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ical properties of M2LiCeF6 (M =
Rb and Cs) double perovskite compounds for
prospective high-energy applications employing
the DFT framework

Nasir Rahman, †*a Abdur Rauf,†bc Mudasser Husain,*a Nourreddine Sfina,d

Vineet Tirth, ef Mohammad Sohail,a Rajwali Khan,a Ahmed Azzouz-Rached, g

Ghulam Murtaza,h Abid Ali Khan,i Shaukat Ali Khattak j and Aurangzeb Khanj

Herein, the optoelectronic, structural, thermoelectric, and elastic characteristics of M2LiCeF6 (M = Rb and

Cs) double perovskite compounds were investigated using ab initio modeling in the DFT framework. The

Birch–Murnaghan fitting curve used for the optimization showed that these two compounds are

structurally stable. The elastic properties of the M2LiCeF6 (M = Rb and Cs) double perovskite compounds

were examined using the IRelast code. The results showed that these two compounds possess

mechanical stability, anisotropy, and toughness, and offer resistance to plastic deformation. The precise

and accurate determination of their electronic properties was achieved via the Trans-Blaha-modified

Becke-Johnson (TB-mBJ) approximation. The Rb2LiCeF6 and Cs2LiCeF6 compounds are narrow band

gap semiconductors with band gaps of 0.6 eV and 0.8 eV at the high symmetrical points from (G–M),

respectively, exhibiting an indirect nature. To further understand how the various states contribute to the

different band structures, total and partial density of state (DOS) computations were performed. The

optical properties in the energy range of 0–40 eV for Rb2LiCeF6 and Cs2LiCeF6 were explored. The

selected materials show transparency in the low incident photon energy range and have large light

absorption and transmission at higher photon energies. Thus, it can be concluded that Rb2LiCeF6 and

Cs2LiCeF6 can be used in high-frequency UV devices based on their optical characteristics. Both

materials exhibit high electrical conductivity, power factors, and figures of merit (ZT) and act as effective

thermoelectric resources. To the best of our knowledge, this is the first theoretical research on the

optoelectronic, structural, thermoelectric, and elastic features of M2LiCeF6 (M = Rb and Cs).
1. Introduction

Due to their exceptional stability, double perovskites (DPs),
A2B

′B′′X6, can be applied in a variety of sustainable and renew-
able devices.1–3 In recent years, exciting research on perovskite
materials has been conducted in the elds of photovoltaics and
photoluminescence.4,5 Consequently, DPs have been widely
implemented in optoelectronics6–9 such as in solar cells10,11. As
an alternative to MAPBI3, the newly estimated Pb-free DPs are
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based on Ag and Bi, which are expected to be benecial to the
environment and have stability.12–16 Currently, switching
between organic and inorganic cations has increased the
thermal stability of DPs.17 In this context, many different
substances have been tested, among which Pb-free DPs based
on “Ag” and “In” are currently being explored. Various
approaches have been employed to describe Cs2AgInCl6 for
band gap calculations.18–20 The next generation of photovoltaic
technologies will benet from the perovskites developed for
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solar cells employing metal halide perovskites. Multi-junction
solar cells have achieved a high power conversion efficiency
(PCE), which has signicantly increased over the last few years
from 3.8% (ref. 21) to more than 24% according to the litera-
ture.22,23 Recently, in 2019, multi-junction thin lm solar cells
attained a conversion efficiency of 47.1%.24,25 The excellent
performance of halide perovskites is attributed to their
distinctive characteristics, including high charge carrier
mobility, strong absorption, and direct and appropriate band
gaps.26–29 Halide double perovskites are constructed based on
the physical characteristics of a variety of metal combinations.
Cooling causes an octahedral tilt and increased electron–
phonon interactions, which convert the potential cubic struc-
ture to a monoclinic structure. Halide perovskite semi-
conductors for transport and optoelectronic applications have
been extensively explored despite their drawback of phase
changes.30,31 Organic or inorganic perovskites have suitable and
stable photovoltaic (PV) properties and are widely applied in
photoelectric devices.32 PV systems are benecial due to their
non-polluting nature, gas-free carbon emissions, and abundant
natural life compared to other types of perovskites.33 However,
their toxicity to humans and the environment is one of their
major future limitations. Furthermore, their long-term insta-
bility on exposure to sunlight and atmospheric humidity is
another challenge.34,35 Perovskites have made signicant
advancements in thin-lm devices such as photodetectors,
lasers, and thin-lm transistors. Numerous factors make
perovskites a good choice for these types of devices. For
example, perovskites can be created at low temperatures using
dependable roll-to techniques for roll deposition.36 Herein, DFT
applied toWIEN2K and the BoltzTrap2 code was used to analyze
the mechanical, optoelectronic, and thermoelectric properties
of DPs. The computed results provide experimental researchers
with guidelines and predictions for developing solar cell
applications, which will help them nd effective materials.
Because of their superior structural, mechanical, and thermo-
dynamic stability, the researched materials are exceptional for
use in renewable energy applications. For the construction of
devices, ductile behavior is crucial.

