth
mentioning that the primary contributor to this to-
tal magnetic moment is the transition metal Mn,
while elements like Cs, Cl, and I make only a neg-
ligible contribution. The presence of magnetic and
electronic properties in the Cs2MnX6 (X = Cl, I)
double perovskite materials shows that they have
a magneto-electronic coupling [51]. These magnetic
characteristics suggest the compound’s potential
applications in various fields. This versatility makes
it suitable for applications such as computer mem-
ories, spintronics, sensors, transformer cores, and
microwave components utilizing artificial ferrimag-
netic elements for magnetic polarization, among
others [48–51].

3.4. Mechanical properties

Investigating the mechanical properties of ma-
terials serves a crucial role in understanding both
their structural stability and binding characteris-
tics [52, 53]. In the case of cubic systems, only
three independent elastic constants (C11, C12, and
C44) are required to elucidate mechanical stabil-
ity, as presented in Table IV (see also [18, 19]).
Notably, all positive values of elastic constants ad-
here to the generalized mechanical stability criteria
proposed by Born and Huang [31], as expressed in
(1)–(4) [27, 31, 53], which highlights the stability
of Cs2AX6 (A = Ge, Mn; X = Cl, I) double per-
ovskite material studied using both GGA-PBE and
PBESol in its cubic structure.

Employing the Voigt–Reuss–Hill approximations,
as outlined in (9) and (10), values of key elas-
tic moduli [28], including the bulk modulus (B),
Young’s modulus (Y ), and shear modulus (G) for
Cs2AX6 (A = Ge, Mn; X = Cl, I) double per-
ovskite material using both GGA-PBE and PBESol

were computed, as presented in Table IV. Young’s
modulus (Y ) is a vital mechanical parameter that
reflects a material’s stiffness; it is defined as the
ratio of tensile stress to tensile strain [29, 48]. A
higher value of Young’s modulus indicates increased
stiffness. Young’s modulus (Y ) was calculated us-
ing (13). The results show that Cs2MnCl6 GGA-
PBE (17.38) and Cs2MnCl6 GGA-PBESol (22.06)
have higher values of Y than any other studied dou-
ble perovskite materials, while Cs2GeI6 GGA-PBE
(6.10) and Cs2GeI6 PBESol (9.11) have lower values
of Y , suggesting that Cs2MnCl6 exhibits substan-
tial stiffness and is likely to perform as a robust,
stiff material.

A good crystal deformation of a material is de-
noted by its higher bulk modulus (B) values [36].
Bulk moduli for Cs2AX6 (A = Ge, Mn; X = Cl, I)
(GGA-PBE and PBESol) were computed using (9),
and the results are shown in Table IV. One can no-
tice that B values computed using GGA-PBESol
are greater than the B values computed using GGA-
PBE. Cs2GeI6 (GGA-PBESol) have higher B val-
ues than other studied double perovskite materials,
and this indicates that Cs2GeI6 is more rigid and
has better crystal deformation than other studied
double perovskite materials.

The shear modulus (G), representing the com-
puted plastic deformation characteristics of a ma-
terial, has been determined using the Voigt–Reuss–
Hill approximation [35] as expressed in (10), and its
value is reported in Table IV. One can notice that
Cs2MnCl6 GGA-PBE (7.87 GPa) and Cs2MnCl6
GGA-PBESol (9.93 GPa) have higher values of G
than any other studied double perovskite materials,
while Cs2GeI6 GGA-PBE (2.26 GPa) and Cs2GeI6
PBESol (3.39 GPa) have lower values of G, indi-
cating that Cs2MnCl6 have high level of plastic
deformation than other studied double perovskite
materials.

Shear anisotropy (A) is used to determine a ma-
terial’s isotropic properties. If A = 1, the material is
said to be isotropic and can be uniformly deformed
along all directions of the material’s body, but if the
shear anisotropy of a material is less than or greater
than unity, the material is an elastic anisotropic ma-
terial [54]. All the calculated shear anisotropy values
for the materials Cs2AX6 (A = Ge, Mn; X = Cl, I)
are greater than one, implying that they are elastic
anisotropic materials.

The Poisson’s ratio (ν), as expressed in (14), is
a useful quantity for determining important solid-
material properties, such as shear stability, na-
ture of inter-atomic force, ductility and brittle-
ness of a material. Materials that are brittle have
ν lesser than 0.26, and materials that are ductile
have ν greater than 0.26. Cs2MnCl6 has ν values of
0.10 and 0.11 for GGA-PBE and PBESol, respec-
tively, which is less than 0.26. This confirms that
the material is brittle. In turn, the other studied
Cs-based double perovskite materials (Cs2GeCl6,
Cs2GeI6, and Cs2MnI6) are ductile because
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TABLE IV
Calculated values of mechanical properties using GGA-PBE and PBESol for Cs-based double perovskite materials
Cs2AX6 (A = Ge, Mn; X = Cl, I).

