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Double perovskites RbyTlInXg (X = Cl, I) have been simulated with the help of density functional theory to
determine their structural, elastic, electronic, optical and thermal properties. The full-potential linearized
augmented plane wave (FP-LAPW) method is used through the WIEN2K code. Exchange-correlation potential is
described by using the well-organized modified Becke-Johnson (mBJ) with the combination of spin-orbit
coupling (SOC). Structural optimization and formation energy calculations justify the stability of both com-
pounds. The elastic parameters are calculated to measure the mechanical stuff, such as shear modulus (G),
Poisson ratio (v) and anisotropic factor (A). The studied compounds showing semiconductor nature with a
bandgap of 3.51eV and 3.47eV for RbyTlInClg and 1.43eV and 1.40eV for Rb,TlInlg with mBJ and mBJ+SOC
potentials, respectively. The density of states also exposes the bandgap and semiconductor nature of the mate-
rials. The optical properties of the compounds have been examined in terms of the dielectric function, refractive
index, absorption, reflection, and energy loss. We also investigated the temperature-dependent transport pa-
rameters for both compounds. High electrical and low thermal conductivity with good ZT values for both ma-

terials make them potential candidates for thermoelectric applications.

1. Introduction

The industrial and technological demand for advanced materials
with novel properties invokes the scientific community to understand
the periodic table elements and their combinations thoroughly. Over
time, researchers are uncovering new materials and these materials have
the potential to meet today’s technological challenges. As a result, the
material world sees significant shifts in the imaginative design of novel
materials. In recent years, a significant rise in computational power
combined with mathematical breakthroughs in quantum mechanics has
made it possible to conduct well-defined and precise quantum-based
calculations. Consequently, the computational power has been
increased to such an extent that the characteristics of materials that were
earlier immensely tough to examine are now comfortably estimated
with high precision [1,2]. Due to the wide range of technological ap-
plications and multifunctional properties, research on perovskites,
particularly on double perovskites has intensified in the last few years
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[3-7]. Lead-based halide perovskites have faced stability problems in
their applications due to temperature sensitivity, moisture and the ex-
istence of toxic lead. To reduce these problems, the lead-free metal
halide perovskites having the required absorption capacity were
designed. The replacement of Pb?" by isovalent Sn?t and Ge?*, which
can be easily oxidized to Sn** and Ge**>, results in instability [8]. In
their alternative, Pb?* can be replaced by monovalent B* and a trivalent
B3+, to form the desired double perovskites [9]. The general formula of
perovskites is ABX3, where A and B are cations and X is an anion. The
charge of sites A and B can vary. The material community has benefited
from double perovskite compounds with the general formula A;BB’Xg,
which have a wide range of technological applications, including insu-
lating ferrimagnetism, half-metallic, spintronic, magneto-dielectric,
ferromagnetic, multi-ferroic, and magneto-optic materials among
others [10-15]. A large number of studies on halide perovskites for solar
cell applications have also been reported, such as MAPbBr3 and MAPbI3
[16-19]. Perovskites with ABX3 structure, such as BaPuO3, SrAmOs,
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BaAmOs, EuGaOs, SrPuOs3, and EulnOg are reported for spintronic ap-
plications [20-23]. The family of double perovskites reveal a broad
range of magnetic behavior including antiferromagnets (BapLiOsOg),
ferromagnetism (BasMgReOg, BapNaOsOg), spin-singlet ground states
for (Ba,YMoOg) and spin glasses (SroCaReOg) [24-28]. The RbyNaCoFg
[29] shows a non-magnetic behavior having a wide range of potential
for high class ultraviolet thin-film devices. Recently, perovskites like
BaMoOs3, SrMoOs, XReO3 (X = Rb, Cs, T1), SnTaOs, PbMoOs are reported
for fuel cell potential applications [30-33]. Cubic double perovskites
Rb,TlinXg (X = Cl, I) have recently been introduced with the space
group of Fm 3 m (225) [34,35]. Several more double perovskites of the
type A2BB’Og have also been identified, and they are being investigated
for use in electrical and magnetic applications as well as thermoelectric,
mechanical, thermodynamic and optical applications [35-41]. The
first-principles calculations have been done on several double perovskite
halides to study their structural, elastic and optoelectronic properties
[42-44]. In the present work, we report two important members of the
double perovskite family, i.e., RbyTlInClg and Rb,TlInlg. According to
the author’s best knowledge, so far, no literature is available to explore
the physical properties of these materials. So an attempt has been made
in the present investigation to forecast the properties of these double
perovskites as well as to investigate their prospective uses. The most
successful density functional theory has been used to explore the
behavior of studied compounds in terms of structural, electronic, optical
and transport properties.

