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es of ferromagnetic Mn-doped
double perovskites (DPs) Cs2AgInCl/Br6 for
spintronics and solar cell devices: DFT calculations

N. A. Noor, *a Wasim Tahir, b Sohail Mumtaz c and Hosam O. Elansaryd

A computational framework based on density functional theory (DFT) has been effectively employed to

investigate the wide-ranging physical characteristics of ferromagnetic manganese (Mn)-substituted

double perovskites (DPs) with composition Cs2AgIn1−xMnxCl/Br6 (x = 0.0, 0.25). This research covers

a systematic exploration of the mentioned DPs for potential applications in the domains of spintronics

and energy conversion devices. The physics concerning ferromagnetic (FM) Cs2AgIn0.75Mn0.25Cl/Br6 DPs

was studied computationally using the modified Becke–Johnson (mBJ-LDA) potential and the

generalized gradient approximation (PBEsol GGA) method introduced by Perdew, Burke, and Ernzerhof.

The structural, electronic, magnetic, and transport behavior of materials were investigated using these

computations. Structural parameters for both perovskite materials were computed subsequent to their

optimization in FM phase. According to evaluations of the electronic band structure and density of states

(DOS), the incorporation of Mn ions into the host lattice causes exchange splitting induced by p–

d hybridization, consequently stabilizing the FM state. Probing the sharing of magnetic moment, charge,

and spin between the substituent cations and the host anions led to the comprehensive elaboration of

this exchange splitting of bands. Important parameters such as exchange constants (N0a, N0b), and

direct spin-exchange splitting Dx(d), support the stability of the FM state. Finally, we briefly explored the

spin effect on other aspects of electronic transport, the Seebeck coefficient, and the power factor, using

the conventional Boltzmann transport theory.
1. Introduction

During the recent past, perovskite nano-crystals with chemical
composition (APbX3, where A = Cs1+, CH(NH2)2

1+, CH3NH3
1+; X

= Br1−, Cl1−, I1−) have attracted signicant interest from the
materials science community because of their outstanding
optical characteristics. Owing to their appealing optoelectronic
features, these materials are frequently used in numerous
devices, including solar cells, photo-detectors, and light emit-
ting diodes (LEDs).1,2 However, the main issue impeding the
usage of lead halide perovskites is their lower stability over
prolonged light exposure, high temperature, or humidity. In
addition, lead's toxicity and bioaccumulation in the environ-
ment present another problem. These challenges are currently
provoking materials scientists to search for new stable,
ecologically friendly metal halide perovskite NCs having
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analogous optoelectronic characteristics.3–9 In this context, the
replacement of toxic lead (Pb2+) ions with other not much toxic
divalent cations of IV-group of the periodic table (i.e. Sn2+, Ge2+)
can be the best possible approach to develop lead-free
halides.10–14 But the observed conversion of the oxidation state
from divalent (Sn2+, Ge2+) conguration to tetravalent (Sn4+,
Ge4+) conguration, puts a question mark on the stability of
these halides. Fortunately, this dilemma is nely addressed by
material researchers through the substitution of two divalent
lead (Pb2+) cations by one monovalent (M+) and one trivalent
(M3+) cation, consequently maintaining the overall neutrality of
the crystal. Thus a new class of materials with composition
A2M

+M3+X6, named doubled perovskites (DPs), was developed
that exhibits 3D perovskite structure and also maintains crystal
neutrality.15,16 Historically, such kind of materials have been
previously investigated as ferroelectric in the 1960s under the
name “elpasolites” with numerous compositions A2M

+M3+X6

(here A and M+ = Na+, K+, Li+, Rb+, Cs+, Tl+, Ag+ etc.; M3+ = Fe3+,
Al3+, Bi3+, Ln3+, Ga3+, etc.; X = Cl1−, Br1−, F1−, I1−).17–19

Currently, two potential members of the DP family, Cs2-
AgBiBr6 and Cs2AgBiCl6, have been suggested owing to their
promising air-exposed stability and photovoltaic (PV) uses.20–27

These materials, on the other hand, exhibit weak photo-
luminescence (PL) output as well as low efficiency of power
RSC Adv., 2024, 14, 9497–9508 | 9497

http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra00754a&domain=pdf&date_stamp=2024-03-20
http://orcid.org/0000-0001-8039-1424
http://orcid.org/0009-0009-8832-079X
http://orcid.org/0000-0001-9506-5808
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00754a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014014