Material C11 [GPa] C12 [GPa] C44 [GPa] PC [GPa] B [GPa] G [GPa] A Y ν RP RF

Cs2GeCl6

GGA-PBE 11.65 6.71 4.47 2.24 8.36 3.52 1.81 9.26 0.31 2.37 0.421
GGA-PBESol 15.05 8.94 6.48 2.46 10.98 4.79 2.12 12.55 0.30 2.29 0.436

Other works
16.63a 3.77a 6.48a

–
8.16a 6.45a

0.94b
15.34a 0.19a

– –
39.6b 13.7b 12.2b 22.4b 12.5b 31.6b 0.26b

Cs2GeI6
GGA-PBE 8.33 6.66 4.29 2.37 7.21 2.26 5.14 6.10 0.34 3.19 0.313
GGA-PBESol 13.45 11.73 7.67 4.05 12.30 3.39 8.89 9.18 0.35 3.62 0.276
Other works 10.60a 1.45a 6.71a – 4.48a 11.77a – 5.54a 0.06a – –

Cs2MnCl6
GGA-PBE 16.82 2.54 8.40 −5.86 7.30 7.87 1.13 17.38 0.10 0.92 1.077
GGA-PBESol 20.70 3.85 11.06 −7.20 9.47 9.93 1.31 22.06 0.11 0.95 1.048

Cs2MnI6
GGA-PBE 9.07 6.38 5.13 1.25 7.26 2.99 3.90 7.85 0.31 2.42 0.411
GGA-PBESol 14.69 10.29 8.92 1.37 11.76 5.12 4.06 13.35 0.30 2.29 0.435

aRef. [18], bRef. [19]

their ν values are greater than 0.26. Cauchy’s pres-
sure (PC), Pugh’s ratio (RP ), and Frantsevich’s
ratio (RF ) can be used to determine the mate-
rial’s brittleness or ductility [19, 47]. If the mate-
rial’s Cauchy pressure is negative, it is brittle; oth-
erwise, it is ductile [55]. Cs2MnCl6 has negative
PC values for both GGA-PBE (−5.86) and PBESol
(−7.20), respectively, which predicts the material’s
brittleness. Other studied double perovskite mate-
rials (Cs2GeCl6, Cs2GeI6 and Cs2MnI6) are ductile
because their PC values are positive.

Pugh’s ratio (RP ) is the ratio of B to G, as ex-
pressed in (15). The values of Pugh’s ratio show that
Cs2MnCl6 (using both GGA-PBE and PBESol) is
brittle because its RP is less than 1.75, as con-
firmed by their ν and PC values, while Cs2GeCl6
(GGA-PBE and PBESol), Cs2GeI6 (GGA-PBE and
PBESol), and Cs2MnI6 (GGA-PBE and PBESol)
have RP > 1.75, indicating that they are ductile
materials, as confirmed by their ν and PC results.
Frantsevich’s ratio (RF ) is the ratio of shear mod-
ulus to the bulk modulus and is also known as the
inverse of Pugh’s ratio, as expressed in (16). Mate-
rials is said to be considered brittle if RF > 0.571,
otherwise its a ductile [47, 56]. Frantsevich’s ratio
value of Cs2MnCl6 is greater than 0.571 for both
GGA-PBE and PBESol, which confirms the brittle-
ness of the material, as do its ν, PC , and RP results.
Other studied Cs-based double perovskite materi-
als with RF < 0.571, such as Cs2GeCl6 (GGA-PBE
and PBESol), Cs2GeI6 (GGA-PBE and PBESol),
and Cs2MnI6 (GGA-PBE and PBESol), are duc-
tile materials as confirmed by their ν, PC , and RP
results.