2. Computational method

Various approaches to solving the DFT equations are too complex
and not to be determined here. The computation of pseudo potentials
using the plane wave (PW) technique has resulted in the linearized
augmented plane wave (LAPW) method, which is the most explicit
course of action and hence the subject of the current work. The struc-
tural, electronic band profile and optical properties of the materials are
evaluated by using the wien2k modelling tool [45]. Through the itera-
tive method, the solution of Kohn-Sham equation is achieved, which
gives more accurate and precise results for the ground state properties.
Precisely, the single undetermined term exchange-correlation potential
in current formulism is approximated by applying generalized gradient
approximation (GGA) and modified Becke-Johnson (mBJ) potential [46,
471.

£ = [ I o) Fulp(r), o)) )

Where Fy is the dimensionless factor and "™ is the exchange energy of

the homogeneous system. The GGA approach does not estimate highly
coupled electron systems, such as transition metal (TM) complexes with
d and f-states. The occupancy of d-states raises the effect of the
exchange-correlation. Thus, the modified Becke- Johnson (mBJ) is used
which is suggested by Trans and Blaha [48].

1 \/E 2(r) @
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Where l/;?BJ (r) is Becke-Roussel’s (BR) potential for bulk crystalline.
During the calculations, the volume of a unit cell is divided into

atomic-like muffin tin spheres, where the wave function exhibits atomic

characteristics and interstitial region. In the interstitial zone, plane

waves provide an extended potential in the muffin tin region and

spherical harmonics create a standard basis set. The potential in both
regions is expressed as,

v (r)=a® (r) +
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The basis set’s expansion is regulated by the RMT Kyax = 7 and Ipax
= 10 criteria, where RMT represents the minimum muffin tin radii and
Kmax represents the most significant value of K. When attempting to
achieve the convergence, the partitioned of the unit cell is done in the k-
space by using a dense mesh of 1500-k points over the Brillouin zone.
Charge convergence between successive cycles is improved by iterating
up to 0.0001e and energy convergence up to 0.0001Ry. The thermo-
electric properties are determined under the relaxation time (t) constant
approximation by using the BoltzTtraP code [49].

The optical properties such as dielectric function ¢(w), refractive
index 7(w), reflectivity R(w), optical loss L(w) and absorption coefficient
a(w) are also calculated which can be determined by the following re-
lations:

e(w) = & (w) + ier(w) @
Where
_ 27]7 y U 82
=142 / ®)
0

ds
() Z/mﬁwj ©)
' (k) is energy difference, Sy is

Where P, (k) is dipole matrix element, ©,,
surface energy, and P is Cauchy principle.
The refractive index can be determined as;

&) + e (@)
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The reflectivity is given as;
=124
ko) = e .

The energy loss function is presented with the following equation;
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The absorption coefficient is presented as:
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To evaluate the semi-classic transport properties of the studied ma-
terials BoltzTraP code is used. By using this analytical representation, we
calculate the transport distribution with the help of necessary de-
rivatives. This method is very convincing agreement compared to earlier
calculations, which in principle should be exact within Boltzmann the-
ory. The BoltzTraP [50] code using constant relaxation time (t) ap-
proximations for the charge carriers is employed. At absolute
temperature T, the thermal (K.) and electrical conductivity (c), and the
Seebeck coefficient (S) are calculated while taking the relaxation time as
constant during the calculations.

3. Results and discussion
3.1. Structural properties

The double perovskites RbyTlInXg (X = CL, I) exhibit a cubic phase in
Fm3m space group symmetry with lattice constants of 11.20 A and 12.50
A, respectively. The Rb atoms are located at the position 8c (1/4, 1/4, 1/
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4), Tl at 4b (1/2, 0, 0), In at 4a (0, 0, 0) and Cl and I atoms are sited at
24e (X, 0, 0) (where X = 0.23,0.26). The arrangement of cations and
anions predominately determines the materials’ structural stability,
band structure, and their particular application to great coverage. The
structural optimization and geometry have been performed in a non-
magnetic (NM) phase. Based on Birch Murnaghan’s equation of state,
the optimized volume for studied compounds is calculated by fitting the
total energy as a function of the cell volume [51-53]. The ground state
energy is found lowest energy for both compounds and thus a stable
configuration is achieved.