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 2
/1

4/
20

26
 5

:0
6:

55
 A

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
conversion (2.2%) for photovoltaic device applications that are
attributed to their indirect band-gap.28 Therefore, current
investigations are focused on direct band-gap DP systems as an
alternate potential choice.29–33 Computational studies regarding
various A–M+–M3+–X compositions have anticipated diverse
stable DPs, such as Cs2AgInX6, Rb2AgInX6, and Rb2CuInX6 (X =

Cl1−, Br1−), that essentially show a direct band-gap across the
entire spectral range essential regarding conversion of solar
energy (i.e. 1.5–2.5 eV).34,35 Aer Volonakis et al.'s ground-
breaking breakthrough in 2016,8 the synthesis of bulk Cs2-
AgInCl6 perovskite material was reported by various
investigators which exhibits a DP structure at room temperature
and belongs to the space group Fm�3m. Moreover, the said
material also shows a fundamental direct band-gap of about
2 eV (described range 2.1–2.6 eV), extended carrier lifetime (6 s),
and excellent stability (regarding heat, light, and moisture),
making it a possible substitute for Pb-based halide
perovskites.36–39 Through the use of DFT calculations, it has
been found that the material Cs2AgInCl6 exhibits a at valence
band maximum (VBM) that is primarily determined by Ag-4d
orbitals and Cl-3p orbitals, and a dispersive conduction band
minimum (CBM) originated from the delocalized 5s states.36

Moreover, the energy needed for the transition of photo-
generated carriers is decreased by the direct transport
pathway in Cs2InAgCl6, which improves the polycarboxylate
superplasticizer (PCE). Nevertheless, even though lms with
a stable double perovskite structure were successfully synthe-
sized in the Fm�3m space group, the PBEmethod's estimated gap
values of 2.9–3.3 eV became challenging for the photovoltaic
application of Cs2InAgCl6 compound. While the broad band-
gap problem may be resolved by using a BrCl solution, it
should be noted that the synthesis of Cs2InAgBr6 became
a difficult task partly because bromine speeds up the
compound's instability.39 From this angle, it can be perceived
that the eld of double perovskites for solar applications is
noticeably lacking in practical solutions thus prompting us to
investigate other constituents.40–43 The material's remarkable
stability and comparatively large bandgap energy (Egopt) were
the driving force for Nandha et al.'s work comprising the
addition of Mn2+ cations to Cs2AgInCl6 powders in order to
improve the optical properties of substituted compound.38 The
most extensively studied tactic for doping II–VI semiconductors
and halide perovskite nano-crystals (NCs)44,45 has been the
incorporation of Mn into a wide band-gap semiconductor host
lattice.45 These systems produce d–d orbital emission (yellow–
orange) because the photo-excited host lattice efficiently trans-
fers its energy to manganese (Mn) ions, which in turn facilitates
electronic transitions within d-orbitals. Such color-centered
impurities, namely Mn2+ ions, give rise to photoluminescence
(PL) with striking characteristics including prolonged lifetimes,
substantial PL quantum yield (QY) as well as a signicant Stokes
shi that consequently reduces the possibility of self-
absorption in the system.46–49 Orange emission was detected at
approximately 630 nm in Mn-substituted Cs2AgInCl6 powders
(at Mn2+ concentration = 0.9%) having PLQY of almost 3–5%,
consequently making it an attractive lead-free DP.38
9498 | RSC Adv., 2024, 14, 9497–9508
Consistent with our extensive literature exploration,
a comprehensive analysis regarding structural, electrical, and
magnetic investigations of Mn-substituted Cs2AgInCl/Br6 FM
double perovskites is still unreported. Furthermore, DFT
computations related to the thermoelectric characteristics of
Mn-substituted Cs2AgInCl/Br6 DPs are also unreported in the
published literature. This research article designates the
outcomes regarding DFT simulations to investigate the struc-
tural, electronic, elastic, magnetic, and thermoelectric charac-
teristics of Mn-substituted Cs2AgInCl/Br6 dual perovskites with
a particular emphasis on the 25% Mn content.