2. Computational details

DFT calculations using the full-potential linearized augmented
plane wave plus local orbital (FPLAPW + lo) scheme utilized in
the WIEN2K code were performed to screen the physical features
of the materials.37 For the investigation of the structural and
elastic parameters at the ground state, the exchange-correlation
interactions were considered through the GGA-PBE functional
(generalized gradient approximation of Perdew Burke and Ern-
zerhof).38 To compensate for the GGA-PBE functional under-
estimating the band gaps, the modied TB-mBJ potential was
employed.39 To gain insight into the electronic character of the
materials, their electronic structure was computed. The extended
spherical harmonic electronics in the wavefunction with lmax

(maximum value of angularmomentum) were set to 10 inside the
muffin-tin sphere regimes. The wavefunctions were created on
a plane wave basis set with a cut-off reciprocal lattice vector,
15458 | RSC Adv., 2023, 13, 15457–15466
Kmax, equal to 10/Rmin
MT , where Rmin

MT is the smallest muffin-tin
sphere radius (RMT). To avoid overlapping spheres, the RMTs
were chosen to be as large as possible, i.e., RRbMT= 2.5, RLiMT= 1.67,
RMT

Ce= 2.17, and RFMT= 1.96 Bohr. In an attempt to optimize the
cell structure, more precise calculations with a higher cutoff
energy and denser k-point sampling were carried out. The cutoff
energy was raised to 41.2 Ry, and the irreducible Brillouin zone
(IBZ) was considered in a 50 × 50 × 50 k-point mesh for the
computation of the additional features (physical) that were
considered, as well as 2000 Monkhorst–Pack k-points mesh for
investigating the structural and other parameters.40 To conrm
the total energy converged to 10−5 Ry and that the force acting on
each atom was less than 0.5 Ry Bohr−1, the computational
parameters were used. The equilibrium structural parameters,
comprising the lattice parameter, were determined through the
use of total energy minimization and internal coordinates. The
elastic constants were computed utilizing the total energy vs.
strain technique, as employed by Thomas Charpin37 in the
WIEN2K program. Thismethod involved applying three different
deformation types to the equilibrium lattice, including tetrahe-
dral strain, hydrostatic stress, and rhombohedra strain, and then
calculating the total energy changes consistent with the smeared
deformations. The three single-crystal elastic constants, i.e., C11,
C12, and C44, were the results for the cubic system. The dielectric
function, 3(u), which is related to the band gap found in the
electronic structure, was the most crucial parameter to consider
when analyzing the optical behavior of the materials. It was also
necessary to derive relationships for the refractive index, n(u),
absorption and extinction coefficients, I(u) and K(u), respec-
tively, energy loss function, L(u), reectivity R(u), and optical
conductivity, s(u). 3(u) has real and imaginary components, i.e.,
"31(u)" and "32 (u)", respectively, in the form 3(u) = 31(u) +
i32(u),41 in which the imaginary component of the dielectric
function represents the absorption of light by the material on its
surface, while the real part represents the dispersion of light
from the surface of the material.42
3. Results and discussion
3.1. Structural optimization