3.5. Thermoelectric properties

Materials with good thermoelectric properties
can be used to convert thermal energy (heat) to
electrical energy [36]. The movement of charges for
energy transfer produces a heat gradient, which re-
sults in a potential difference and a thermoelectric
effect [57]. Thermoelectric refrigerators, detectors,

Fig. 14. Electrical conductivity plots computed
using GGA-PBE and PBESol of (a) Cs2GeCl6 and
Cs2MnCl6, (b) Cs2GeI6 and Cs2MnI6.

and cooling systems are some of the practical ap-
plications of thermoelectric materials [57]. Due to
the low thermal and high electronic conductivity of
double perovskite materials, they are widely used
for this purpose [36]. Semiconductor materials that
have narrow band gap can also be used in TE ap-
plications [36]. Sr3SbN is an antiperovskite with
a 1.15 eV bandgap, high thermopower and power
factor, but generally, semiconductors have high S
values and low thermal conductivity [36, 58]. Most
high-performance thermoelectric materials have a
bandgap of 0.5–1.5 eV [36, 58]. Materials with
higher band gap values have higher S values and
materials with lower band gap values have lower S
values [36].
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3.5.1. Electrical conductivity

Electrical conductivity (σ) plots for Cs-based
double perovskite materials Cs2AX6 (A = Ge, Mn;
X = Cl, I) versus a temperature range of 150–
1300 K are depicted in Fig. 14. According to the
results, electrical conductivity increases with the in-
crease in temperature for most of the studied Cs-
based double perovskite materials. Thermal excita-
tion of electrons into the conduction band leads to
this trend for both GGA-PBE and PBESol and for
the two studied materials. Electrical conductivity
materials reverse the Joule heating effect, due to
which they are preferred for TE applications [59].
The plots also show that Cs2MnCl6 have higher val-
ues of σ at 800 K (0.869×1019 (Ω m s)−1) for GGA-
PBESol. The results also show that GGA-PBESol
have higher values of σ than GGA-PBE.

3.5.2. Thermal conductivity

The thermoelectric (TE) parameter that com-
bines the effects of lattice (κl) and electronic ther-
mal conductivity (κe) is known as electronic ther-
mal conductivity (κe). BoltzTraP2 calculated only
the electronic contribution of thermal conductiv-
ity [37]. Due to their lower thermal conductivity,
good TE materials have a lower carrier resistance
effect, resulting in less carrier collision and heat-
ing [36, 60]. The plots of electronic thermal conduc-
tivity of studied Cs-based double perovskite ma-
terials Cs2AX6 (A = Ge, Mn; X = Cl, I) using
GGA-PBE and PBESol are shown in Fig. 15. The
results show that Cs2MnI6 have higher values of
κe in both GGA-PBE (9.62 × 1014 W/(m K s))
and GGA-PBESol (14.63×1014 W/(m K s)), while
Cs2MnCl6 have lowest values of κe in GGA-PBE
(1.25 ×1014 W/(m K s)) and GGA-PBESol (1.42×
1014 W/(m K s)). The ratio of κe and σ of the
investigated Cs-based double perovskite materials
Cs2AX6 (A = Ge, Mn; X = Cl, I) is within the
range of 10−5, making all the studied materials suit-
able for thermoelectric applications.

3.5.3. Seebeck coefficients (S)

Thermopower, also known as the Seebeck coeffi-
cient (S), is a parameter which relates to the elec-
tronic structure of a material. According to [36],
S is the magnitude of a generated thermo–electric
voltage that results from a temperature gradient
inside the material. The Seebeck coefficient of a
given material can be either negative or positive.
If a hole is the dominant charge carrier in a ma-
terial, the material is said to have positive S, and
if an electron is the dominant charge carrier in a
material, the material is said to have negative S.
Figure 16 shows the plots of Seebeck coefficients
of the studied Cs-based double perovskites mate-
rials Cs2AX6 (A = Ge, Mn; X = Cl, I). This

Fig. 15. Thermal conductivity plots computed us-
ing GGA-PBE and PBESol of (a) Cs2GeCl6 and
Cs2MnCl6, (b) Cs2GeI6 and Cs2MnI6.

Fig. 16. Seebeck coefficients plots computed us-
ing GGA-PBE and PBESol of (a) Cs2GeCl6 and
Cs2MnCl6, (b) Cs2GeI6 and Cs2MnI6.

calculated coefficient increases with temperature
except for Cs2GeCl6, which decreases with an in-
crease in temperature. Among the investigated Cs-
based double perovskite materials, Cs2GeI6 have
higher S values. Due to the positive Seebeck
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Fig. 17. Power factor plots computed using GGA-
PBE and PBESol of (a) Cs2GeCl6 and Cs2MnCl6,
(b) Cs2GeI6 and Cs2MnI6.

coefficient values of Cs2AX6 (A = Ge, Mn;
X = Cl, I), the investigated Cs-based double per-
ovskite materials exhibit p-type conduction.

