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We investigated the potential of double perovskite halides Rb2YAuX6 (X = Br, Cl) for renewable energy applications using density functional
theory (DFT) with the full-potential linearized augmented plane wave (FP-LAPW) method. These compounds are structurally stable in the
cubic Fm-3m phase and demonstrate excellent mechanical strength. Electronic structure calculations revealed that the compounds are indirect
band gap semiconductors, with energy gaps ranging from 1.58 to 2.01 eV when using the PBE-GGA approximation, and from 3.49 to 3.70
eV when using the TB-mBJ potential. Optical analysis shows strong ultraviolet (UV) absorption and low reflectivity in the visible range.
We estimated the thermodynamic properties as a function of temperature using the quasi-harmonic Debye model. Key thermal parameters,
including entropy, specific heat capacity, and Debye temperature, were calculated to evaluate thermal stability at high temperatures. These
results are crucial to evaluate the suitability of Rb2YAuX6 compounds (X = Br, Cl) for use in industrial and high-temperature environments.
This work represents the first predictive theoretical investigation of these materials, as no prior experimental or computational studies have
been conducted on them. Our findings suggest that these double perovskites could be ideal for next-generation photovoltaic and energy
harvesting applications.
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1. Introduction

In light of the global shift towards sustainable energy and the
urgent need to minimize environmental damage, research on
energy-efficient materials to replace fossil fuels has intensi-
fied [1]. One of the most promising candidates is perovskite-
based materials which have exceptional potential for use in
applications such as photovoltaics, light-emitting diodes, ra-
diation detectors, and thermoelectric devices. Perovskite so-
lar cells (PSCs) in particular have attracted substantial atten-
tion because of their high power conversion efficiencies of
over 25%, low-cost fabrication methods, and versatility in
material design [2]. However, the practical deployment of
organic-inorganic hybrid perovskites such as CH3NH3PbI3 is
hindered by several challenges. These include poor chemical
stability when exposed to heat and humidity, and the toxicity
of lead ions [3,4].

To address these limitations, double perovskites have
emerged as a promising alternative. They offer improved en-
vironmental stability, reduced toxicity and greater composi-
tional flexibility. Defined by the general formula A2BB’X 6,
these materials enable toxic lead to be substituted with less
harmful elements [5,6], allowing the production of thermally
stable, lead-free compounds [7]. In addition to their opto-

electronic capabilities, double perovskites exhibit favorable
thermodynamic properties, including high thermal stability
and beneficial heat capacity characteristics - both of which
are essential for efficient, durable energy conversion systems.
Thanks to their tunable optoelectronic and thermodynamic
properties, double perovskites are attracting increasing inter-
est for use in photovoltaic, fuel cells, sensors, catalysis and
thermoelectric devices [8,9].

Recent advancements in halide-based double perovskites
have significantly expanded the range of materials available
for clean energy applications. Typically represented by the
formula A2M(I)M(III)X 6 [10], these materials are emerging
as a viable alternative to lead-based perovskites due to their
enhanced stability, adjustable electronic properties, and lower
toxicity. For instance, Rodrigueset al. [11] synthesized and
characterized the lead-free double perovskite Cs2AgSbCl6,
revealing it to have a stable cubic structure and an indirect
band gap of around 2.7 eV, as well as good thermal stability.
This highlights its potential for use in optoelectronic applica-
tions. Similarly, Volonakiset al. [12] investigated Cs2BB’X 6

compounds (B = Bi, Sb; B’ = Cu, Ag, Au; X = Cl, Br, I) and
found that they have low effective carrier masses and tunable
visible-range band gaps, rendering them suitable for light-
harvesting technologies.
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Feng et al. [13] also reported on the cubic phase of
Cs2CuBiX6 (X = Cl, Br), which exhibited indirect band gaps
and reasonable stability under thermal stress, illumination,
and humidity. McClureet al. [14] reported band gaps of 2.19
and 2.77 eV for Cs2AgBiBr6 and Cs2AgBiCl6, respectively.
These values are slightly lower than those of CH3NH3PbBr3
(2.26 eV) and CH3NH3PbCl3 (3.00 eV). Subsequently, Wang
et al. [15] demonstrated that Cs2AgBiBr6-based perovskite
solar cells (PSCs) achieved a power conversion efficiency of
3.11%, which is one of the highest for thermally stable, lead-
free devices.