M2LiCeF6, where “M” is equal to Rb and Cs, crystallizes as
a cubic perovskite with the Fm�3m space group (#225). The M (M
= Rb and Cs) atoms were shown to be at (0.25, 0.25, 0.75), Li
atoms at (1/2, 0, 0), Ce atoms exists on (0, 0, 0) and F atoms at
(0.26, 0, 0) and (0.25, 0, 0), respectively. Fig. 1 illustrates the
cubic crystalline structure of the M2LiCeF6 (M = Rb and Cs)
double perovskites. The optimized volume measured the
structural parameters through the Birch–Murnaghan EoS.43

The calculated approximations of the evaluated points from
the optimization curves depict the variation of volume vs. total
energy and estimate the ground-state parameters, including the
bulk modulus (B), pressure derivative of B (B/), and optimized
lattice constant (a0), and the minimum total energy of the unit
cell with the corresponding volume, as presented in Fig. 2, will
yield the unit cell with the lowest energy. In this section, the
energy (total) was evaluated vs. unit cell volume (V0).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Crystal unit cell of M2LiCeF6 (M = Rb and Cs) compounds. The atoms of the M (M = Rb and Cs) element are shown to be at (0.25, 0.25,
0.75), Li atoms at (1/2, 0, 0), Ce atoms at (0, 0, 0) and F atoms at (0.26, 0, 0) and (0.25, 0, 0), respectively.
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The optimum energy, E0, was obtained by plotting the total
energy against volume, where the volume is denoted as V0. The
compound with the highest optimal energy is thought to have
the most stable structure. The optimal structural data are
shown in Table 1, including the equilibrium lattice constant
(a0), E0, B0, V0, and B/0. These ndings are consistent with the
overall pattern of this estimation because B is frequently
reduced when a0 is larger, indicating that the evaluated results
are precise and useful.
3.2. Electronic properties

With the aim to analyze the electronic characteristics of the
M2LiCeF6 (M = Rb and Cs) compounds, we investigated their
real energy band structure, TDOS, and PDOS, as shown in Fig. 3.
LDA and GGA calculations oen nd that the band gap
(fundamental) between a semiconductor and insulator is
underestimated.44,45 Generally, this is due to the fact that the
exchange-correlation energies and charges derivative cannot be
consistently generated by their fundamental geometries. Thus,
the TB-mBJ approximation was successfully used in some recent
studies to correct the underestimated troublesome band
Fig. 2 Energy vs. volume plots of M2LiCeF6 (M = Rb and Cs) compound

© 2023 The Author(s). Published by the Royal Society of Chemistry
gaps.46–49 The optimal geometries of the M2LiCeF6 (M = Rb and
Cs) compounds with assessed energy band structures over
larger symmetries are displayed in Fig. 3a and b, respectively.

The band gaps of Rb2LiCeF6 and Cs2LiCeF6 in TB-MBJ are
0.6 eV and 0.8 eV, respectively, with an indirect band gap along
the G–X points of symmetry. The conduction band maxima are
at and move from G–X, conrming the narrow-band semi-
conducting nature of both compounds. To gain a thorough
understanding, the TDOS, PDOS and band structures were
examined, and their spectra are shown in Fig. 3a and b in the
energy range of −14 eV to 8 eV. The role of the electronic states
in the VB and CB is displayed in the DOS plots. The Fermi
energy level (EF), as illustrated by the vertical dashed line at 0 eV,
is used to indicate the DOS in the energy range of −14 eV to
8 eV. The part above EF shows the VB, whereas that below
species the CB. In the case pf Rb2LiCeF6, the energy range is
split into two groups based on the PDOS distribution, with the
energy range of BaCuF3 being 0 eV to 0.8 eV (VB) and 0 eV to
−6.8 eV (CB), while that for Cs2LiCeF6 is 0 eV to 1 eV (VB) and
0 eV to −5.5 eV, respectively. The band structure and narrow
band gap semiconducting properties of these compounds are
supported by the DOS plots. The “Rb” atom, as shown in red,
s.