2. Computational scheme

Ab initiomodeling is a widely employed approach for investigating
materials titled for cutting-edge device applications. To investigate
the existence of a stable FM semiconducting ground state within
Mn-substituted Cs2AgInCl/Br6 dual perovskites, we have worked
with FP-LAPW+lo approach, incorporated within the Wein2k
soware,50 and originated from spin-polarized DFT. Using the
PBEsol generalized gradient approximation, the structural and
electronic properties are computed, and the Kohn–Sham orbitals
are evaluated in a self-consistent mode.51 Precise electrical and
optical features are determined, using the newly presented
modied Becke–Johnson (mBJ) functional,52 revealing remarkable
consistency with experimental ndings.53 The band gap computed
using the modied Becke–Johnson (mBJ) functional was found
closely consistent with experimental outcomes that in turn
outclass the already used functionals. Already published article52

offers a complete comparative analysis of band gap calculations
performed by employing different methods, revealing the domi-
nance of mBJ functional with respect to accuracy.

Using a 1 × 1 × 1 supercell, the pure Cs2AgInCl/Br6 and
substituted Cs2AgIn1−xMnxCl/Br6 (x = 0.25) binary perovskites
having space group Fm�3m (cubic) are probed at room temper-
ature (see Fig. 1(a) and (b)). Fig. 1(b) depicts that the substituted
DPs exhibited the existence of Fm�3m space group at substitution
level x = 0.25. To facilitate subsequent computations, PBEsol-
GGA functional is employed to optimize the experimentally
measured lattice parameters.

The cut-off parameter was determined by multiplying the
maximum plane wave vector (Kmax) and the muffin-tin sphere's
radius was set at 8. Additionally, utilizing Gmax = 18 a.u.−1, the
potential inside the interstitial void is computed. The values of
Muffin-tin radii regarding Cs, Ag, Mn, Cl, and Br atoms were
used as 2.45 (a.u.), 2.40 (a.u.), 2.35 (a.u.), 2.21 (a.u.) and 2.25
(a.u.), respectively. A 10 × 10 × 10 k-mesh is used for the inte-
gration of the Brillouin zone. The charge and total energy were
allowed for preferable convergence to values 10−3 e and 10−4 Ry,
respectively. We employed the BoltzTraP soware54 which is
customized for the electronic structure of Mn-substituted Cs2-
AgInCl/Br6 DPs, to study the transport properties effectively. It is
important to remember that a higher-level selection of k points
was carried out for all BoltzTrap computations. Finally, the
parameters such as electrical conductivity (s), thermal
conductivity (k), Seebeck coefficient (S), and power factor were
studied within the temperature range (200–800 K).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The crystal structure for (a) NM Cs2AgInCl/Br6, (b) FM Cs2AgIn0.75Mn0.25Cl/Br6.
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3. Results and discussions
3.1 Structural and elastic properties

For all the four investigated materials [Cs2AgIn1−xMnxCl6 (x =

0.00, 0.25), Cs2AgIn1−xMnxBr6 (x = 0.00, 0.25)], the optimized
Table 1 The calculated lattice parameters, bulk modulus values,
energy differences and Curie temperature (TC) of Cs2AgIn1−xMnxCl/Br6
(x = 0.00, 0.25)

a0 (Å) B0 (GPa) DE1 = ENM − EFM TC (K)

Cs2AgInCl6 10.41 38.84 — —
Exp. 10.48a

Cs2AgIn0.75Mn0.25Cl6 10.42 35.80 4.56 770
Cs2AgInBr6 10.96 30.73 — —
Exp. 11.00b

Cs2AgIn0.75Mn0.25Br6 10.97 29.72 3.88 690

a Ref. 56. b Ref. 57.

Fig. 2 Volume optimization plot of DPs (a) Cs2AgIn0.75Mn0.25Cl6 and (b) C
ferromagnetic (FM) phase.