While this efficiency is moderate, it has prompted the ex-
ploration of alternative structures, such as Cs2AgSbX6 and
Y2AgXZ6 (Y = K, Rb, Na, Li; X = Sb, Bi and Z = halo-
gen) [16,17]. While cation substitution (e.g., Bi3+ →Sb3+

or Cs+ → lighter alkali metals) can improve optoelectronic
behavior, the indirect band gaps of these devices restrict their
photovoltaic performance. However, incorporating indium
has shown potential for inducing an indirect-to-direct band
gap transition, thereby improving light absorption and device
efficiency [18]. Alongside experimental studies, computa-
tional approaches such as density functional theory (DFT)
have become critical tools for predicting the structural, elec-
tronic, and thermoelectric behavior of new perovskite sys-
tems. Saeedet al. [19] conducted an extensive DFT anal-
ysis on Cs2AgCrX6 (X = Cl, Br, I), revealing promising
structural, electrical, mechanical, optical, and thermoelectric
properties for potential energy applications. Further theoret-
ical investigations have focused on understanding the elec-
tronic, optical, and transport properties of other halide dou-
ble perovskites, including Rb2XInBr6 (X = Na, K) [20],
Rb2ScCuBr6 and Cs2ScCuBr6 [21], and K2AgSbX6 (X =
Cl, Br) [22]. These investigations have enriched the com-
positional landscape of double perovskites and laid a solid
theoretical foundation for future experimental efforts and ma-
terial optimization. This study primarily aims to use DFT-
based computational methods to predict new, lead-free dou-
ble perovskite materials that exhibit enhanced optoelectronic
and charge transport properties for use in energy applications.
This work focuses on the structural stability, thermodynamic

behavior, elastic response, and electro-optic characteristics of
Rb2YAuX6 (X = Br, Cl) compounds. Particular attention is
given to evaluating the impact of halide substitution on these
critical physical parameters. To our knowledge, no prior the-
oretical or experimental investigations have been conducted
on these specific materials. This study is expected to provide
valuable information for designing and developing environ-
mentally friendly double perovskites for use in future ther-
moelectric systems and solar energy technologies.

2. Calculation method

This study investigated the structural, mechanical, electronic,
optical, and thermodynamic properties of the double per-
ovskites Rb2YAuX6 (X= Br,Cl) using the WIEN2k computa-
tional package. This package is based on density functional
theory (DFT) within the full-potential linearized augmented
plane wave (FP-LAPW) formalism [23]. This method solves
the Kohn–Sham equations, derived from the Schrödinger
wave equation, and treats the electronic wave function as
a functional of the electron density. Within the muffin-
tin spheres centered on atoms, the wave functions are ex-
panded using spherical harmonics, while in the interstitial
regions they are represented by plane-wave expansions, as-
suming a constant potential in each region. For structural op-
timization and ground-state energy calculations, the Perdew–
Burke–Ernzerhof generalized gradient approximation (PBE-
GGA) [24] and the PBE functional revised for solids (GGA-
PBEsol) [25] were used, despite their well-known tendency
to underestimate electronic band gaps. We selected the PBE-
GGA functional as our primary method because it is robust
and widely adopted in computational solid-state physics. It
provides a reliable and computationally efficient framework
for analyzing a broad range of properties, including structural
and mechanical characteristics. We are aware that PBEsol is
specifically optimized for solids and often yields more accu-
rate lattice constants and bulk moduli. To enhance the reli-
ability of our study, we performed additional structural op-
timization calculations using PBEsol. The results are pre-
sented in Table I.

TABLE I. The optimized lattice parametera, bulk modulusB0, its pressure derivativeB′
0, minimum energyE0, and formation energyEform

for Rb2YAuX6 (X = Br, Cl) using PBE-GGA and PBEsol.

Compound Phase Method a (Å) B0 (GPa) B′
0 E0 (Ry) Eform (Ry)

Rb2YAuBr6 FM PBE-GGA 11.3081 25.0801 2.4818 -88073.875177 -1.739

FM PBEsol 11.0709 31.1025 3.5768 -88031.397527

NM PBE-GGA 11.3083 24.9879 2.1704 -88073.875186

NM PBEsol 11.0689 29.5174 4.9199 -88031.398618

Rb2YAuCl6 FM PBE-GGA 10.7634 30.1263 4.7595 -62332.365791 -2.033

FM PBEsol 10.5504 34.3315 5.1422 -62302.247853

NM PBE-GGA 10.7633 30.2241 4.9683 -62332.365800

NM PBEsol 10.5544 34.4985 4.1812 -62302.248317
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However, standard GGA functionals are known to un-
derestimate band gaps. To overcome this issue, we com-
plemented our calculations with the Tran–Blaha modified
Becke–Johnson (TB-mBJ) potential [26], which significantly
improves electronic band-structure predictions. This dual-
functional strategy allowed us to use PBE-GGA (and PBEsol
for validation) for structural and mechanical properties, while
employing mBJ for a more accurate description of the elec-
tronic and optical properties. The Monkhorst–Pack scheme
was used to sample the first Brillouin zone [27]. A10 ×
10 × 10 k-point mesh was used for electronic structure cal-
culations, and a20 × 20 × 20 mesh for evaluating optical
properties. The parametersGmax andRMT ×Kmax were set
to 14 and 8, respectively. Here,RMT represents the radius
of the smallest atomic sphere. These parameters are crucial
for defining the basis-set cutoff and ensuring the precision of
the LAPW method. The energy convergence threshold was
set to10−4 Ry, with total charge convergence maintained at
10−4 e.

The elastic constants were calculated using the cubic-
elastic package implemented in WIEN2k [28], which com-
putes the three independent elastic constantsC11, C12, and
C44 that characterize the mechanical response of cubic crys-
tals under strain. Optical properties were obtained using the
Kramers–Kronig relations, which connect the real and imag-
inary parts of the dielectric function [29].