RSC Adv., 2023, 13, 15457–15466 | 15459
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Table 1 Parameters of the M2LiCeF6 (M = Rb and Cs) ternary
compound crystal unit cell that were tuned structurally. E0 in Ry, B0

and B/
0 in GPa, and the lattice constant a0 in Å

Structural specications Rb2LiCeF6 Cs2LiCeF6

a0 (Å) 8.91 9.25
V0 (a.u

3) 1193.70 1336.21
B0 (GPa) 55.20 50.11
B/0 (GPa) 4.72 4.37
E0 (Ry) −3087.80 −50107.01
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makes up the majority of the density of states in the VB for
Rb2LiCeF6, whereas the Ce atom, as shown in blue, makes up
the majority of the density of states in CB. In contrast, for
Cs2LiCeF6, the Li atom, as shown in green in the VB, and the Ce
atom, as shown as blue in the CB, both contribute signicantly
to the density of states.

3.3. Elastic properties

To predict the mechanical parameters of materials, EC (elastic
constant) is signicant and determines how crystals respond to
stimuli. The hardness and stability of a material can be evalu-
ated using the measured EC. In this case, examining the EC of
a material under zero pressure involves calculating the tensor
Fig. 3 (a) and (b) Electronic energy bands structure and DOS of M2

respectively.

15460 | RSC Adv., 2023, 13, 15457–15466
and stress characteristics for very small strains as well as
employing energy to track the lattice strains that persist to the
volume.50 The IRelast package, incorporated in WIEN2K devel-
oped chiey for cubic structures, was used to compute the ECs.
Only three ECs, i.e., C11, C12, and C44, were utilized in place of Cij

owing to the cubic lattice symmetry. Table 2 presents the
computed ECs used to produce the assessed ECs and other
elastic property characteristics. The cubic crystal mechanical
stability criteria, which place restrictions on the elastic
constants, are C11 > 0, C44 > 0, C11− C12 > 0, C11 + 2C12 > 0, and B
> 0. These stability requirements show how elastic stability is
present in particular materials.

Rb2LiCeF6 has a C11 value of 104.11 GPa compared to that of
Cs2LiCeF6 of 98.97 GPa, demonstrating a minor hardness
advantage for Rb2LiCeF6. The parameter “A" of the crystal,
which is critical in engineering research, is closely related to the
propensity of a material to produce microcracks.

A = 2C44/(C11 − C12) (1)

For fully isotropicmaterials, A= 1, whereas any value below or
above “1” denotes anisotropy. Here, both compounds are
anisotropic given that “A” varies between “1” and 1.5, and the
degree of anisotropy is constrained by the level of variation. As
LiCeF6 (M = Rb and Cs) compounds using TB-mBJ approximation,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Investigated parameters of elastic properties, which include
EC (elastic constant), B (bulk modulus), anisotropy factor (A), Young's
modulus (E), Poisson's ratio (v), Pugh ratio (B/G), B/C44,C11−C12, shear
modulus (G), and C11 − C44 for Rb2LiCeF6 and Cs2LiCeF6 quaternary
double perovskites compounds

Elastic parameter Rb2LiCeF6 Cs2LiCeF6

C11 (GPa) 104.11 98.97
C12 (GPa) 32.79 26.48
C44 (GPa) 20.36 44.64
B (GPa) 56.69 50.70
A 0.57 1.23
E (GPa) 68.74 97.42
v 0.29 0.27
B/G 2.22 1.89
B/C44 2.78 1.13
C11 − C12 (GPa) 75.43 47.82
G (GPa) 7.18 7.79
C11 − C44 (GPa) 111.43 95.4

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Ju

ne
 2

02
3.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

8:
23

:4
7 

PM
. 