E(V)=E,

%

+9B(,Va Vo)~ 1
16 Vv

Here, the optimized parameters E, B,, V, and B:, represent total energy,
bulk modulus, equilibrium volume, and pressure derivative, respec-
tively in the stress-free state.

Goldschmidt’s rule for the effective ionic radii [54] has numerous
aspects, such as volume optimization that determine the structural sta-
bility of the materials. Density functional theory-based simulation code
(WIEN2K) is used to perform the geometrical optimization for both

(1)

(a)
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studied compounds. The crystal structure of both compounds and their
volume optimization curves are shown in Fig. 1.

The formation energy (Ep) is used to predict the stability of the
compound. Er highlights the difference between the compound’s opti-
mized energy and the energy of its inherent atoms in their model
reference states [55].

The formation energy (Ep) is calculated by using the following
relation.

Elf(hZTlInXG :Eﬁ},’:]m"xs — 2Egy — By — Epy — 6Bx_c1, 1 12)

Where ERD2IIINXG js the total ground state energy and Egy, Ep, Ep, and Ex
are the total energies of the constituent elements. The positive Ex means
that the material shows unstable behavior and the negative Eg verifies
the stability of the material [56].

A detailed theoretical analysis regarding the stability of both com-
pounds RbyTlInClg and RbyTlInlg was done. Goldschmidt Tolerance
Factor (7g) and Octahedral factor (u) are considered essential parame-
ters in order to maintain stability as well as to examine the formation of
perovskites and can be determined with the following relations:
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Fig. 1. Crystal structure and optimization plot for Rb,TlInClg and Rb,TlInlg compounds.
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Rg
=— 14
F=Re 14)
Where Ra, Rpg and Ry are Shannon ionic radii of elements.
In a 3D framework, the double perovskite structure has an octahedral

arrangement of B Xg and B” Xg. So,

Ry + Ry

Ry 3

15)

The tolerance factor within the range of 0.8 < 75 < 1.0 allows the
formation of the perovskite structure and is favourable for cubic struc-
ture, the calculated tolerance factor values fall in the given range for
both compounds as presented in Table 1, which confirms their cubic
structures.

The octahedral factor envisages the formation and distortion of the
crystalline structure in vacancy-ordered double perovskites A;BB ° Xg
[57]. If the octahedral factor is within the range of 0.29 < u < 0.55,
A,BB’Xj stabilizes in the cubic phase at room temperature. In Table 1,
the octahedral factor decrease on going from X = Cl to X = I, because the
ionic radius of the halogen anion increases, due to this, the perovskite
structure undergoes octahedral tilting and then its symmetry becomes
lowered from the cubic structure to a lower-symmetry structure at room
temperature. According to previous experiments [58,59], the calculated
octahedral factor (u) is 0.47 and 0.39 for Rb,TlInClg and Rb,TlInlg,
respectively and can be concluded that it crystallizes in the stable cubic
phase at room temperature.

The calculated optimization parameters like equilibrium volume
(Vo), lattice constant (ag), bulk modulus (B), pressure derivatives of bulk
modulus (B'), ground state energy (Eg), and formation energy E for
these double perovskites compounds are mentioned in Table 1.

For most materials, the bulk modulus does change with pressure and
this behavior is captured by the pressure derivative of the bulk modulus
i.e., B’ value. Values of bulk modulus and B’ are pressure dependent, and
empirical formulations for the equation of states use the values for
density, bulk modulus, and B’ at zero pressure as parameters.

The E-V curve communicates the minimum energy at the ground
state.

3.2. Elastic properties

To assess the stability and find out the capability of a material to
withstand the application of force is determined by the essential
parameter, known as elastic constant. The measurement of an elastic
constant is a key step to identify the mechanical stability, ductility and
type of bonding forces. In this report, the value of elastic constants G;;
(C11, C12, C44) is computed by using the relation of strain as a function of
volume [30] and discussed in Table 2. The Thomas Charpin method [60]
is applied to find out the elastic constant values G;j (C11, C12, Cs44). If @
crystal has a cubic symmetry, the stability criteria is presented [61] as,

(C11=C12) > 0,Cq; > 0,Cq4 > 0,(C; +2C12) >0,Cp<B<Cyp (16)

The above-mentioned parameters are effectively taken by the esti-
mated elastic constant values and provided in Table 2. Both compounds’
elastic constants are positive and follow the Born stability criteria con-
dition [62]. Mechanical properties such as the physical toughness of the
material, nature of bonding forces, material stiffness and the plastic
twist of the material have been studied by the Young modulus (Y),
Poisson ratio (v), Bulk modulus (B) and Shear modulus (G). The

Table 1
Optimized lattice parameters for Rb,T1InClg and Rb,TlInlg compoumds
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Table 2

Calculated elastic constants (Cy7, C12, C44) in (GPa), Bulk Modulus B (GPa),
Shear Modulus G (GPa), B/G ratio, Young’s modulus Y(GPa), Poisson’s ratio (v) ,
Zener anisotropy factor (A") and Cauchy pressure (C;2-Cs4) for RboTlInClg and
Rb,TlInl.