The electronic configurations used in the simulations
were:

Rb : 4s2 4p6 5s1,

Y : 4s2 4p6 4d1 5s2,

Au : 5d10 6s1,

Br : 4s2 4p5,

This ensured accurate valence-electron interaction mod-
eling. Finally, thermodynamic properties—entropy, specific
heat capacity, and thermal expansion coefficient—were cal-
culated using the Gibbs2 code [30], offering reliable predic-
tions across wide temperature and pressure ranges.

3. Results and discussion

3.1. Structural stability

The structural feasibility of a double perovskite with the gen-
eral formula A2BB′X6 can be evaluated using two geometric
descriptors: the tolerance factor (τ ) and the octahedral factor
(µ). These dimensionless parameters provide insight into the
spatial compatibility of the constituent ions of the perovskite
lattice and are defined as follows:

τ =
RA + RX√

2 (RB + RB′) + RX

2

, (1)

µ =
RB

RX
, (2)

whereRA, RB , and RB′ are the ionic radii of the A-site
monovalent cation, the trivalent B-site cation, and theB′-site
cation, respectively, andRX is the radius of the halide anion.
These definitions were first proposed by Goldschmidt [31],
and the ionic radii values used here follow the revised data
by Shannon [32].

FIGURE 1. The atomic arrangement of the double perovskite Rb2YAuX6 (X = Br, Cl) is shown in both 2D and 3D views.
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FIGURE 2. Calculated total energy as a function of the volume for a) Rb2YAuBr6 and b) Rb2YAuCl6 compounds in nonmagnetic (NM) and
ferromagnetic (FM) configurations using the PBE-GGA approximation.

A tolerance factor in the range of 0.71 to 1.00 generally
indicates the formation of a stable perovskite structure, with
values close to 1.00 suggesting an ideal cubic geometry. Liet
al. [33] calculated the tolerance factors for the Rb2YAuX6

(X = Br, Cl) compounds by taking into account the ionic
radii of Rb+ (1.52 Å), Y3+ (0.90 Å), Au3+ (0.85 Å), Br−

(1.96 Å) and Cl− (1.81 Å). The resulting tolerance factors
were found to be approximately 0.868 for X = Br and 0.878
for X = Cl. These values confirm the likelihood of forming
a stable cubic perovskite structure in the Fm3m space group
(No. 225) [34]. Figure 1 illustrates the atomic arrangement
of the double perovskite Rb2YAuX6 (X = Br, Cl) is shown
in 2D and 3D views. The crystallographic coordinates are
as follows: Rb atoms occupy the position (1/4, 1/4, 3/4); Y
atoms occupy the position (1/2, 0, 0); Au atoms occupy the
position (0, 0, 0); and halide ions (Br, Cl) occupy the posi-
tion (1/4, 0, 0). This configuration is consistent with a highly
symmetric cubic perovskite phase.

The equation of state used to fit the calculated energy-
volume data is given by the third-order Birch-Murnaghan
equation:

E(V ) = E0 +
B′

0

B′
0(B

′
0 − 1)

×
[
V

(
V0

V

)B′0
− V0

]
+

B0

B′
0

(V − V0), (3)

The equation incorporates several key parameters.V0 repre-
sents the equilibrium volume (ground-state) of the unit cell,
andV corresponds to the deformed volume.E0 denotes the
total energy in the ground state;B0 is the bulk modulus;
andB′

0 is its first pressure derivative. Fitting the calculated
energy-volume data using this formalism shows that the min-
imum point on theE-V curve corresponds to the configura-
tion with the lowest energy, which represents the crystal’s
ground state. Figure 2 shows how the total energy varies

with volume for the investigated compounds. To determine
the most stable magnetic configuration, two spin states were
examined: non-magnetic (NM) and ferromagnetic (FM). The
results indicate that the paramagnetic configuration yields the
lowest total energy, confirming that the paramagnetic phase
obtained with the GGA functional corresponds to the opti-
mized ground-state structure of the studied system.

Additionally, to investigate the relative phase stabilities
for the physical properties of interest, we have calculated the
ground-state stability by computing the formation energy of
Rb2YAuX6 (X = Br, Cl) double perovskites [35]. to deter-
mine the formation energy and demonstrate the compounds’
thermodynamic stability, we employ the following expres-
sion:

ERb2YAuX6
form =

1
10

(
ERb2YAuX6

solid

− [2ERb + EY + EAu + 6EX]

)
, (4)

The stability of the compound is confirmed by negative
formation energies. From the computed negative formation
energy values displayed in Table I, it can be inferred that the
double perovskites Rb2YAuX6 (X = Br, Cl) are anticipated
to exhibit thermodynamic stability and can therefore be syn-
thesized experimentally.

3.2. Electronic properties

This section presents the electronic band structures of the
halide double perovskites Rb2YAuBr6 and Rb2YAuCl6 (see
Fig. 3). As illustrated in the band diagrams, the valence band
maximum (VBM) and the conduction band minimum (CBM)
do not occur at the samek-point. Both compounds exhibit an
indirect bandgap: between theL andΓ points when using the
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FIGURE 3. Electronic band structure plots for Rb2YAuBr6 [panel a)], and Rb2YAuCl6 [panel b)] obtained using both the GGA-PBE (red
lines) and mBJ-GGA (blue lines) functionals.