 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
can be observed from the examined values of A for Rb2LiCeF6
(0.57) and Cs2LiCeF6 (1.23), both of these compounds display
a signicant amount of anisotropy. Subsequently, it was neces-
sary to compute the other elastic components, i.e., G, E, and v,
employing the elastic constants and the equations below.51,52

E ¼ 9GB

3Bþ G
(2)

n ¼ 3B� 2G

2ð3Bþ GÞ (3)

GV ¼ 1

5
ðC11 � C12 þ 3C44Þ (4)

GR ¼ 5C44ðC11 � C12Þ
4C44 þ 3ðC11 � C12Þ (5)

The results of applying the aforementioned equations to
determine the values of A, E, v, and G are displayed in Table 2.
The Cauchy pressure is represented as C11 − C44, which serves
to identify ductile materials.53 If C11 – C44 is positive, the
materials exhibit a ductile nature, whereas if it is negative, the
materials will be brittle. The positive Cauchy pressure values of
Fig. 4 31(u) and 32(u) for (a) Rb2LiCeF6 and (b) Cs2LiCeF6.

© 2023 The Author(s). Published by the Royal Society of Chemistry
83.75 GPa for Rb2LiCeF6 and 54.33 GPa for Cs2LiCeF6 indicate
their ductile character. Another way to determine brittleness or
ductility is the Pugh ratio (B/G). Materials are thought to be
more ductile if their B/G ratio is high, which must be greater
than 1.75.54 The critical points in this study were different for
both compounds, which were 2.22 for Rb2LiCeF6 and 1.89 for
Cs2LiCeF6. By using “v” to distinguish between the ductility and
brittleness of the material, Frantsevich et al.55 discovered that
a critical value of 0.26 was mandatory. Brittle materials have
values below 0.26, whereas ductile materials have values over
0.26. Based on the value of 0.29 for Rb2LiCeF6 and 0.27 for
Cs2LiCeF6, both of compounds are ductile in nature, as
demonstrated in Table 2. The corresponding material has great
lubricating capabilities if B/C44 has large values. Young's
modulus (Y) and the values of (C11 − C12) can also be used for
evaluating plasticity. Greater exibility of interested
compounds is shown by lower values of (C11 − C12) and “Y”.
Thus, the Rb2LiCeF6 and Cs2LiCeF6 compounds have mechan-
ical stability, anisotropy, toughness, strength, and good crack
resistance.
3.4. Optical properties

To examine all the optical properties, the theoretical equilib-
rium lattice constants were used, i.e., 3 (u) was examined.

3.4.1. Dielectric function. The computed real part, 31(u),
for both materials is shown in Fig. 4a, and the imaginary
portion, 32(u), is shown in Fig. 4b for the incident photon energy
range of up to 40 eV. In contrast to the imaginary part, 32(u),
which is related to the polarization and is responsible for the
capacity of a material to store energy, 31(u) denes the energy
dissipation and wave damping. The predicted static dielectric
function, 31(0), for both materials is shown in Fig. 4a, which
shows that Rb2LiCeF6 wastes more energy than Cs2LiCeF6, with
31(0)= 3.6 for Rb2LiCeF6 and 3.4 for Cs2LiCeF6. The Pennmodel
predicts that materials possessing higher band gaps have low
31(0) and vice versa. The results show that these materials
adhere to the Penn model. The gure illustrates 32(u), which
depicts the polarizability of a material, as shown in Fig. 4b. No
polarization was present in either material at an incident
photon energy of 0 eV.
RSC Adv., 2023, 13, 15457–15466 | 15461
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Fig. 5 n(u) of M2LiCeF6 (M = Rb and Cs) compounds. Fig. 7 R(u) of M2LiCeF6 (M = Rb and Cs) compounds.
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3.4.2. Refractive index. s(u), I(u), and R(u) can be
computed using the 31(u) and 32(u) of the refractive index.
The examined n(u) is illustrated in Fig. 5. The spectrum of
n(u) for Rb2LiCeF6 and Cs2LiCeF6 each has a static refractive
index, n(0), of 1.4 and 1.42, respectively. The peak value of
n(u) for Cs2LiCeF6 is 1.92 at approximately 15 eV and Rb2-
LiCeF6 has a maximum peak n(u) of 1.9 at approximately
20 eV photon energy. To calculate the light refraction, the
statistic refractive index, n(u), is helpful, especially in
photoelectric applications. Given that n(u) >1 because of the
reduction in the speed of photons when they enter matter,
they interact with the electrons. More photons are delayed
when they pass through a substance with a higher n(u). Every
technique that increases the electronic density of a material
also increases its n(u).