Parameters Rb,TlInClg Rb,TlInlg Cs»AgBiClg [70]
Cy1 (GPa) 48.53 68.59 50.03
C12 (GPa) 12.66 14.78 19.96
Ca4 (GPa) 2.02 4.70 7.76
Bulk modulus (B in GPa) 24.68 16.51 29.98
Shear modulus (G in GPa) 5.75 10.30 10.14
Pugh’s ratio (B/G) 4.29 1.60 2.96
Young modulus (Y) 16.00 25.57 27.35
Poisson’s ratio (v) 0.39 0.24 0.35
Zener anisotropy factor (A") 0.11 0.17 -
Cauchy pressure 10.64 10.08 -

estimated values of elastic constant by the mean of Voigt-Reuss- Hill
approximation [63,64] are discussed in Table 2. The following equations
represent the calculated parameters.

1
Gy =5 (C11-C1243C44) 17)

5(Cl11 — C12)C44

Or=3(C11 = C12) + 4Ca4

(18)

Gy and Gg are Voigt’s and Reuss’s Shear moduli.

An isotropic factor ‘A’ determines the characteristic of elastic,
magnetic and electronic properties in various structure directions. The
material shows the isotropic behavior if A = 1 and deviation from ‘1’
represents the anisotropic behavior [65].

2C44

“cii-ci2 a9

A is Zener anisotropy factor, The calculated elastic constants values
for RbyTlInClg and Rb,TlInlg are 0.11 and 0.17, respectively, deviating
from unity and showing that both materials have anisotropic behavior.

The bonding forces between the individual atoms are described by
Poisson’s ratio (v).

_ 3B-2G

Y=3BETC) @0

The materials having covalent, ionic and metallic bonding take the
value of 0.1, 0.25 and 0.33, respectively [66,67]. The calculated pois-
son’s ratio for RboTlInClg shows that it has metallic bonding while
Rb,TlInlg possesses ionic bonding.

Many existing theories try to predict the plastic behavior of mate-
rials, no doubt due to the ease with which elastic constants can be
measured is that of the Pugh Ratio. The Pugh ratio (B/G), where B is the
bulk modulus and G is the shear modulus, represents the plasticity and
fracture. If plasticity is easier, then the material will tend to be ductile,
whereas if fracture is easier, then the material will tend to be brittle. The
Pugh’s ratio gives evidence that the material is ductile or brittle [68]. If
the B/G ratio is less than 1.75, the material shows the brittle nature and
greater than 1.75 shows the ductile nature. The calculated B/G ratio
shows that RbyTlInClg possesses a ductile nature and Rb,TlInlg is brittle.
The material’s ductility or brittleness can be determined by the Cauchy
pressure [69]. The Cauchy pressure (Ci2—Cs4) describes the elastic
constants in terms of the single crystal of a cubic material and is used to
determine the nature of the bonding in a material. The materials with

Compound Lattice Constant Vo (a.u®) B(GPa) B (GPa) Eo(Ry) Er (eV/atom) Tolerance factor Octahedral factor
Rb,TlInClg 11.20A 2367.1987 24.68 3.0558 —69809.440765 —2.042 0.89 0.47
Rb,TlInle 12.50A 3298.9150 16.51 7.8011 —149699.704881 -1.125 0.86 0.39
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metallic bonding exhibit a positive Cauchy pressure. The covalent
bonding in solids is depicted with negative Cauchy pressure values, i.e.,
C44 > C12. Moreover, the Cauchy pressure (C12-Cs4) helps in examining
a material’s ductility and brittleness. The positive value shows ductility
and the negative value shows the brittle nature of the material. Both
studied compound shows a ductile nature because of positive values of
Cauchy Pressure.