© 2024 The Author(s). Published by the Royal Society of Chemistry
lattice parameters (a) and bulk moduli (B), presented in Table 1,
are obtained by optimization and tting of the computed
volume and energy with well-known Birch–Murnghan
equation.55

Physically, bulk modulus indicates the crystal's hardness by
elucidating the crystal's capacity to withstand deformations
induced by uniform pressure. The validity of our computed
results regarding lattice parameters and bulk moduli (Table 1)
can be assessed by their complete agreement with previously
published theoretical and experimental research articles.56,57 An
increase in lattice parameter (a) with enhancement in Mn
content has been observed which is ascribed to a smaller ionic
radius of Mn2+ (0.80 Å) compared with In2+ (0.81 Å). Moreover,
a decrease in bulk modulus (B) with an increase of parameter (a)
was observed which revealed the inverse relation of a with B.58,59

Understanding the stability comparison between the nonmag-
netic (NM) and ferromagnetic (FM) states was achieved by
comparing the total energy of these states as estimated using
the relation DE1 = ENM − EFM. The stability of the FM phase was
s2AgIn0.75Mn0.25Br6 in nonmagnetic (NM), antiferromagnetic (AFM) and

RSC Adv., 2024, 14, 9497–9508 | 9499
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Table 2 Calculated elastic constant (C11, C12, C44) for undoped and Mn-doped Cs2AgInCl/Br6 and their calculated bulk modulus (B0), shear
modulus (G), Young modulus (Y), Poisson's ratio (n), Pugh ratio (B0/G) and anisotropic (A) using PBEsol-GGA

C11 C12 C44 B0 G Y B0/G n A

Cs2AgInCl6 89.44 11.18 14.08 37.26 21.51 54.12 1.73 0.26 0.36
Cs2AgIn0.75Mn0.25Cl6 55.28 24.01 28.55 34.43 22.42 55.26 1.54 0.23 0.31
Cs2AgInBr6 81.28 5.50 10.57 30.76 18.18 45.57 1.69 0.25 0.28
Cs2AgIn0.75Mn0.25Br6 57.52 11.48 16.23 26.82 18.67 45.47 1.44 0.22 0.24
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validated through a positive value of DE1 (see Fig. 2(a) and (b))
and their calculated FM Cs2AgIn0.75Mn0.25Cl/Br6 DPs are given
in Table 1.
Fig. 3 Calculated spin polarized band structures plot for FM Cs2AgIn0.75

9500 | RSC Adv., 2024, 14, 9497–9508
The orientation of magnetic moments is detailed for both
ferromagnetic (FM) and anti-ferromagnetic (AFM) congura-
tions within Mn-substituted Cs2AgInCl/Br6 DPs, with
Mn0.25Cl6 and (FM) Cs2AgIn0.75Mn0.25Br6.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Calculated TDOS plot for NM Cs2AgInCl/Br6 and FM Cs2-
AgIn0.75Mn0.25Cl/Br6.
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a consistent arrangement of spins in antiparallel and parallel
directions between Mn atoms. The magnetic interconnection
among the two Mn atoms is expressed as energy difference
among the AFM and FM structures DE= EFM− EAFM. The energy
values for Mn-substituted Cs2AgInCl/Br6 DPs compounds are
recorded 2.24 eV and 1.85 eV respectively. It can be seen that the
FM structure exhibits superior characteristics compared to the
AFM states for all aspects. The Curie temperature (TC) has been
determined by employing smearing in mean-eld approxima-
tions, expressed as kBTC ¼ 2

3
DE and the Heisenberg model.60

Table 1 shows the anticipated TC values, aligning with the
recently disclosed range of 600 to 1000 K.61 The investigatedMn-
substituted exhibit a notably high Curie temperature (TC),
which is ascribed to the substantial energy difference (DE)
among the ferromagnetic (FM) and antiferromagnetic (AFM)
states.

The computed elastic constants Cij for undoped and Mn-
doped Cs2AgInCl/Br6 are presented in Table 2. These
computed elastic constants satisfy the mechanical stability
criteria, specically (C11–C12) > 0, C11 > 0, C44 > 0 and C12 >
0 which are typically for a cube crystal structure.62 This adher-
ence to the stability criteria is crucial when considering these
materials for fabrication of devices. Additionally, the bulk
modulus (B) has been determined using the formula B = (C11 +
2C12)/3 based on the calculated elastic constants63 and the
resulting values align well with the bulk modulus (B0) estimates
through volume optimization plot. The Poisson ratio (n) with
a value exceeding 0.26 and the Pugh ratio (B0/G) surpassing 1.75
serve as matrices to distinguishing between brittle and ductile
behavior of materials, as detailed in ref. 64. Table 1 shows that
our materials exhibit brittle behavior as determined by the
computed values of n and B0/G. Furthermore, anisotropy factor
denoted as A and calculated by using the formula A = 2C44/(C11