3.4.3. Absorption coefficient. Fig. 6 displays the I(u) curves
obtained using the 3(u) approach. Fig. 6 shows that the chosen
compounds have a signicant I(u) at energies between 0 eV and
40 eV.
Fig. 6 I(u) of M2LiCeF6 (M = Rb and Cs) compounds.

15462 | RSC Adv., 2023, 13, 15457–15466
The threshold point of Rb2LiCeF6 and Cs2LiCeF6 is 0 eV,
which is the point where these substances begin to absorb
electromagnetic radiation. At the photon energy of 22 eV, Rb2-
LiCeF6 has a maximum absorption of 490, whereas that of
Cs2LiCeF6 is 370.44.

3.4.4. Reectivity. The computed R(u) for both double
perovskites compounds is depicted in Fig. 7. Rb2LiCeF6 has a zero-
frequency R(0) of 0.03, while Cs2LiCeF6 possesses a value of 0.02,
and with an increase in photon energy, their reectivity increases
to a maximum of 0.59 and 0.43 at about 23 eV, respectively.

Thus, these materials have a very low reectivity in the
measured energy range, which is consistent with their band
gap, making them transparent to incoming photons. Conse-
quently, they can be applied in solar cells and lenses.

3.4.5. Optical conductivity. With the application of an
electromagnetic eld, electrons behave in a manner known as
s(u). The outcome of assessing s(u) using dielectric functions is
depicted in Fig. 8.

According to Fig. 8, the optical conductivity, s(u), of the
materials starts to develop close to their band gap energy, which
Fig. 8 s(u) of M2LiCeF6 (M = Rb and Cs) compounds.

© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra01451g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Ju

ne
 2

02
3.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

8:
23

:4
7 

PM
. 

 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
is between 8–10 eV. In contrast to Rb2LiCeF6, which has
a maximum s(u) of about 20 000 U−1 cm−1, the Cs2LiCeF6
compound has a major s(u) of about 12 500 U−1 cm−1, as seen
in Fig. 8. Thus, as a result of their excellent optical conductivity
at high energies, these compounds may nd application in
numerous contemporary optoelectronic devices.
Fig. 10 Power factor “PF” vs. temperature for M2LiCeF6 (M = Rb and
Cs) compounds.
3.5. Thermoelectric properties

The Rb2LiCeF6 and Cs2LiCeF6 compounds are thought to
exhibit strong thermoelectric capabilities because of their high
estimated band gap energy and electronic state degeneracy. The
transport properties of the Rb2LiCeF6 and Cs2LiCeF6
compounds vs. temperature are described in detail and the
computed spectra of several parameters are shown in Fig. 9–12.

3.5.1. Seebeck coefficient “S”. Fig. 9 displays the estimated
“S” for the M2LiCeF6 (M = Rb and Cs) compounds.

The emergence of an electric potential through a tempera-
ture gradient in various electrical conductors or semi-
conductors is known as the Seebeck effect. Based on the
concentration of charge carriers, the value of “S” was computed
starting roughly at 100 K, which for both compounds increased
exponentially with temperature, reaching a maximum of 90 V
K−1 for Rb2LiCeF6 and 94 V K−1 for Cs2LiCeF6. The fact that
both compounds have positive “S” values demonstrates that
they are p-type compounds, making them active thermoelectric
materials at higher temperatures. The greater size of the hole
effective mass is the reason why the Seebeck coefficient (S) for p-
type is higher than for n-type throughout the whole range of
selected carrier concentrations.