The amount of material’s stiffness is determined by Young’s
modulus. The greater value of Young’s modulus, the more stiffness and
greater resistance to deformation results in increasing the strength of the
material. The large value of Bulk modulus (B) shows the greatest resis-
tance of the material to volumetric change under the influence of
external pressure.

g=Cr+Cr 1)
2
and,
9BG
= 22
3B+ G @2

Where ‘G’, ‘B,” and ‘Y’ known as Shear, Bulk, and Young Modulus
respectively.

Table 2 contains all of the computed elastic constants and mechan-
ical properties. We couldn’t find any elastic or mechanical data for this
compound in the literature, but our findings are comparable to other
double oxide perovskites [38,66,71-73].

3.3. Electronic properties

The electronic properties of a material, such as its band structure and
the distribution of electrons within these bands significantly impact its
applications [74]. We analysed the electronic characteristics of double
perovskites using density functional theory in this report. The band

()
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structure is estimated using non-spin polarized calculations based on
modified Becke-Johnson (mBJ) approximation and Spin-Orbit Coupling
(SOC) methods. Fig. 2 (a —d) describes the electronic band profile for
both mBJ and mBJ+SOC potentials. It can be seen that the Fermi level is
unoccupied, confirming the semiconducting nature of RbyTlInXg (X =
Cl, I). Furthermore, the conduction band maxima (CBM) and valence
band minima (VBM) lie at distinct symmetric positions, i.e., (L —X) for
Rb,TlInClg and Rb,TlInlg, resulting in an indirect bandgap. With mBJ
potential, an indirect bandgap of 3.51eV and 1.43eV is achieved for
Rb,TlInClg and RbsTlInlg, respectively. While using mBJ+SOC, a
decrease in the bandgap is observed with new values of 3.49eV for
Rb,TlInClg and 1.40eV for RbyTlInle. The reduction in the bandgap is
due to the downshifting and splitting in the conduction band by
applying spin-orbit coupling. The total density of states (TDOS) is the
number of distinct states that electrons can occupy at a given energy
level. The total density of states (TDOS) is used to illustrate the quali-
tative description of the valence and conduction band, as well as the
energy states associated with them. The total density of states (TDOS) is
shown in Fig. 2 for RbyTlInXg (X = Cl, I) with mBJ and mBJ+SOC
potentials.

The TDOS also justifies the energy band-gap value and semi-
conducting nature of RbsTlInlg and Rb,TlInlg with both potentials. The
highest peaks for Rb,T1InClg and Rb,TlInlg show the maximum contri-
bution of Chlorine (Cl) and Iodine (I) in the valence band and Indium
(In) and Rubidium (Rb) in the conduction band. The TDOS graphs show
good agreement with the band structure results.

The partial density of states (PDOS) provides information about the
contribution of individual atoms in the energy levels as presented in
Fig. 3. For RbyTlInClg, the Cl-p and Tl-s states have the main contribu-
tion in the valence band, while Rb-d and In-p states have the significant
contribution in the conduction band with mBJ potential. The Cl-p and
Rb-d states show the main contribution in the valence band and Tl-p and
In-s states have maximum contribution in conduction band with

(b)

_ mBJ TDOS (States/eV) o mBJ+SOC TDOS (States/eV)
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Fig. 2. Calculated bandgap and density of states for Rb,TIInClg (a, b) and Rb,TlInIg (c,d) with mBJ and mBJ+SOC potentials.
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Fig. 3. Partial density of states for Rb,TlInClg (a, b) and Rb,TlInlg (c,d) with mBJ and mBJ+SOC potentials, respectively.

mBJ+SOC potential represented in Fig. 3 (a-b). For Rb,TlInlg, the I-p
and Tl-s have the main contribution in the valence band, while Rb-
d states show the maximum contribution in the conduction band with
both potentials as represented in Fig. 3 (c-d).

3.4. Optical properties

The optical characteristics are intrinsically linked to its dielectric
function. These qualities are being investigated by looking into their
ability to harvest the energy of visible light, which is typically accom-
plished by determining the energy gap and absorptive behavior [75].
The frequency and optical properties of a material are interrelated
because optical properties are frequency-dependent. We can simply
extract all other properties by calculating one reliable property, the
dielectric constant. The optical parameters like reflectivity R(w),
refractive index n(w), absorption coefficient a () are derived from the
dielectric function e(®) [76]. The dielectric function e(w) explains the
interaction of an incident photon with its constituent atoms and the
optical response of a material is described. The isotropic character of the
crystal is taken into account for cubic symmetry (exx = €yy = €5, = €). The
dielectric constant e(®) is divided into two parts: the real component
€1(w) describes the dispersion and polarization of the material and the

imaginary part ex(w) represents light depletion.
e(w) = & (w) +ie(w) (23)

Where

s |

1+ 24)

€1 ((l)) o2 — a2

When polarized materials allow the light to pass at resonance fre-
quency, the maximum dispersion has appeared, which is determined by
the positive peaks. The reason for dispersion is the atomic dipoles vi-
bration at the resonance frequency, which allows the light to pass from a
single plane.

