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Cs2AgXBre (X = S, Se, and Te) double perovskite structural, electronic, and optical properties were investigated
using the density functional theory (DFT) method combined with various correlation potentials such as TB-mBJ,
LDA, PBE, WC, and hybrid functionals (YS-PBEO). The calculated structural and elastic properties revealed that
the CspAgXBrg compounds are elastically stable, ductile, anisotropic, and ionically bonded. Both Poisson ratio
and Pugh ratio confirm that Cs;AgXBre (X = S, Te, Se) compounds are ductile. The calculated density of States

(DOS) and the electronic band structures of the investigated compounds display zero band gaps for these
compounds. Therefore, the calculated electronic properties of these compounds indicate their metallic nature.
The calculated optical transmittance shows the transparent behaviors of studied compounds.

1. Introduction

perovskite compounds have been studied for their intriguing prop-
erties, including superconductivity, insulating, metallic, or semi-
metallic behavior, and magnetic activity that spans from antiferro-
magnetic to ferromagnetic. Their properties make them excellent can-
didates for several applications [1,2].

The perfect cubic perovskite ABX3 normally has twelve large cations
of element A, one smaller cation at site B, and an anion of element X,
commonly chalcogenide or halide. However, double perovskite consists
of two groups of ABX3 creating A»B2Og, where one B is altered to a B,
resulting in A;BB’Og. Double perovskite compounds with two separate
transition metal elements at B sites (B, B') and two distinct rare-earth and
alkaline earth elements at A allow for more innovation than simple
perovskites with one A and one B cation site. The formula for (doubly
ordered perovskite) or (double-double perovskite) is AA’BB’Og [3-7].

High charge carrier density gives perovskite halide compounds a 28
% power conversion efficiency (PCE) [8,9]. Their light-gathering effi-
ciency makes them suitable for an active layer in single-junction
photovoltaic cells. Perovskite and double perovskites have been
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investigated as possible solar cell materials [10]. The CsyAgBiBrg
structure is an inorganic double perovskite system that could replace
solar cells. CspAgBiBrg was synthesized and structurally analyzed [11,
12]. The non-toxic Pb-free CsyAgBiBrg has well-visible spectrum light
absorption and optical stability in air and humidity [13,14]. Its band gap
makes it suitable for photovoltaic and X-ray detectors [15-17].
Substantial theoretical investigations focused on changing specific
atoms in CspAgBiBrg to generate compounds with similar or superior
characteristics for use in various industries. W. Li et al. reported that
CspAgBiBrg is an excellent material for optoelectronics and photovol-
taics due to its toughness, low thermal expansion, high thermal moisture
durability, and nontoxicity [17]. According to a study by McClure et al.,
CspAgBiBrg and CspAgBiClg remain stable in the air [18]. The optical,
electronic, mechanical, structural, and thermal properties of Cs;ZSbXe,
where Z = Ag, Cu, and X = Cl, Br, and I, were investigated by Soni et al.
[19]. Such compounds can be used in optoelectronics due to their optical
activity in the visible and ultraviolet ranges. Wang et al. show that the
energy bandgap of CspAgBiBrg can be tuned by Cl-doping, which is
useful for its potential application in optoelectronic devices [20]. The
theoretical efforts to study the generated compounds from CsyAgBiBrg
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are still going on for a better understanding of these new compounds.

In this work, we explored the CsyAgXBrg (X = S, Te, and Se) com-
pounds using the density functional theory (DFT) with several exchange
potentials (PBE, LDA, mBJ, and hf). The structural, electronic, and op-
tical properties of these compounds were investigated. The importance
of this study lies in determining the physical characteristics of these
compounds, evaluating them in comparison to other compounds with
similar characteristics, and extrapolating the uses of these compounds
based on the obtained results.

2. Computational details

The structural, electronic, and optical parameter calculations of
CspAgXBrg (X =S, Te, and Se) compounds were performed using the full-
potential linearized augmented plane wave (FP-LAPW) method within
DFT accompanied by Wien2k [21-27].