3.5.2. Thermal power factor (PF). The PF (S2s/s) for both
compounds was plotted against relaxation time, as shown in.
Fig. 10. PF is denoted by the term “S2s” in the expression for
“ZT”. Rb2LiCeF6 has a maximum “PF” value of 1 × 1011 W
mK−2 s, while that of Cs2LiCeF6 reaches 6.5 × 1011 W mK2 s at
around 850 K. Due to its higher “S2s” value, Cs2LiCeF6 is
anticipated to have stronger thermoelectric capabilities than
Fig. 9 Seebeck coefficient vs. temperature for M2LiCeF6 (M = Rb and
Cs) compounds.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Rb2LiCeF6 at high temperatures. Although it is frequently
asserted that thermoelectric (TE) devices made of materials
with higher power factors can ‘generate’ more energy (move
more heat or extract more energy from the temperature differ-
ence), this can be only true for a thermoelectric device with xed
geometry and an unlimited heat source and cooling.

3.5.3. Thermal conductivity. Fig. 11 displays the investi-
gated thermal conductivity versus temperature of Rb2LiCeF6 and
Cs2LiCeF6. Low thermal conductivity and maximum electric
carrier transport are characteristics of good thermoelectric
materials. For many technological and temperature-critical
applications, such as materials for thermoelectric conversion
and thermal barrier coatings with higher temperature capabil-
ities, thermal conductivity is an important parameter in the
identication and development of alternative materials.

Good thermoelectric behavior is shown by the linear increase
in thermal conductivity at low temperatures as the temperature
increases. Rb2LiCeF6 is a suitable thermoelectric material
Fig. 11 Thermal conductivity vs. temperature of M2LiCeF6 (M= Rb and
Cs) compounds.
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Fig. 12 Figure-of-merit “ZT” vs. temperature of Rb2LiCeF6 and
Cs2LiCeF6.
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because its thermal conductivity values are lower than that of
Cs2LiCeF6.

3.5.4. Figure of merit “ZT”. The dimensionless parameter
“ZT” is used to rate thermoelectric materials and is signicant
for the quality of a material. As the “ZT” value increases, the
thermoelectric efficiency, i.e., the heat conversion to electricity,
increases. The formula for the gure-of-merit is ZT = S2sT/l,
where S2s is the PF in the numerator. The highest value of “ZT”
for an ideal thermoelectric material is 1, and thus achieving
a value of “ZT” of ∼1 is the goal of materials scientists. Fig. 12
illustrates the greatest values of “ZT” achieved for Rb2LiCeF6
and Cs2LiCeF6 in this scenario, which were 0.20 and 0.45,
respectively, demonstrating that they are both effective ther-
moelectric materials.

These ndings imply that the compounds under investiga-
tion possess intriguing thermoelectric capabilities and that
Cs2LiCeF6 exhibits superior thermoelectric properties to
Rb2LiCeF6.

4. Conclusion

Using the WIEN2K and BoltzTrap2 codes, the elastic, structural,
optoelectronic, and thermoelectric features of M2LiCeF6 (M =

Rb and Cs) double perovskites were examined computationally.
Based on the results of some physical properties, the following
conclusions were drawn.

Both M2LiCeF6 (M = Rb and Cs) double perovskites crystal-
lize as stable cubic structures. M2LiCeF6 (M = Rb and Cs)
exhibits an indirect band gap along the (G–X) symmetry points,
which depicts that both materials are semiconductors.
According to the DOS report, the Rb element dominates the
contribution of the states in the band structures in the valence
bands and the Ce atom in the conduction band for Rb2LiCeF6,
whereas the Li element contributes more in the valence bands
and Ce contributes in the CB for Cs2LiCeF6. The mechanical
properties of the M2LiCeF6 (M = Rb and Cs) double perovskites
reveal that these compounds are ductile, anisotropic, and
15464 | RSC Adv., 2023, 13, 15457–15466
elastically stable. The optical characteristics for incident photon
energies are in the range of 0–40 eV. These materials can be
active compounds in photovoltaic and optoelectronic devices
because of their estimated maximum optical conductivity and
absorption at a higher energy of incident photons. In addition,
these compounds possess a considerably high “S” and “ZT”
(gure of merit), signifying their prospective thermoelectric
applications.
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