− C12) represents another parameter characterizing the direc-
tional properties of the materials under examination. The unit
value of A indicates isotropic materials whereas values greater
or smaller than unity suggest anisotropic behavior. Clearly our
material exhibits anisotropic properties.
3.2 Electronic studies

Fig. 3 depicts the computed band structures including spin
polarization for Cs2AgIn1−xMnxCl/Br6 (x = 0.25) using the
optimized lattice constant. The precise investigations regarding
the electronic characteristics of Cs2AgIn1−xMnxCl/Br6
compounds were accomplished through well-known mBJ
functional. Zero energy Fermi level was adopted as a reference
point. It is obvious that the conduction band (CB) minima
represent the direction of X-symmetry, while the valence band
Table 3 Calculated values of spin-down gap (YEg (eV)), half-metallic ga
atom (in terms of mB) for Cs2AgIn0.75Mn0.25Cl/Br6

Doped DPs YEg (eV) gh (eV) mB (total)

Cs2AgIn0.75Mn0.25Cl6 1.7 0.5 4.000
Cs2AgIn0.75Mn0.25Br6 1.0 0.4 4.000

© 2024 The Author(s). Published by the Royal Society of Chemistry
(VB) minima represent the direction of G-symmetry that
traverses Fermi level in spin-up ([) mode. Conversely, the
symmetric position of CB minima and VB minima is noticed at
G-symmetry direction in the spin-down (Y) channel as well as
inside the Fermi level. The presence of the mentioned exchange
mechanism in these materials led to an insulating bandgap.
Therefore, one can say that Half Metallic Ferromagnets (HFM)
comprise spin-down channel, insulating bandgap, and spin-up
channel with a metallic character.

Table 3 presents our calculated results regarding spin down
bandgap revealing that investigated spinels show emissions in
the visible portion of the electromagnetic spectrum, thus
p (gh (eV)), local magnetic moments, and total magnetic moments per

mB (Mn) mB (Cs) mB (Ag) mB (In) mB (Cl/Br)

4.009 0.0003 −0.042 −0.002 0.0005
4.015 0.0001 −0.027 −0.001 0.0006

RSC Adv., 2024, 14, 9497–9508 | 9501
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suitable for solar cell applications. A similar trend has been
observed for computed total density of states (TDOS) as depic-
ted in Fig. 4–6. The calculations regarding TDOS and PDOS were
executed to study exchange energies behavior and the HMF
nature of materials. Spin polarizability (P) was calculated using
DOS employing the following relation:65

P ¼ NYEF �N[EF

NYEF þN[EF

� 100

the symbols (Y) and ([) denote TDOS for spin-down and spin-
up channels, respectively. Using the aforementioned relation,
P has the predicted value of 100% thus designating Mn-doped
DPs (Cs2AgInCl/Br6) as a prospective material for spintronic
devices.

TDOS and PDOS illustrated in Fig. 4–6 were computed using
modied Becke–Johnson (mBJ) potential and correspondingly
describe the atomic plus orbital level conguration of different
band states. For un-substituted materials (Cs2AgInCl/Br6)
complete absence of spin-splitting between spin ([) and spin
(Y) states has been observed as depicted in Fig. 4(a). However,
the substitution of Mn2+ ions triggered the spin-splitting
process by simultaneous shiing of VBM towards Ef and CBM
away from Ef towards the high energy terminal. But, for spin-
down channel, a converse trend is observed as obvious in
Fig. 5 Calculated PDOS plot of Cs, Ag, In, Mn and Cl atoms for FM Cs2A

9502 | RSC Adv., 2024, 14, 9497–9508
Fig. 4(b) and (c). Furthermore, the probability of exhibiting half-
metallic nature can be disregarded, and it can be assumed that
compounds display semiconducting properties as in both spin
channels, no states are possible at Ef, and Ef lies inside the band
gap. It is quite clear from PDOS plots, as demonstrated in Fig. 5
and 6, that the lower portion of VB, located at about −5 eV, is
narrow and mostly contains Ag-d states having minor contri-
butions from Cl/Br-s states. Hybridization of Mn-3d states with
Ag-d and Cl/Br-p states constitute the upper portion of VB.