Electronic properties like the dispersion curve and density of states
can be computed with various approximations, such as local density
approximation (LDA) and generalized gradient approximation (GGA)
[28-31]. However, these approximations underestimate the bandgap of
rock salt structures. Even though hybrid functionals have been utilized
as magnificent and appropriate approximations as an
exchange-correlation potential [32,33]. In contrast, their high compu-
tational costs yet urge us to shift towards another approximation. The
Becke-Johnson (BJ) potential has evolved into a unique form that is
known as the Tran-Blaha modified Becke-Johnson (TB-mBJ). This
updated model reproduces the Kohn-Sham (KS) potential exactly and
gives the most accurate way of computing the bandgap [34,35]. Yet, the
hybrid functionals (hf) method is the one that yields the most accurate
results for calculating the bandgap. The fourth rung on Jacob’s ladder
corresponds to the hybrid functionals that Wien2k constructed, and
these hybrid functionals can either be unscreened or screened. It was
demonstrated that the outcomes from the error function-based screened
hybrid functionals are extremely similar to the outcomes from the
screening of the Coulomb operator utilizing exponential function in
screened hybrid functionals. This was accomplished by carefully
selecting the screening parameter (YS-PBEO) [32,33].

Therefore, Several DFT approximations, such as the local density
approximation (LDA), generalized gradient approximation (GGA), meta-
GGA, occupied orbitals, and unoccupied orbitals, have been used in this
work to calculate the various physical properties of CsoAgXBrg com-
pounds. The GGA is used in more up-to-date implementations of DFT,
and it improves upon LDA by integrating extra electron density re-
quirements for maintaining high accuracy. These criteria include the
Perdew-Burke-Ernzerhof (PBE), Modified Becke and Johnson (mBJ),
and complete hybrid functionals (hf). Jacob’s ladder is built one step at a
time by extending the potential into a series of words. In the first term,
electron density determines the LDA, and in the second term, the first
derivative determines the GGA, the LDA, and GGA make up the first two
rungs. Radii measured in muffin tins (Ryr) were uniformly set for all
atoms to be 2.5. So far, Ryt xKmnax was considered to be 8, which is the
dimension of the matrix that has been defined. With a cutoff of —6.0 Ry,
the energy was carefully calibrated. The maximum charge density is
raised to Gpax = 14 (a.u.)’1 by use of the Fourier series. Integration over
the Brillouin zone was performed with k-points of 15 x 15 x 15 [36,37].
The unit cell must be changed to eliminate strain at the ground state to
compute the total energy in terms of volume, and then plug that energy
into Murnaghan’s equation to determine the parameters and charac-
teristics of the composition at the ground state [29,30]. However, the
compounds’ spin up and down are equal, therefore the attributes of the
structures might be computed without taking the spin into account.

The heat capacities of the three compounds under examination were
determined utilizing the Debye quasi-harmonic model, which is inte-
grated into the GIBBS2 software. The present analysis was performed
under diverse pressure conditions, ranging up to 15 gigapascals (GPa),
and within a temperature interval of up to 650 Kelvin (K).
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3. Results and discussion
3.1. Structural and elastic properties

The structural characteristics of the cubic double Perovskite
CspAgXBrg (X = S, Te, Se) in the Fm-3m (#225) space group were
investigated [19]. The unit cell of these structures is illustrated in Fig. 1.
The Murnaghan formula of state (Eq. 1) was used to determine equi-
librium lattice parameters, bulk modulus, and pressure derivative to
optimize the structure.

@

E(V) = Ey+ 2~ ,
V) =Ety B B, —1

0 0

ByV {(vo/y)% . 1} BV
Where Bg and B’y are the equilibrium bulk modulus and its derivative.

Fig. 2 shows the total energy versus unit cell volume graph [36,38,
39]. The relaxed volume represented in the energy-volume parabola at
the minimum energy for Cs;AgXBrg is obtained by varying the unit cell
volume over the equilibrium volume while computing the total energy.
Furthermore, Table 1 lists the calculated minimum volume, lattice
parameter, and bulk modulus of Cs;AgXBrg structures with different
energy exchange, where the Bulk modulus (B) reflects how the material
behaves under uniform strain [36].