FIGURE 4. Total and partial density of states for (a) Rb2YAuBr6 and (b) Rb2YAuCl6 perovskites calculated by GGA.

GGA approach, and between the L and X points when ap-
plying the Tran–Blaha modified Becke–Johnson (TB-mBJ)
potential. The mBJ approximation is a semi-local exchange
potential specifically designed to improve the accuracy of
bandgap predictions in semiconductors and insulators [26],
where GGA typically underestimates these values. In many
cases, the mBJ method yields bandgap energies that closely
match experimental observations. Our results therefore con-
firm the indirect bandgap nature of the Rb2YAuX6 (X = Br,
Cl) systems.

A significant discrepancy is observed between the
bandgap values obtained using GGA (1.58–2.01 eV) and
mBJ (3.49–3.70 eV). This difference arises from the dis-

tinct treatment of exchange-correlation effects: while GGA
is computationally efficient, it systematically underestimates
band gaps due to its limited description of electronic ex-
change interactions. in contrast, the mBJ potential introduces
a non-local exchange term, providing a more realistic approx-
imation of quasiparticle effects and resulting in bandgap val-
ues that are closer to the experimental results.furthermore, the
trend of larger band gaps in Cl-based perovskites compared to
Br-based ones is consistent with the higher electronegativity
and smaller lattice constants of chloride compounds,which
enhance electronic confinement.which enhance electronic
confinement. Although mBJ does not fully replace advanced
many-body techniques, it provides an excellent compromise
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FIGURE 5. Total and partial density of states for a) Rb2YAuBr6 and b) Rb2YAuCl6 perovskites calculated by mBJ-GGA.

between accuracy and computational cost, making it a pow-
erful tool for predicting the electronic properties of complex
double-perovskite materials [36].

The comprehensive density of states (DOS) profiles, pre-
sented in Figs. 4 and 5, offer valuable insights into the elec-
tronic structure and orbital interactions of the Rb2YAuX6 (X
= Br, Cl) double perovskites. Analysis shows that the va-
lence band is predominantly influenced by the p-orbitals of
the halogen atoms (Br or Cl) and the d-orbitals of the gold
atoms (Au). Minor contributions are observed from the yt-
trium atom (Y), while the rubidium atom (Rb) exerts negligi-
ble influence. Near the Fermi level, the electronic states are
predominantly attributed to the Au d-orbitals, accompanied
by hybridization with the halogen p-orbitals. Meanwhile, the
Rb and Y orbitals remain largely inactive in terms of direct
electronic contribution. The lower conduction band is pre-
dominantly shaped by the hybridization of the halogen p-
states and gold d-states, and to a lesser extent the yttrium
s-states. This indicates covalent bonding in these materials.
In Cl-based compounds, the valence band is narrower than in
Br-based analogues due to the higher electronegativity of Cl.
This reduces orbital overlap and increases the ionic charac-
ter of the bonding. The alkali metal (Rb) primarily plays a
structural role, ensuring lattice stability through ionic inter-
actions, and its electronic states lie far from the Fermi level.
Consequently, substitution with Cl does not significantly af-
fect the band gap, though it may cause slight variations in
lattice parameters due to differences in ionic radii. Compar-
ative analysis of the GGA and mBJ approaches reveals that
the mBJ functional predicts a notably wider band gap, par-
ticularly in Cl-based compounds. This enhancement is at-
tributed to the mBJ functional’s more accurate treatment of
exchange-correlation effects. Furthermore, the mBJ func-
tional increases the intensity of the density of states (DOS)
associated with Au d-states near the Fermi level while reduc-

ing the DOS contribution of Cl p-states in the valence re-
gion [37].

3.3. Optical properties

To understand the optical behavior of the double perovskite
compounds Rb2YAuBr6 and Rb2YAuCl6, we examined
their frequency-dependent complex dielectric functions [38].
These functions are defined as

ε(ω) = ε1(ω) + iε2(ω), (5)

whereε1(ω) is the real part andε2(ω) is the imaginary part
[39]. We calculated these functions using the generalized gra-
dient approximation (GGA) and the modified Becke-Johnson
(mBJ) potential. Figures 6a) and 6b) show that the static di-
electric constants (ε1(0)) are approximately 3.9 and 3.1 for
Rb2YAuBr6 and Rb2YAuCl6, respectively. These values in-
dicate moderate dielectric screening. They are also consistent
with the calculated refractive indices, following the relation

n2(0) ≈ ε1(0), (6)