Fig. 4 shows the dielectric function’s real part €1 (®). In real part &1 (o)
of dielectric constant, the static points are 2.18 and 2.20 for Rb,TlInClg
and 3.96 and 3.98 for RbsyTlInlg with mBJ and mBJ+SOC potentials,
respectively. The first peak intensity is 3.87 at 4.0leV and 3.81 at
3.92eV for Rb,TlInClg and 6.29 at 2.00eV and 6.26 at 2.00eV for
Rb,TlInlg with mBJ and mBJ + SOC potentials, respectively. The in-
tensity of peak decrease uniformly and the second peak is observed at
6.29¢eV and 6.23eV for Rb,TlInClg and 4.09eV and 4.07eV for Rb,TlInlg
with mBJ and mBJ+SOC potentials, respectively. Other peaks are also
observed with increased energy, as shown in Fig. 4 (a, b).

The negative portion of the real part €;(w) of dielectric function is
between 12.75eV to 13.57eV for RbyTlInClg. In the case of RbyTlInlg, the
curve reaches the negative value at 8.01eV with mBJ+SOC and it rises
again and gets the peak in the positive range. The peak decreases again
and achieves negative values from 9.19eV to 13.57eV with both po-
tentials. The negative region is a disallowed region for electromagnetic
(EM) waves because the compounds show metallic behavior in this

/w & (0 )d(o'
0
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Fig. 4. Real part of dielectric constant for Rb,TIInCle (a) and for Rb,TlInlg (b) with mBJ and mBJ+SOC potentials.

region. Penn’s model, &1 (0) = 14 (ho,/Eg) [77] which represent the
condition for dielectric function &; (0) >1, is used to determine the
values of €1(0) and E; for both semiconductors.

The e5(w) provides information about the absorption of light and
penetration depth and is directly related to the electronic band gap and
describes the electron transitions from the valence band to the con-
duction band. As the photon energy increases, the transition from
valence (mostly p-orbitals) to the conduction band (p and d-orbitals)
occurs and represents the first peak for both compounds. The second
peak also corresponds to such transitions. The plots in Fig. 5 show the
critical values of ez(») and indicate the optical bandgaps of the studied
compounds. According to our calculated results, the optical bandgap is
identical to the electronic band structure profile.

Furthermore, light absorption at the energy range of 2.51eV-7eV is a
more favourable energy region to use studied compounds in solar cells
and optoelectronic devices. Above 8eV ultraviolet regions start, which
shows metallic behavior because of minimum absorption.

The refractive index n(») influences the efficiency of transparent and
dispersion light into its constituent portions and varies with wavelength.

The rate of transparency and dispersion of light is measured by the
refractive index n(w), which is based on its constituent components. In
Fig. 6 (a, b), the maximum value of refractive index n(o) is 1.98 at
4.01eV and 1.96 at 3.97eV for Rb,TlInClg with mBJ and mBJ+SOC
potentials, respectively. The maximum value of n(w) with both poten-
tials is 2.53 at 2.01eV for Rb,TlInlg. The above mentioned values
determined that the highest refractive index n(®) value lies in the ul-
traviolet region for Rb,T1InClg and visible region for RboTlInle. Fig. 6 (a,
b) shows that the refractive index n(w) decreases with the increase in
energy which shows the inverse relationship between the refractive
index n(w) and the energy. The transparency rate minimizes the
refractive index value in high-energy regions due to the metallic
response of the materials in this region.

The roughness of surfaces and information about atomic layered are
determined by the reflectivity of electromagnetic waves from materials
as shown in Fig. 7 (a, b).