3.5.4. Power factor

The power factor (PF ) of a material used in
thermoelectric applications defines its effective ef-
ficiency [38]. Materials with a higher power factor
extract heat more effectively [61]. The behaviour
of PF of the studied Cs-based double perovskite
materials Cs2AX6 (A = Ge, Mn; X = Cl, I) was
calculated using two different exchange–correlation
functionals. The power factor was plotted against
temperature for the studied Cs-based double per-
ovskite materials, as shown in Fig. 17. For the stud-
ied Cs2AX6 (A = Ge, Mn; X = Cl, I) materials,
PF increases with an increase in temperature ex-
cept for Cs2GeCl6. Cs2MnI6 have higher values of
PF in GGA-PBESol (1.65 × 1014 W/(m K2 s)),
followed by Cs2GeI6 (1.35 × 1014 W/(m K2 s)),
while Cs2MnI6 have low values of PF in both GGA-
PBE (0.035× 1014 W/(m K2 s)) and GGA-PBESol
(0.018 × 1014 W/(m K2 s)). Materials with higher
values of PF are more effective in TE conversion
than materials with lower values of PF .

3.5.5. Figure of merit (ZT )

The dimensionless figure of merit (ZT ) describes
thermoelectric material performance [36, 39]. The
quantity ZT refers to a set of material features that

Fig. 18. Figure of merit plots computed using
GGA-PBE and PBESol of (a) Cs2GeCl6 and
Cs2MnCl6, (b) Cs2GeI6 and Cs2MnI6.

have to be enhanced to produce a functional TE
generator. To be used in device engineering, a good
TE material must have ZT greater than or equal
to 1 [57, 62]. Plots of figure of merits ZT versus tem-
perature values ranging from 150 to 1300 K of the
studied materials are depicted in Fig. 18. O̊ne can
notice that Cs2GeI6 GGA-PBESol (0.37) have high-
est value of ZT , followed by Cs2MnCl6 GGA-PBE
(0.321), while Cs2MnI6 GGA-PBESol (0.07) has the
lowest value of ZT . The studied Cs-based double
perovskite materials have ZT values less than unity,
indicating that they have poor ZT values for device
engineering.

4. Conclusions

Quantum ESPRESSO code (QE) was used for the
calculations of structural, electronic, magnetic, me-
chanical, and thermoelectric properties of Cs-based
double perovskite materials Cs2AX6 (A = Ge, Mn;
X = Cl, I); interactions between core and valence
electrons were described using plane wave method.
Norm-conserving pseudopotentials were used to de-
scribe electron–ion interactions using GGA-PBE
and PBESol. The studied Cs-based double per-
ovskite materials have negative values of enthalpy,
which contributes to thermodynamical stability
and exothermic reaction. The results indicate that
Cs2GeI6 and Cs2MnI6 have higher values of a [Å],
B [GPa], B

′
, and V [Å3]. Cs2GeCl6 and Cs2MnCl6

have higher enthalpy [Ry] values than the other
Cs-based double perovskite materials studied. The
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band structure results show direct band gap semi-
conductor nature for Cs2GeCl6 (GGA-PBE and
PBESol) and Cs2MnCl6 (GGA-PBE and PBESol)
as their bands did not cross EF ; as for Cs2GeI6
(GGA-PBE and PBESol) and Cs2MnI6 (GGA-PBE
and PBESol) their bands crossed EF from VBM to
CBM, indicating that the materials have metallic
nature. The calculated total magnetic moment of
Cs2MnCl6 is 3.0µB (for both PBE and PBESol),
while for Cs2MnI6, it is 3.02µB and 3.06µB, for
PBE and PBESol, respectively, demonstrating the
optimal half-metallic property of the materials.
The presence of magnetic and electronic proper-
ties in the material makes it a promising candidate
for device applications such as sensors, spintron-
ics, and memory devices, among others. Cauchy’s
pressure (PC), Pugh’s (RP ), Poisson’s (ν), and
Frantsevich’s ratio (RF ) confirm that Cs2GeCl6/I6
(GGA-PBE and PBESol) and Cs2MnI6 (GGA-PBE
and PBESol) double perovskite materials are duc-
tile materials, while Cs2MnCl6 (GGA-PBE and
PBESol) is a brittle material. The thermal-to-
electrical ratio of the investigated Cs-based double
perovskite materials is of the order of 10−5, making
all the studied Cs-based double perovskite materi-
als suitable for TE applications. Positive values of
Seebeck coefficients (S) confirmed that the studied
materials have p-type conduction.
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