[40]. The mBJ results show a reduction inε1(ω) due to the
larger predicted band gap. Figure 6b) shows that the imagi-
nary part (ε2) indicates strong interband transitions with ab-
sorption thresholds of approximately 3.7 and 4.2 eV under
GGA. Under mBJ, these thresholds shift to approximately
4.8 and 5.3 eV, respectively. Most absorption occurs between
7.0 and 8.5 eV for Rb2YAuBr6 and between 6.0 and 7.5 eV
for Rb2YAuCl6. The refractive index (n(ω)) exceeds 1.8 at
low energy and decreases with photon energy, consistent with
normal dispersion. At the same time, the extinction coeffi-
cientK(ω) shows the attenuation of light through the inves-
tigated materials, as shown in Fig. 6a), 6b). The calculated
values show that the overall patterns of bothK(ω) andε2(ω)
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FIGURE 6. The calculated optical parameters of the double perovskite compounds Rb2YAuBr6 [panel a)], and Rb2YAuCl6 [panel b)] using
GGA (red lines) and mBJ (blue lines) potentials: real part of the dielectric functionε1(ω), imaginary part of the dielectric functionε2(ω),
refractive indexn(ω) and extinction coefficientK(ω).

FIGURE 7. The calculated optical functions of the double perovskite compounds Rb2YAuBr6 [panel a)] and Rb2YAuCl6 [panel b)] using
GGA (red lines) and mBJ (blue lines) potentials: absorption coefficientα(ω), optical conductivityσ(ω), reflectivityR(ω) and energy loss
functionL(ω).

are similar. These optical constants suggest that both com-
pounds possess the properties necessary for ultraviolet (UV)
transparency and low reflectance. Further insights are pro-
vided by the absorption coefficientα(ω), optical conductiv-

ity σ(ω), and energy loss functionL(ω) [41]. All of which
are depicted in Figs. 7a), 7b). The absorption spectra confirm
that both materials exhibit sharp optical band edges in the
near-UV region. Theα(ω) values exceed150 × 104 cm−1
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in the far-UV region, which is comparable to that of known
UV-absorbing semiconductors. The steep rise inα(ω) re-
flects strong interband transitions and indicates the high pu-
rity of the simulated crystal structures. The optical conduc-
tivity σ(ω) increases significantly beyond the band edge, with
pronounced peaks observed between 6 and 12 eV, particularly
under mBJ. This suggests efficient carrier excitation. The en-
ergy loss functionL(ω), which represents plasmonic behav-
ior, reveals distinct peaks at approximately 7.8 and 8.2 eV for
Rb2YAuBr6 and Rb2YAuCl6, respectively. These peaks are
attributed to bulk plasmon resonances. The bromide com-
pound’s stronger, sharper peak suggests enhanced energy
loss efficiency and potential applications in plasmonic and
energy-harvesting devices. Overall, both materials demon-
strate promising optical properties for use in ultraviolet pho-
todetectors, solar-blind sensors, and optoelectronic devices.
Furthermore, mBJ results provide a more accurate depiction
of their spectral responses.

3.4. Elastic and mechanical properties

We evaluated the mechanical stability of the compounds by
calculating their elastic constants using standard procedures
[42, 43]. For cubic crystal systems, stability is determined
by three independent elastic constants:C11, C12 andC44.
A cubic crystal must satisfy the Born stability criteria to be
mechanically stable:

C11 − C12 > 0, C44 > 0, (4)

C11 + C12 > 0, 0 < B < C12, (5)

All of these are derived using standard relations [44].

BV =
C11 + 2C12

3
, (6)

BR = BV , (7)

B0 =
BV + BR

2
, (8)

GV =
1
3
(3C44 + C11 − C12), (9)

GR =
5(C11 − C12)C44

4C44 + 3(C11 − C12)
, (10)

G =
GV + GR

2
, (11)

E =
9BG

3B + G
, (12)

ν =
3B − 2G

2(3B + G)
, (13)

Tm = [553 K + (5.911)C11]GPa± 300 K, (14)

As shown in Table II, the bulk modulus, which quantifies re-
sistance to uniform compression, is significantly higher for
Rb2YAuCl6 (34.87 GPa) than for Rb2YAuBr6 (25.01 GPa).
This suggests that the chloride-based compound has greater
mechanical strength. This trend is consistent across the shear
and Young’s moduli, with Rb2YAuCl6 exhibiting superior
stiffness overall. TheB/G ratio provides further insight
into ductility, with a critical threshold of 1.75 distinguish-
ing between ductile and brittle materials [45, 46]. With a
B/G ratio of 3.43,Rb2YAuBr6 clearly exhibits ductile be-
havior. In contrast,Rb2YAuCl6, with a ratio of 1.04, lies
near the brittle limit. A similar pattern is observed in Pois-
son’s ratio (ν): values above 0.26 typically indicate ductility
and ionic bonding. The calculated Poisson’s ratios are 0.367
for Rb2YAuBr6 and 0.137 forRb2YAuCl6. These values
suggest thatRb2YAuBr6 is more ductile and likely exhibits
stronger ionic character, whereasRb2YAuCl6 is more brit-
tle, potentially due to greater contributions from covalent
bonding. The estimated melting temperatures, 1200.42 K
for Rb2YAuCl6 and 1057.85 K for Rb2YAuBr6, further
support the superior thermal and mechanical resilience of the
chloride compound. While both materials fulfill the criteria
for mechanical stability,Rb2YAuCl6 is more thermally sta-
ble and mechanically robust, making it better suited to appli-
cations involving mechanical stress or high-temperature con-
ditions.