The reflectivity starts rising from 0 eV for both compounds and in-
creases with increased energy. The maximum obtained reflectivity is
0.56 at 13.49eV for Rb,TlInClg and 0.60 at 13.57eV for Rb,TlInlg with
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4 6
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54
3 -
4 -
3 3
US\J 24 EI 34
2 -
‘| -
14
0 T T T T T T 0 . T T T T T
¢ 2 4 8 & 0 € @ 5 I T T E o6 o
Energy (eV) Energy (eV)

Fig. 5. Imaginary part of dielectric constant for Rb,TlInClg (a) and for Rb,TlInlg (b) with mBJ and mBJ+SOC potentials.
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Fig. 6. Refractive index of Rb,TlInClg (a) and Rb,TlInlg (b) with mBJ and mBJ+SOC potentials.
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Fig. 7. Reflectivity spectra for Rb,TlInClg (a) and Rb,TlInls (b) with mBJ and mBJ+SOC potentials.
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Fig. 8. Calculated optical loss for Rb,TlInClg (a) and Rb,TlInlg (b) with mBJ and mBJ+SOC potentials.
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mBJ and mBJ+SOC potentials, respectively. The reflectivity is observed
in the high-energy regions that show the low absorption in that region.

The scattering, heating and Plasmon resonance are the main factors
of optical loss L(w). Optical loss measures the energy loss per unit area
and is given as.

In Fig. 8 (a, b), the energy loss of electromagnetic waves in the range
of 3.5eV-12eV for Rb,yTlInClg with maximum peaks of 0.58 with mBJ
and 0.5 with mBJ+SOC potential and 1.83eV-11.69eV for Rb,TlInlg
with peak value of 0.84 with mBJ and 0.82 with mBJ+SOC potential.
The RbsTlInlg has high optical loss as compared to RboTlInClg. The
calculated energy loss for both compounds is minimal and does not
affect the performance of the materials.

The absorption coefficient a (0) determines how much light can
penetrate the material before it completely decays. Every semiconductor
material has its threshold limit, below which they do not absorb light.
Above this threshold limit, the photon can interact with valence elec-
trons and be able to absorb light. The maximum decay of light is rep-
resented by the relation a = 4zk/A [78-80]. The calculated values of
absorption coefficient o (0) for both compounds are presented in Fig. 9.

The rate of absorption start from 3.5eV for Rb,TlInClg and 1.73eV for
Rb,TlInlg. The highest peak values for RbyTlInClg are 10.71eV and for
Rb,TlInlg 9.79eV with mBJ and mBJ+SOC potentials respectively.
When electrons absorb the energy of the incoming photons with a
distinct excitation rate, they produce greater fluctuations in higher en-
ergy regions. The relationship between photon and electrons ejects the
electrons from valence to conduction band. The extensive study of op-
tical behavior ensures that RbsTlInClg and Rb,TlInlg are suitable for
optoelectronic applications due to the maximum absorption and mini-
mum energy loss.

3.5. Thermoelectric properties

Investigating the dependence of transport properties such as carrier
concentration, conductivity, Seebeck coefficient, etc., on temperature is
crucial in designing renewable energy devices. To show the influence of
transport coefficients at various temperatures, we used the BoltzTraP
code [49]. The degree of thermoelectric characteristics in semi-
conductors is primarily determined by band structure, carrier type,
carrier concentration and carrier effective mass, which are all contrib-
uting significantly [81]. The energy bands within the Fermi level are
intimately linked to transport behavior. In the electronic properties
section, it is found that mBJ and mBJ+SOC potentials effectively
improve the bandgap values. The bandgap is primarily responsible for
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determining the carriers (electrons and holes) participating in the
transport mechanism. As a result, the bandgap value significantly im-
pacts the transport properties such as conductivity and the Seebeck
coefficient. Insulators have a high Seebeck coefficient, whereas metals
have a low Seebeck coefficient [82]. Conductivity is proportional to the
effective charge carrier. We computed the transport properties using
both mBJ and mBJ+SOC to better understand the influence of bandgap
on the transport properties.

Fig. 10(a-b) shows the Seebeck coefficient (S) as a function of tem-
perature. The Seebeck coefficient (S) shows noticeable peaks and dips
across the temperature range. For Rb,TlInClg at 100K, the Seebeck co-
efficient value is 2.47 x 10~ (VK™') and 2.24 x 10~* (V.K™!) and at
800K, the Seebeck coefficient value is 1.94 x 10~* (VK1) and 1.92 x
10~* (VK') with mBJ and mBJ+SOC potentials, respectively. The
Seebeck coefficient values show a decrease with the increase in tem-
perature. For Rb,TlInlg at 100K, the Seebeck coefficient value is 9.05 x
1075 (VK 1) and 2.19 x 10~* (V.K!) and its value become 1.80 x 10~*
(VK1) and 2.01 x 10~* (VK') at 800K with mBJ and mBJ+SOC
potentials, respectively.

By increasing the temperature, the carrier (electrons and holes)
concentration increases gradually, resulting in a decreased Seebeck co-
efficient (S) value.

The electrical conductivity (¢), which depends upon the density of
charge carriers, is one of the most important thermoelectric parameters.
Fig. 11 displays the temperature dependent electrical conductivity (¢/7)
for both compounds with mBJ and mBJ+SOC potentials.

It is noted that uniform growth is observed in electrical conductivity
by increasing the temperature. The reason is the enhancement in the
carrier’s mobility and concentration in the conduction band as there is a
direct relationship between electrical conductivity and temperature
[83].

Thermal conductivity is the ability of a material to conduct heat due
to lattice vibrations. The thermal conductivity is the sum of electronic
components (K¢) and lattice conductivity (K;) and mathematically can be
written as K¢ = Ke + Kj, The calculated electronic part is corresponds to
the electron and holes that transport heat. The thermal conductivity
(Ke1/7) is plotted as a function of temperature, as shown in Fig. 12. From
the figure, it can be seen that K is rapidly increased by increasing the
temperature.

In the case of RbyTlInClg, the thermal conductivity remain the same
for both potentials with increasing the temperature and it has a value of
6.63 x 10'® W/mK at 300K. For Rb,TlInl, it has values of 5.35 x 10'3
W/mK and 7.13 x 10'® W/mK at 300K with mBJ and mBJ+SOC
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Fig. 9. Calculated absorption coefficient for Rb,TlInClg (a) and Rb,TlInlg (b) with mBJ and mBJ+SOC potentials.
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Fig. 10. Seebeck coefficient (S) of Rb,TlInCls (a) and Rb,TlInlg (b) with mBJ and mBJ+SOC potentials.
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Fig. 11. Electrical conductivity (¢) of Rb,TlInCle (a) and Rb,TlInls (b) with mBJ and mBJ+SOC potentials.
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Fig. 12. Thermal conductivity for Rb,TlInClg (a) and Rb,TlInlg (b) with mBJ and mBJ+SOC potentials.
potentials, respectively. The calculated values at room temperature written as P.F = $%6/1, indicating that this property is solely determined
suggest that these are suitable for thermoelectric applications [84]. by the Seebeck coefficient and electrical conductivity. Fig. 13 represent

The power factor (P.F) of thermoelectric material is an essential the power factor as a function of temperature gradient for both com-
factor for correctly determining its thermoelectric potency. It can be pounds with respective potentials.
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Fig. 13. Power factor for Rb,TlInCls (a) and Rb,TlInlg (b) with mBJ and mBJ+SOC potentials.

The power factor for both compounds increases gradually with
raising the temperature from 100K to 800K.

The dimensionless figure of merit (ZT) is the most important
parameter for evaluating the efficiency of thermoelectric materials [85].
The ZT value rises while increasing the electrical conductivity and
Seebeck coefficient and decreases while increasing the thermal con-
ductivity. Fig. 14 displays the ZT values of both compounds as a function
of temperature (100K-800K). For RbyTlInClg, the ZT value shows an
increase with temperature (from 100 to 200K for mBJ and 100 to 200K
for mBJ+SOC). After 100K for mBJ and 200K for mBJ+SOC, a slight
decrease in ZT values is observed for both potentials. A maximum value
of 0.755 and 0.753 is achieved at 800K with mBJ and mBJ+SOC po-
tentials, respectively. In the case of RbyTlInlg, the ZT values increase
with increasing the temperature for both potentials. A maximum value
of 0.72 and 0.77 is obtained with mBJ and mBJ+SOC potentials,
respectively.

The moderate values of ZT at high temperatures show the possibility
of using the studied perovskites in future thermoelectric devices.

4. Conclusion

Precisely calculated properties of double perovskites RbyTlInXg (X =
CL I) are investigated with full-potential linearized augmented plane
wave (FP-LAPW) method performed via WIEN2k code. The elastic
constants for both compounds are calculated, showing the nature and

mechanical stability of both compounds. The mechanical profile reveals
that Rb,TlInClg is ductile and Rb,TlInlg is brittle and anisotropic. The
band structure and density of states confirmed the semiconducting
behavior of studied compounds. The calculated optical parameters are
favourable in the ultraviolet region for both compounds, which show
their availability for laser applications. The high electrical conductivity
and low thermal conductivity are achieved for the studied compounds.
The figure of the merit (ZT) shows very good values at room and high
temperatures. The optical and transport parameters make these com-
pounds potential candidates for future optoelectronic and thermoelec-
tric applications.
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