Furthermore, the stability of the compounds was assessed by
employing the principles of cohesive energy and formation energy. The
cohesive energy (Econ) was determined using the equation: Ecop = (2Ecs
+ Eag + Ex + 6Ep; - Eqo)/40. In this equation, Ey represents the total
bulk energy of Cs;AgXBrg compounds, while Ecs, Eag, Ex, and Ep;
represent the total energies of the isolated Cs, Ag, X, and Br atoms,
respectively. In contrast, the calculation of the formation energy (Efrom)
was conducted using the following formula: Eform = Etor - (2Ecs + Eag +
Ex + 6Eg;)/40. Here, E represents the overall bulk energy of CsoAgXBrg
compounds, while Ecs, Eag, Ex, and Ep; denote the total energies of the
Cs, Ag, X, and Br atoms in their respective most stable bulk
configurations.

The values of E¢op, and Egormy, as determined through calculations, are
presented in Table 1. According to the provided equations, a material is
considered stable when the E.q}, value is positive and the Egypy, value is
negative. The cohesive energies of CspAgXBrg (where X represents S, Se,
and Te) were determined to be 3.886, 3.643, and 3.593 eV/atom,
respectively. The positive values of the E o obtained from the investi-
gation suggest that the compounds exhibit chemical stability. In the
same way, the formation energy (Eform) of CspAgXBrg (where X repre-
sents S, Se, and Te) has been determined to —1.554, —1.440, and
—1.432 eV/atom, respectively. The negative formation energy ensures
these compounds are thermodynamically stable [40,41].

Dynamic stability analysis was conducted by calculating phonon
frequency modes at the I" point using VASP package [42-44] and finite

Fig. 1. The unit cell of the cubic double Perovskite Cs;AgXBre.
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Fig. 2. The PBE energy exchange volume-energy graph for Cs;AgXBrg structures where (a) X =S, (b) X = Se, and (c) = Te, and (d) the vibrational frequencies

(3 N-6) of the lowest energy Cs,AgXBrg structures.

Table 1

The calculated lattice parameter and bulk modulus of Cs,AgXBrj structures with
different energy exchange, as well as, the cohesive and formation energies in
(eV/atom).

ionic bonding, while negative values endorse covalent bonding. Table 2
lists the calculated elastic constants (C;z, Ciz, and C44) and Cauchy
pressure (Cp) for the CspAgXBrg compounds. Cauchy pressure values,
shown in Table 2, indicate that the ionic bonding is dominant in these
compounds.

Cs2A8SBre CsoAgSeBro Cs2AgTeBrs Bulk modulus (B), shear modulus (G), Young modulus (Y), and
a(A) - PBE 10.94 11.10 11.37 Poisson’s ratio (v) of the investigated compounds, as listed in Table 3,
:Eg - t?é\ 1‘1132 1(1)365} 1(1)23 are obtained from the predicted elastic constants using the averaging
Vo (au)° - PBE 2209:58 2305:9 " 5 480279 approach of Voigt, Reuss, and Hill (VRH) [48]. The Poisson ratio (v) is
B (GPa) 25.3613 25.3224 23.8755 also crucial to understand the type of bonding. Brittle or ductile solids
Econ (eV/atom) 3.886 3.643 3.593 are classified by the Poisson ratio of 0.26. A material is ductile if its value
Eform (€V/atom) -1.554 -1.440 -1.432 is greater than the threshold and brittle if it is less [49-51]. The Poisson

differences methods. Fig. 2d shows that the vibrational frequencies of
the lowest energy structures of CspAgXBrg are all positive and have no
imaginary components. This means all compounds are stable.

C11, C12, and Cy4, known as the elastic constants, were investigated
using the exchange-correlation potential of LDA and (GGA-PBE) at 0 K
and 0 Gpa to deduce the mechanical properties of the materials and
predict the influence of an external force on a crystal. Eqgs. 2, 3, and 4
provide the three generally acknowledged conditions for the elastic
stability of cubic crystals [45].

ratio is greater than 0.26, indicating that all compounds investigated are
ductile. Another important statistic is indeed the Pugh ratio (B/G),
which predicts brittle and ductile properties. The material is ductile
until B/G is more than 1.75 [26,52]. Therefore, both Poisson ratio and
Pugh ratio reveal that CsoAgXBrg (X = S, Te, Se) compounds are ductile.