3.5. Elastic anisotropy

To understand the directional mechanical behavior of the
halide double perovskites Rb2YAuBr6 and Rb2YAuCl6, we
analyzed their elastic anisotropy using three-dimensional
(3D) representations of the following key mechanical moduli:
Young’s modulus (E), linear compressibility (β), shear mod-
ulus (G), and Poisson’s ratio (ν). These results are shown
in Fig. 8. These visualizations, obtained via theELATE code
[47], reveal deviations from spherical symmetry in all prop-
erties exceptβ, indicating anisotropic behavior. This obser-
vation is quantitatively supported by the data summarized in
Table III, which provides the extreme values and correspond-

TABLE II. Elastic constants (Cij , B0, G in GPa) and mechanical properties.

Compound C11 C12 C44 B0 G B/G E (GPa) ν Tm (K)

Rb2YAuBr6 34.6 20.2 4.5 25.0 7.3 3.43 19.9 0.37 1058

Rb2YAuCl6 58.8 22.9 30.9 34.9 33.4 1.04 75.9 0.14 1200
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FIGURE 8. Calculated three-dimensional representations of the directional dependence of the elastic moduli for Rb2YAuBr6 and Rb2YAuCl6:
a) Young’s modulus, b) shear modulus, c) linear compressibility, and d) Poisson’s ratio.

TABLE III. Anisotropic mechanical properties (Young’s modulus
E, Shear modulusG, Compressibilityβ, Poisson’s ratioν). Units
in GPa exceptβ (TPa−1).

Property Rb2YAuBr6 Rb2YAuCl6

Young’s modulus(E)

Emin 12.684 45.917

Emax 19.787 71.489

Anisotropy 1.560 1.557

Shear modulus(G)

Gmin 4.4806 17.929

Gmax 7.2312 30.859

Anisotropy 1.614 1.721

Linear compressibility(β)

βmin 13.326 9.5593

βmax 13.326 9.5593

Anisotropy 1.0000 1.0000

Poisson’s ratio(ν)

νmin 0.2592 0.0167

νmax 0.5550 0.3833

Anisotropy 2.1407 22.894

ing anisotropy factors for each property. For Rb2YAuBr6, the
anisotropy is moderate, with values of 1.56 for Young’s mod-
ulus and 1.614 for the shear modulus. The 3D plot of Pois-
son’s ratio shows some directional distortion, consistent with
an anisotropy factor of 2.14. In contrast, Rb2YAuCl6 exhibits
more pronounced anisotropy, particularly in the shear modu-
lus (1.721) and Poisson’s ratio, which reaches an exception-
ally high value of 22.89. This reflects significant variation in
lateral deformation depending on the crystallographic direc-
tion. Notably, linear compressibility (β) is perfectly isotropic

in both compounds, with an anisotropy factor of 1.000, as
demonstrated by the nearly spherical shapes in theβ plots. In
conclusion, the numerical values in Table III and the visual
evidence in Fig. 8 confirm that Rb2YAuCl6 exhibits stronger
elastic anisotropy than Rb2YAuBr6, particularly in shear and
deformation behavior. This anisotropy is a critical factor
to consider when evaluating these materials for applications
subject to complex stress fields [47-49].

3.6. Thermodynamic properties

Understanding the thermodynamic properties of materials is
essential for evaluating their long-term effectiveness and sta-
bility in energy conversion processes under different environ-
mental conditions. The Debye temperature (θD) can be used
to estimate the strength of chemical bonds directly using the
following expression [50]:

θD = f(ρ,M, vm), (15)

As demonstrated,θD is related to material density (ρ), molar
mass (M ), and mean sound velocity (vm) [50]. This relation-
ship establishes a connection betweenθD and these proper-
ties.

Figure 9 illustrates the temperature-dependent thermo-
dynamic properties, including heat capacity (CV ), entropy
(S), Debye temperature (θD), and thermal expansion coef-
ficient (α) for Rb2YAuX6 (X = Br, Cl). These results, ob-
tained using the quasi-harmonic Debye model over a wide
temperature range (0–1800 K), reveal the effects of hydro-
static pressures ranging from 0 to 25 GPa. The heat capacity
exhibits a sharp increase at low temperatures (T < 300 K),
attributed to the progressive excitation of phonon modes. Be-
yond approximately 400 K,CV tends to saturate near the
classical Dulong–Petit limit of3R per atom (approximately
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FIGURE 9. Variation against temperature in heat capacity and Debye temperature for Rb2YAuX6 (X = Br, Cl).