The replacement of In2+ ions with Mn2+ ions creates Mn-3d
states that undergo a splitting process through the crystal
eld to yield doubly degenerated (eg) and triply degenerated (t2g)
states. The semiconducting nature of compounds is also veri-
ed through the spin-ip approach describing the inevitable
provision of band gap energy for an electron to jump from the
majority band to the minority band. The origin of ferromag-
netism can be elucidated through different methods including
the Stoner model, Zener model (p–d hybridization), and double
exchange. Our results do not support a half-metallic nature as
the majority of d-band above VB remains below EF. So, free
carrier-mediated ferromagnetic interactions cannot be the
probable cause of ferromagnetism. Therefore, the direct
exchange interactions involving the hybridization of impurity d-
states with Cl/Br p-states in spin-up and spin-down band
gIn0.75Mn0.25Cl6.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Calculated PDOS plot of Cs, Ag, In, Mn and Cl atoms for FM Cs2AgIn0.75Mn0.25Cl6.
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(exchange split) are considered as sources of ferromagnetism in
investigated compounds as illustrated in Fig. 4. The partial DOS
for Cs2AgIn0.75Mn0.25Cl6 exhibits distinct d-states in both spin
channels and comparably sharp degenerated t2g and eg states
(see Fig. 5), but in the case of Cs2AgIn0.75Mn0.25Br6 an increase
in broadness and decrease in sharpness of both degenerated
states has been identied (see Fig. 6).
Fig. 7 The calculated absorption a(u) of Cs2AgIn0.75Mn0.25Cl/Br6
halides.
3.3 Absorption spectra

Optical characteristics of Mn-doped Cs2AgInCl/Br6 have been
investigated to explore potential applications in optoelec-
tronics. The calculated absorption spectra against incident
photon energy (0 to 10 eV) denoted as a(u) and depicted in
Fig. 7, serves as a useful indicator of the materials absorbent
properties. The energy range within which a(u) become negli-
gible is indicative of the transparency of the materials to inci-
dent energy. The absorption edge is the critical threshold at
which the absorption of intruding energy begins. The absorp-
tion edge of Cs2AgIn0.75Mn0.25Cl/Br6 is observed at 2.0 eV and
1.4 eV, respectively in the current study. Moreover, the differ-
ence between absorption edge and the calculated band gap can
be claried by the fact that we dene the energy at which
substantial absorption becomes clearly evident as the
© 2024 The Author(s). Published by the Royal Society of Chemistry
absorption edge, this not accounting for the minor absorptions
linked to fundamental band gaps. The absorption exhibits
a linear increase with energy aer this edge point, culminating
at amaximum point. Additionally, when the X-ions shi from Cl
to Br and in Cs2AgIn0.75Mn0.25Cl/Br6, a red shi in the
RSC Adv., 2024, 14, 9497–9508 | 9503
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absorption edge is observed, accompanied by predominant
absorption, which is a result of the widened energy band gap.
3.4 Magnetic studies

The ferromagnetic character of studied Mn substituted DPs
(Cs2AgInCl/Br6) originated because the presence of magnetic
substituted ions initiates strong exchange interactions between
p-states of anions and d-states of substituted cations by way of
p–d hybridization causing edge splitting of VB and CB. The
Hamiltonian (H) in mean eld theory (MFT) can be expressed in
terms of cations content (N0), p–d exchange factor (b), free hole
spins (s), and Mn spins (S), as:66,67

H = −N0bsS (1)
Fig. 8 The calculated (a) electrical (s/s), (b) Seebeck coefficient (S), (c) th
against temperatures (200 K–800 K).

Table 4 Computed crystal field energy (DCF), exchange splitting Dx(d),
p–d exchange constant (N0b) and s–d exchange constant (N0a) for
Cs2AgIn0.75Mn0.25Cl/Br6

Parameters Cs2AgIn0.75Mn0.25Cl6 Cs2AgIn0.75Mn0.25Br6

Ecrys 2.4 2.0
Dx(d) 6.4 5.8
Dx(pd) −0.6 −0.5
N0a 0.7 0.5
N0b −0.30 −0.25

9504 | RSC Adv., 2024, 14, 9497–9508
The above relation was employed to compute exchange
constants N0a and N0b that respectively account for the strength
of s–d and p–d interactions that can be expressed as:

N0a ¼ DEC

xhSi; and N0b ¼ DEV

xhSi (2)

The terms x and hSi symbolize the concentration and mean
magnetic moment of Mn2+ ions. While DEC and DEV denote
band edge splitting associated with CB and VB, respectively. The
negative signs of computed exchange constants (N0a and N0b)
reveal the ferromagnetic nature of s–d and p–d interactions.
Moreover, ferromagnetism is favored by Mn-doped Cs2AgInCl/
Br6 compounds owing to a greater magnitude of N0b compared
to N0a. Further investigations regarding the ferromagnetic
behavior of probed DPs were done through direct exchange
constant Dx(d) deduced by the equation Dx(d) = dY − d[ with
the help of Fig. 5, and then compared with crystal eld energy
(Ecrys = dt2g − deg). One can deduce from Fig. 5 and Table 4 that
Dx(d) [ Ecrys that in turn authenticate the vital role of Ecrys in
the band splitting procedure and hence stabilize the ferro-
magnetic state.

The measured value of the total magnetic moment was
found to be 3 mB. The local magnetic moments of various ions
present in the structure of studied compounds (i.e. Mn2+, In3+,
Ag1+, Cs+ and Cl1−/Br1−) are presented in Table 3. It can be seen
ermal (ke/s) conductivities, (d) and power factor for NM Cs2AgInCl/Br6

© 2024 The Author(s). Published by the Royal Society of Chemistry
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that Mn2+ ions provide the main contribution to mtotal, whereas
a small contribution is furnished by In3+ and Cl/Br ions. The
variations in the magnetic moment of (In, Cl/Br) sites at the
expense of the magnetic moment of Mn sites were attributed to
exchange interactions between Mn-3d and Cl/Br-p states.
However, the presence of various exchange coupling among
various lattice sites leads to the transfer of magnetic moments
towards nonmagnetic sites.
3.5 Thermoelectric properties

The transport (electronic and thermoelectric) features of spin-
polarized materials play a key role in designing spintronic
and thermoelectric appliances.68,69 Thermoelectric devices can
convert heat into electrical energy using temperature diver-
gence, and their efficiency can be determined through ther-
moelectric parameters including Seebeck coefficient (S), power
factor (sS2/s), thermal (k/s) and electrical conductivity (s/s). The
thermoelectric performance of Cs2AgIn1−xMnxCl/Br6 (x = 0.00,
0.25) double perovskites have been studied for their promising
use in thermoelectric devices. The calculated results regarding
the mentioned thermoelectric parameters (S, sS2/s, k/s, s/s),
within the temperature extent 200–800 K, are presented in
Fig. 8a–d and 9a–d.

An increase in electrical conductivity takes place due to the
charges' ow and it leads to a forward current. For
Fig. 9 The calculated (a) electrical (s/s), (b) Seebeck coefficient (S), (c)
Mn0.25Cl6 against temperatures (200–800 K).

© 2024 The Author(s). Published by the Royal Society of Chemistry
Cs2AgIn1−xMnxCl/Br6 (x = 0.25) ferromagnetic compounds,
a decrease in s/s with a rise of temperature up to 800 K has been
observed. However, the rate of increment of s/s for Cs2-
AgIn1−xMnxCl6 (x = 0.00, 0.25) compounds remained compar-
atively smaller than Cs2AgIn1−xMnxBr6 (x = 0.00, 0.25), that can
be observed in Fig. 8a and 9a. The interactions of charge carriers
with lattice vibrations in the form of phonon waves give rise to
thermal conductivity (k/s). We have studied only the electronic
part of thermal conductivity (ke/s) due to deciency associated
with the BoltzTrap code as it is based on the classical transport
model.

Thermal conductivity can be calculated by using the relation
between the rate of heat ow and temperature gradient as
described by Fourier law given by the relation: q = −kdT/dx,
here, q stands for heat transfer rate, dT/dx denotes temperature
gradient, and k is coefficient of ke/s. It is found that for DPs
Cs2AgIn1−xMnxCl/Br6 (x = 0.00, 0.25) thermal conductivity
increased gradually up to 800 K indicating the active and
dynamic contribution of charge carriers for energy trans-
portation during the whole temperature range. It is obvious
from Fig. 8c and 9c that at 800 K Cs2AgIn1−xMnxCl6 (x = 0.0,
0.25) compounds showed the lowest value of thermal conduc-
tivity but the highest value was observed for Cs2AgIn1−xMnxBr6
(x = 0.0, 0.25) compounds. It is deduced from Weidman–Franz
law (LT = k/s) that compounds exhibiting smaller k/s : s/s ratio
are considered as good for thermoelectric applications. The
thermal (ke/s) conductivities, (d) and power factor for FM Cs2AgIn0.75-

RSC Adv., 2024, 14, 9497–9508 | 9505
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computed ratio (k/s : s/s) for Cs2AgIn1−xMnxCl/Br6 (x = 0.00,
0.25) compounds is about 10−6 revealing the capability of study
materials to be utilized in thermoelectric devices.

To measure the temperature gradient, the Seebeck coeffi-
cient (S) between two incompatible metals was computed. The
analysis of calculated S values (at 200 K) revealed that for Cs2-
AgIn1−xMnxBr6 (x = 0.00, 0.25) compounds, the Seebeck coef-
cient is relatively small as compared to Cs2AgIn1−xMnxCl6 (x =
0.00, 0.25) as depicted in Fig. 8b and 9b. For both series of DPs
(Cs2AgIn1−xMnxCl6 and Cs2AgIn1−xMnxBr6) investigations also
showed the convergence of S at 250 K and then divergence was
observed up to 800 K. Furthermore, the maximum S value was
found for Cs2AgIn1−xMnxBr6 (x = 0.00, 0.25), while the
minimum was realized for Cs2AgIn1−xMnxCl6 (x = 0.00, 0.25).
Additionally, the observation regarding the negative Seebeck
coefficient for both DP series exhibits their n-type behavior.

Power factor (S2s/s) may be used to deduce thermoelectric
efficiency; however, because thermal conductivity is not taken
into account, the calculated values may be overestimated.
However, our discussed results showed accurate trends in this
regard. For both compounds, Cs2AgIn1−xMnxCl/Br6 (x = 0.25),
the value of power factor showed an increasing tendency up to
400 K and decreased aerward as depicted in Fig. 9d. The
observed decrease in power factor at higher temperatures can
be attributed to negative Seebeck coefficient (S).

4. Conclusion

This study was mainly focused on clarifying the physical prop-
erties of Cs2AgIn1−xMnxCl/Br6 double perovskite materials with
specic Mn contents (i.e. x = 0.00, 0.25). We used the Wien2k
and BoltzTraP soware to investigate the electrical transport
and ferromagnetic behavior of these DPs. Optimization process
revealed that the FM state exhibits maximum free energy
compared to NM and AFM states. Calculated values of Curie
temperature of Mn contents exhibit a notably high Curie
temperature (TC). It was observed that Mn substitution led to
a decrease in B0 and an increase of a0 in the FM phase. Inter-
estingly, our calculated values of a0 for un-substituted DPs
(Cs2AgInCl/Br6) agree quite well with experimental values.
These computed elastic constants satisfy the mechanical
stability criteria and materials exhibit brittle behavior as
determined by the computed values of n and B0/G. Additionally,
DOS studies and spin-polarized band structure analysis desig-
nated the half-metallic ferromagnetic character of the studied
DPs. Analysis of the density of states (PDOS and TDOS) for
Cs2AgIn1−xMnxCl/Br6 (x = 0.25) yielded exchange interactions,
and strong hybridization validated the ferromagnetic nature
caused by electronic spin. Moreover, the difference between
absorption edge and the calculated band gap can be justied.
Furthermore, our computed exchange energy values revealed
a higher direct energy (Dx(d)) value compared to the indirect
energy (Dx(pd)) value, which consequently support the ferro-
magnetism. Moreover, it was noticed that the decrease in energy
associated with the spin-down channel was attributed to N0b as
well as to the observed red shi in Dx(pd). Notably, the DPs
Cs2AgInCl/Br6 revealed higher thermoelectric conductivity
9506 | RSC Adv., 2024, 14, 9497–9508
values compared to Cs2AgIn1−xMnxCl/Br6 (x = 0.25), as inferred
from measurements of the k/s ratio and the power factor.
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