Anisotropy (A) affects micro-crack transmission and structural sta-
bility. Crystalline materials exhibit elastic anisotropy if A deviates from
1, where A = Cf“;"éu [46,53]. Our results show that all investigated
compounds are anisotropic. Crystalline solids’ Debye temperature (6p)
relates elastic properties with thermodynamic parameters such as spe-
cific heat, vibrational entropy, and melting temperature [46]. This is

Ciit+2C >0 @ estimated by averaging the sound velocity of elastic wave velocities
Cu>0 3 throughout multiple crystal directions using Eq. 5 and 6.
Ci—Cpn>0 (4)

Calculating the elastic constants determines the crystal’s response to
external forces. The elastic constants indicate the solid’s stability,
hardness, brittleness, asymmetry, bonding nature, and elastic wave
propagation mode. The elastic characteristics of cubic double Perovskite
CspAgXBrg compounds can be predicted using Cy;, C12, and Cyy elastic

Table 3

The estimated Bulk (B), Shear (G), Young’s modulus (Y), Poisson ratio (v),
anisotropic (A), Pugh’s index (B/G), Debye Temperature (p), transverse ve-
locity (vy), longitudinal (v)), and average elastic sound velocity (v,) for
CsoAgXBrg structures.

constants [46]. The Cauchy pressure relation (Cp= C12— C44) was used to Cs2AgSBre Cs2AgSeBre Cs2AgTeBre
predict the solid material atom bonding [47]. Positive values endorse B (Gpa) 28.193 24.667 24.164
G (Gpa) 14.518 9.904 8.190
Y (Gpa) 37.173 26.204 22.075
Table 2 v 0.280 0.322 0.347
The elastic constants (C;;, C12, and C4y) and Cauchy pressure (Cp) in Gpa. A 0.730 0.595 0.370
B/G 1.942 2.491 2.950
Cu Ci2 Cas Gp=Ciz-Cas 0p (K) 186.472 151.985 136.839
Cs,AgSBrg 51.56 16.51 12.80 3.71 v, (m/s) 1798.28 1478.69 1359.69
Cs,AgSeBrg 42.67 15.66 8.03 7.63 v (m/s) 3254.48 2891.56 2814.19
Cs,AgTeBrg 43.71 14.39 5.43 8.96 Vm (M/s) 2003.7 1656.55 1528.26
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Where vy, is the mean sound speed, p is the mass density, h is Planck’s
constant, kg is Boltzmann’s constant, B is the bulk modulus, N4 is Avo-
gadro number, G is the shear modulus, n is the number of atoms per
formula unit, and M is the molecular weight. Nonetheless, d is a rough
estimate of a solid’s Debye hardness. The calculated data in Table 3
show that CsyAgSBry is the hardest and CspAgTeBry is the softest.

3.2. Electronic properties

The total density of states (TDOS) for the CsoAgXBig sets of double
perovskites is virtually similar due to the analogous framework of the
structure formed by A2ZZ’Xe composition. The range —6 eV to 0 eV
below the Fermi level represents the occupied energy states and the
range 0 eV- 6 eV above the Fermi level represents the unoccupied en-
ergy states as depicted in Fig. 3, where the Fermi level sets to 0 eV as a
reference level. As shown in Fig. 3, there is no bandgap due to the
overlap between the conduction band and the valence band.

Partial density of states (PDOS) has also been calculated, as shown in
Fig. 4, for sub atoms such as Cs, Ag, Br and X = (S, Se, Te) to get detailed
information concerning the hybridization. The density of states in the
upper conduction band crossing fermi level to the lower valence band is
due to the p orbital of the chalcogen atoms (X). PDOS show that the p
shell of the X = (S, Te, Se) is primarily responsible for the overlap of the
conduction and valence bands. Nonetheless, the largest contributors to
the conduction band are the s-shell from Cs and the p-shell from Br.
These compounds show metallic behavior due to this overlapping be-
tween the conduction band and the valence band electrons.

Moreover, Fig. 5 depicts the electronic band structures of the
investigated CspAgXBig compounds over the energy range from - 6 to
10 eV in the high symmetry directions. The band structures were
calculated using the first Brillouin’s high symmetry point at 0 GPa and
0 K, TDOS, and PDOS. Nevertheless, the exchange-correlation potential
for CsyAgXBig was evaluated using TB-mBJ and PBE, WC, LDA, and hf
(YS-PBEO) energy exchange-correlation. Since the upper and lower spins
are symmetrical, the bandgap was determined without considering the
spin. The obvious conclusion that can be drawn from Fig. 5 is that the
band gap value for these compounds is zero, indicating that they behave
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like metals.

3.3. Optical properties

The optical characteristics of the compounds were investigated using
the hybrid functional (YS-PBEO). Complex dielectric function &(w),
complex optical conductivity o(w), complex refractive index n(w),
extinction coefficient k(w), absorption coefficient I(w), and energy loss
L(w) [23,24,26,27,36,54] of the CsyAgXBre compounds have been
investigated in the energy range O to 13 eV by employing the
Kramers-Kronig transformation. The remaining optical properties were
determined using the equations mentioned by Al-Reyahi et al. [37]. only
one tensor component is required because of the symmetry of its cubic
crystal structure (exx = &y, = €z).

A medium’s optical response to incident photon energy is repre-
sented by both real ¢; (w)and imaginarye;(w) dielectric function ¢(w) =
e1(w) + ie2(w). Both components are related to dispersive and absorp-
tive behavior, respectively. All the principal peaks of the optical spectra
are distinctive when plotting the real and imaginary parts of the complex
dielectric function against the incident radiation energy [55].

Fig. 6 depicts that ¢; starts from the negative value at the zero en-
ergy, then the behavior of ¢; tends to increase rapidly to reach the
maximum at 0.96, 1.17, and 1.93 eV for CspAgSBrg, CsyAgSeBrg, and
CspAgTeBrg respectively. However, the CsyAgSeBrg peak is the smallest
among all of them. It then tends to decrease rapidly to reach the negative
in the range (1.23-4.51), (1.13-3.56), and (1.17-3.56) eV for the same
compound arrangement. CspAgSBrg also exhibits a second negative re-
gion between 7.19 and 8.23 eV. A second peak occurs at around 6.02,
7.87, and 6.70 eV for the compounds before they gradually drop and go
back to the negative value again. In addition, Fig. 6 (illustrates ¢, versus
the photon energy) reveals that for CspAgXBrg, €2 has a very high pos-
itive value at 0 eV and rapidly decreases then goes back to increase to
around 1 eV. After achieving peak values at 1.12, 1.38, and 2.58 eV for
CspAgXBrg (X =S, Se, and Te), €2 progressively dropped. However, the
major peak of CsyAgTeBrg is the shortest.

The material acts metallically whereas ¢; is positive, otherwise, it
acts like a semiconductor [56]. In addition, the Debye model, and the
concept of permittivity (where D and E are the amplitudes of the
displacement vector and the electric field vector, respectively) provide
insight into the significance of the negative value of ¢;. The connection
between D and E at a given frequency is described by the permittivity
tensor ¢ = D/E. When ¢; is positive, D and E point in the same direction;
when it is negative, they become perpendicular. It is worth noting that
most dielectrics have positive permittivity values [57]. Considering the
preceding discussion, the negative value of ¢ in the aforementioned
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Fig. 3. The total density of states (TDOS) of Cs,AgXBis compounds (X =S, Se, Te).
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regions for CsoAgXBrg indicates that the incident photons are attenuated
due to the energy dissipation in the medium, resulting in a metallic
behavior and zero dielectric behavior. The first maximum peak of the
imaginary part ¢, of the dielectric constant occurs at an energy less than
0.5 eV, which may be attributed to the cooperative behavior for both
spins channels, in which the metallic phenomenon fluctuates the main
peak to lower energy.

The optical conductivity of a material is a property that measures
how much of an electric field can withstand while being subjected to an
alternating-frequency electric field, and how much of an induced cur-
rent can sustain as a result.

Fig. 7 depicts the variation of the real and imaginary parts of the
optical conductivity for CspAgXBrg compounds as a function of photon
energy. In general, Re(s) behaves as expected, rising with increasing
energy despite the presence of peaks. The average length of the high-
energy peaks is shorter than that of the low-energy peaks in all com-
pounds except Cs2AgSBre. Re(o) peaks for CspAgSBrg occur at 1.10, 7.08,
and 13 eV, with the highest peak at 1.10 eV. CspAgSeBre has a maximum
peak at 13.33 eV and peaks at 1.48, 7.28, 10.12, and 13.30 eV for Re(o).
Furthermore, Re(s) for CspAgTeBrg occurs at 2.61, 5.16, 8.35, and
11.07 eV, with the highest peak occurring at 11.07 eV. From Fig. 7(a),
we can note that the real part of optical conductivity for CspAgSeBrg and
CsyAgTeBrg are similar, but it is different for CspAgSBre. The physical
origin of this difference is that the electronic configuration of the S, Se,
and Te, since Se and Te have d state while S has not d state.

The Im(c) varies between positive and negative values, with
maximum values of 2.44, 1.93, and 3.01 eV for CsyAgXBrg (X =S, Se,
and Te) and minimum values of 12.41, 6.67, and 8.00 eV for the same
compound arrangement.

Fig. 8 depicts the energy dependence of the absorption coefficient I
(w), the reflectivity R(w), the transmittance, and the energy loss function
L(w). The amount of light absorbed by a material is expressed as its
absorption coefficient, which is the amount of light per unit length in a
medium. It also characterizes the rate at which electrons lose energy as
they move through a material [26,36,58].

For CspAgSeBrg and CsyAgTeBr compounds, the absorption coeffi-
cient increases with increasing energy, while the reflectivity decreases.
Corresponding to the transmittance of CsyAgSeBrg and CsyAgTeBr
compounds, these materials are semi-transparent in the visible region of
the electromagnetic spectrum. For CsyAgSeBrg, the maximum trans-
mission occurs at 0.9 and 4.17 eV, while for Cs;AgTeBrg it occurs at 1.23
and 6.06 eV. However, CspAgSBrg have a transmittance in energy range
0-1.3, 3.05-7.04, and 7.79-13 eV. The calculated plasma frequency (o)
values, which corresponds to the lateral edge in the reflection spectra, of
the CsyAgXBrg (X =S, Se, and Te) compounds are 2.56, 3.06, and
2.32 eV, respectively. For CsoAgSBry, light loss is minimal across the
range from O to 4 eV (infrared and visible spectra). Cs;AgSeBrg and

6 L] T T 1
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\.‘;‘ . '.l

0 2 4 6 8 10 12
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()

Fig. 7. (a) Real and (b) imaginary parts of the optical conductivity versus the energy of the incident photon.

Materials Today Communications 38 (2024) 108222

CspAgTeBrg have minimum loss value at 2eV and from 6-8eV,
respectively.

Fig. 9 depicts the variation of the real n(w) and imaginary k(o)
components of the complex refractive index as a function of energy. The
refractive index refers to the real part, while the extinction coefficient
refers to the imaginary part. Many photoelectric applications rely on the
material’s k(w), making it an important optical property [59]. Both n(w)
and k(w) show a negative correlation with energy, as shown in Fig. 9.
CspAgXBrg compounds exhibit nearly identical behavior for the optical
constants n(w) and k(o). Fig. 9 shows that Cs2AgSBre has larger values of
n(w) and k(w) in the infrared and visible regions than that for the
Cs2AgSeBrg and CspAgTeBrg compounds. CspAgXBrg compounds that
have almost similar values of k(0) (51.3, 47.2, 62.2, respectively).
Furthermore, n(0) values are approximately the same (44, 41, 54) for the
CspAgSeBrg and CspAgTeBrg. CspAgXBrg compounds. The high refractive
indexes indicate increased polarization because of interacting the inci-
dent photons with larger number of electrons. It should be noted that
n(0) and &;(0) are related through the relation n(0) = £ (0).

3.4. Thermodynamic properties

The heat capacities of the three compounds under investigation were
determined using the Debye quasi harmonic model, which is incorpo-
rated into the GIBBS2 software. This analysis was conducted under
varying pressures, reaching up to 15 GPa, and within a temperature
range of up to 650 K. The results depicted in the Fig. 10 revealed distinct
trends: firstly, the calculated heat capacity (C,) values exhibited an
exponential increase as the temperature rose when. Secondly, these
values stabilized at a constant level starting from a temperature of 400
Kelvin. Conversely, it was observed that within a thermal range below
350 Kelvin, the heat capacity decreased as the pressure increased. This
behavior can be attributed to the pressure’s influence in reducing the
degrees of freedom, particularly the vibrational modes of the atoms
within the compounds.

This study offers valuable insights into how these compounds
respond to variations in temperature and pressure, emphasizing the
impact of pressure on molecular vibrations and its subsequent effect on
heat capacity.

Entropy, represented as S, has dual physical depictions. Microscop-
ically, it gauges a system’s disorder with the equation S = kin(£2), where
Q signifies the potential configurations. Elevated entropy signifies
increased disorder and greater diversity in configurations. On the
macroscopic scale, entropy measures the internal energy inaccessible for
productive work, characterizing it as essentially non-convertible energy
[60].

The dependence of entropy on heat and pressure for Sc2AgXBr6

(X =S, Se and Te) compounds, as illustrated in figure *, reveals that

A Cs,AgSBr,
. = === Cs,AgSeBr, 1
L
‘. cessane CszAgTeBr6 .(
¥

£
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Energy (eV)
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Fig. 9. (a) The refractive index n(w) and (b) the extinction coefficient k(w) versus the energy of incident photon.

entropy increases almost linearly with rising temperature, while it de-
creases inversely with the influence of pressure. This is attributed to the
fact that pressure reduces the number of possible states for atomic vi-
bration patterns, whereas heat tends to increase them. The Debye
Temperature, which has multiple correlations with various physical
properties of materials, was studied under the influence of temperature
at constant pressures of 0, 5, 10, and 15 GPa. The Debye temperature
expresses the highest heat value that the system can reach due to a single
normal vibration [60]. The results obtained regarding this parameter
indicate that the influence of temperature on Debye temperature is
barely weak, whereas pressure has a significant effect. An application of
pressure by a factor of 5 GPa is capable of raising the Debye temperature
by approximately 90 K. Additionally, the findings suggest that the
studied compounds exhibit low Debye temperatures, implying their

characterization as "soft" materials.

The obtained values for the thermal expansion coefficients of the
compounds Cs2AgXBr6 (X =S, Se, and Te) indicate that these com-
pounds exhibit low values at low temperatures, increasing significantly
with rising temperature until reaching 150 Kelvin. At this point, these
compounds exhibit only slight expansion, giving them good volume
stability against thermal changes at ambient temperature. Additionally,
applying an external pressure of just 5 GPa reduces the thermal expan-
sion coefficient to half its value without pressure. Furthermore, the re-
sults confirm that, at the same temperature and pressure conditions, the
compound Sc2AgTeBr6 has a lower thermal expansion coefficient
compared to the other two compounds.

The vibration of particles in crystalline compounds contributes to
heat transfer. We calculated the thermal conductivity for the crystalline
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Fig. 10. The heat capacities (Cv), Entropy (S), Debye temperature (6p), Thermal expansion Coefficent (a) and thermal conductivity (Kj).

compounds under study. It became evident through the thermal
conductivity-temperature curves that all three compounds exhibit very
low thermal conductivity, not exceeding 0.7 w.m ! K !atzero pressure
and temperatures below 100 K. However, these values increase with
increasing pressure for temperatures not exceeding 100 K and converge
towards a value of approximately 0.3 W.m™' K~! at temperatures
exceeding 350 K.

4. Conclusions

We have performed first-principles calculations on the structural,
electronic, and optical properties of CsyAgXBrg (X =S, Se, and Te)
double perovskite compounds. We investigated these new compounds in
terms of their structural stability, the electronic and optical properties.
The equilibrium structural and elastic parameters of X;AgBiBrg show
that these compounds are elastically stable, ductile, anisotropic, and
ionically bonded. Both Poisson ratio and Pugh ratio imply that
CsyAgXBrg (X =S, Te, Se) compounds are ductile. The calculated DOS
and the electronic band structures of the investigated compounds point
up that there is no bandgap due to the overlap between the conduction
band and the valence band. Thus, these compounds have metallic

behavior as the band gap tends to zero. We calculated the optical
transmittance of the CsyAgXBrg compounds and discussed their trans-
parent behaviors. According to the calculated optical transmission
spectra of these compounds, CspAgSeBrg and CsyAgTeBrg are semi-
transparent in the visible region of the electromagnetic spectrum.
Owing to their promising metallic and semi-transparent behaviors, they
can be considered as potential candidates for use in solar cells and other
optoelectronic devices that operate in the ultraviolet region of the
spectrum.
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