250 J/mol·K), consistent with the harmonic approximation at
high temperatures. The influence of pressure is more notice-
able at low temperatures, where increased pressure reduces
the heat capacity, likely due to phonon stiffening caused by
lattice compression. Of the two materials, Rb2YAuCl6 ap-
proaches saturation slightly faster than Rb2YAuBr6, reflect-
ing differences in lattice dynamics and bond strengths related
to the halide anion. The Debye temperature (θD), which re-
flects the average phonon frequency and thus the stiffness of
the crystal lattice, shows an inverse correlation with temper-
ature [51]. It decreases gradually with increasing tempera-
ture due to anharmonic effects and thermal expansion, which
weaken interatomic bonds. However,θD systematically in-
creases with applied pressure, consistent with lattice hard-
ening and the suppression of low-frequency phonon modes.
Rb2YAuCl6 exhibits consistently higher Debye temperatures
than Rb2YAuBr6 at all pressures, indicating stronger bonding
interactions and a more rigid framework in the chloride-based
structure.

Figure 10 illustrates the relationship between entropy (S)
and temperature. As is typical of crystalline solids, entropy
increases monotonically with temperature as vibrational dis-
order intensifies. However, applying pressure significantly
reduces entropy values as compressive stress restricts atomic
vibrations and reduces configurational disorder. At equiva-
lent temperatures and pressures, Rb2YAuBr6 exhibits higher
entropy values than Rb2YAuCl6. This suggests that the bro-

mide compound has a more disordered structure or a softer
bonding environment. For instance, at 1000 K and 0 GPa,
Rb2YAuBr6 has notably higher entropy than Rb2YAuCl6,
which lends weight to this interpretation.

The thermal expansion coefficientα, shown in the final
column, provides insight into the anharmonicity of lat-
tice vibrations and the strength of interatomic bonding. Both
compounds exhibit a sharp increase inα at low temperatures
(up to∼300 K), followed by either a plateau or a gradual
increase at higher temperatures. This indicates saturation be-
havior, caused by the complete activation of phonon modes.
The influence of pressure onα is significant; increased pres-
sure leads to a substantial reduction in the thermal expansion
coefficient [52,53].

At room temperature (300 K),α values decrease system-
atically from ambient pressure to 25–30 GPa. For example,
theα value of Rb2YAuBr6 is approximately12.5×10−5 K−1

at 300 K and 0 GPa, decreasing to around7 × 10−5 K−1 at
25 GPa. Rb2YAuCl6 exhibits lowerα values under all condi-
tions compared to its bromide counterpart, reflecting stronger
interatomic forces and better thermal dimensional stability.
These findings suggest that Rb2YAuCl6 is better suited to
applications requiring structural rigidity and thermal stabil-
ity under compressive stress. Conversely, Rb2YAuBr6, with
its greater entropy and thermal expansivity, may be advanta-
geous in systems requiring enhanced vibrational and thermal
responsiveness.
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FIGURE 10. Variation against temperature in entropy and thermal expansion coefficient for Rb2YAuX6 (X = Br, Cl).

4. Conclusion

This study used density functional theory (DFT) to analyze
the structural, thermodynamic, elastic and electro-optical
properties of the halide double perovskite Rb2YAuX6 (X =
Cl, Br). The results indicate that halide substitution has a sig-
nificant impact on the mechanical behavior, thermal stability
and optoelectronic performance of these materials. Calcula-
tions of elastic constants and formation energies confirm that
both compounds crystallize in a mechanically stable cubic
structure. While Rb2YAuBr6 and Rb2YAuCl6 both satisfy
the criteria for mechanical stability, Rb2YAuCl6 exhibits su-
perior ductility and thermal stability. This makes it a more
suitable candidate for use in applications involving mechani-
cal stress and elevated temperatures.

Thermodynamic evaluations further confirm their high-
temperature stability, reinforcing their potential for indus-
trial deployment. Furthermore, Rb2YAuCl6 exhibits stronger
elastic anisotropy than Rb2YAuBr6 with regard to shear and
deformation behavior. This is an important factor for devices
operating under complex mechanical conditions. Band struc-
ture calculations show that both compounds are indirect band
gap semiconductors. Within the GGA approximation, their
band gaps range from 1.58 eV to 2.01 eV. However, the mBJ
functional corrects these values to a higher range of 3.49–

3.70 eV. Replacing Cl with Br reduces the band gap, indi-
cating stronger optical absorption and a lower threshold for
electronic excitation

While their absorption in the visible spectrum is lim-
ited under the GGA approximation, the mBJ-corrected re-
sults highlight the potential of these materials for opto-
electronic applications, particularly in UV-light-driven pho-
tovoltaic devices. In conclusion, Rb2YAuX6 compounds
demonstrate promising photoelectric and thermo-mechanical
properties, establishing them as promising candidates for
next-generation energy harvesting and optoelectronic tech-
nologies.
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16. G. Garćıa-Espejo, D. Rodrı́guez-Padŕon, R. Luque, L.
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42. M. Gajdǒs, K. Hummer, G. Kresse, J. Furthmüller, and F.
Bechstedt, Linear optical properties in PAW method,Phys.
Rev. B73 (2006) 045112,https://doi.org/10.1103/
PhysRevB.73.045112

43. M. Born and K. Huang,Dynamical Theory of Crystal Lattices
(Clarendon Press, Oxford, 1954), pp. 837–838.

44. S. I. Ranganathan and M. Ostoja-Starzewski, Universal elastic
anisotropy index,Phys. Rev. Lett.101(2008) 055504,https:
//doi.org/10.1103/PhysRevLett.101.055504

45. R. Hill, Elastic behaviour of crystalline aggregates,Proc. Phys.
Soc. A 65 (1952) 349, https://doi.org/10.1088/
0370-1298/65/5/307

46. S. F. Pugh, Relations between elastic moduli and plastic proper-
ties,Philos. Mag.45 (1954) 823,https://doi.org/10.
1080/14786440808520496

47. R. Gaillac, P. Pullumbi, and F. X. Coudert, ELATE: elas-
tic tensor visualization tool,J. Phys.: Condens. Mat-
ter 28 (2016) 275201, https://doi.org/10.1088/
0953-8984/28/27/275201

48. C. M. Zener and S. Siegel, Elasticity and anelasticity of metals,
J. Phys. Chem.53 (1949) 1468,https://doi.org/10.
1021/j150474a017

49. M. E. Fine, L. D. Brown, and H. L. Marcus, Elas-
tic constants versus melting temperature in metals,Scripta
Metall. 18 (1984) 951, https://doi.org/10.1016/
0036-9748(84)90267-9

50. C. Jasiukiewicz and V. Karpus, Debye temperature of cubic
crystals,Solid State Commun.128 (2003) 167,https://
doi.org/10.1016/j.ssc.2003.08.008

51. D. G. Cahill, S. K. Watson, and R. O. Pohl, Lower limit to
thermal conductivity of disordered crystals,Phys. Rev. B46
(1992) 6131,https://doi.org/10.1103/PhysRevB.
46.6131

52. A. Otero-de-la-Roza and V. Luaña, Robust treatment of static
data in Gibbs2,Comput. Phys. Commun.182 (2011) 1708,
https://doi.org/10.1016/j.cpc.2011.04.016

53. M. A. Blanco, E. Francisco, and V. Luaña, GIBBS:
quasi-harmonic Debye model,Comput. Phys. Commun.158
(2004) 57, https://doi.org/10.1016/j.comphy.
2003.12.001

Rev. Mex. Fis.72040501

https://doi.org/10.1103/PhysRevB.13.5188�
https://doi.org/10.1103/PhysRevB.13.5188�
https://doi.org/10.1016/j.commatsci.2014.08.027�
https://doi.org/10.1016/j.commatsci.2014.08.027�
https://doi.org/10.1007/b138245�
https://doi.org/10.1007/b138245�
https://doi.org/10.1016/j.cpc.2011.05.009�
https://doi.org/10.1016/j.cpc.2011.05.009�
https://doi.org/10.1007/BF01507527�
https://doi.org/10.1007/BF01507527�
https://doi.org/10.1107/S0567739476001551�
https://doi.org/10.1107/S0567739476001551�
https://doi.org/10.1107/S0108768108032734�
https://doi.org/10.1007/BF00720945�
https://doi.org/10.1007/BF00720945�
https://doi.org/10.1073/pnas.30.9.244�
https://doi.org/10.1073/pnas.30.9.244�
https://doi.org/10.1126/science.1146006�
https://doi.org/10.1126/science.1146006�
https://doi.org/10.1016/j.chemphys.2023.112015�
https://doi.org/10.1016/j.chemphys.2023.112015�
https://doi.org/10.1007/s11082-024-06344-4�
https://doi.org/10.1007/s11082-024-06344-4�
https://doi.org/10.1016/j.matchemphys.2016.09.009�
https://doi.org/10.1016/j.matchemphys.2016.09.009�
https://iopscience.iop.org/article/10.1088/1402-4896/ac4ed3�
https://iopscience.iop.org/article/10.1088/1402-4896/ac4ed3�
https://doi.org/10.1016/j.chemphys.2021.111322�
https://doi.org/10.1016/j.chemphys.2021.111322�
https://doi.org/10.1103/PhysRevB.73.045112�
https://doi.org/10.1103/PhysRevB.73.045112�
https://doi.org/10.1103/PhysRevLett.101.055504�
https://doi.org/10.1103/PhysRevLett.101.055504�
https://doi.org/10.1088/0370-1298/65/5/307�
https://doi.org/10.1088/0370-1298/65/5/307�
https://doi.org/10.1080/14786440808520496�
https://doi.org/10.1080/14786440808520496�
https://doi.org/10.1088/0953-8984/28/27/275201�
https://doi.org/10.1088/0953-8984/28/27/275201�
https://doi.org/10.1021/j150474a017�
https://doi.org/10.1021/j150474a017�
https://doi.org/10.1016/0036-9748(84)90267-9�
https://doi.org/10.1016/0036-9748(84)90267-9�
https://doi.org/10.1016/j.ssc.2003.08.008�
https://doi.org/10.1016/j.ssc.2003.08.008�
https://doi.org/10.1103/PhysRevB.46.6131�
https://doi.org/10.1103/PhysRevB.46.6131�
https://doi.org/10.1016/j.cpc.2011.04.016�
https://doi.org/10.1016/j.comphy.2003.12.001�
https://doi.org/10.1016/j.comphy.2003.12.001�

