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nd thermoelectric response of
lead-free halide double perovskites Rb2BiAuX6

(X = Cl, Br, I) for energy storage applications

Farooq Ali,a Mubashir Hussain,b Hamid Ullah, *a Jian-Tao Wang cde

and Muneerah Alomarf

Double perovskite materials garner a lot of attention because of their extraordinarily high conversion

efficiency in solar cells. Here, we report a detailed first-principles study on the structural, mechanical,

optoelectronic, and thermal characteristics of Rb2BiAuX6 (X = Cl, Br, and I) lead-free halide double

perovskites. Rb2BiAuCl6 exhibits more favorable nature than the other two materials owing to its lowest

formation energy. Rb2BiAuX6 (X = Cl, Br, and I) possess mechanical stability, supported by their high

elastic constants. Interestingly, these double perovskites reveal a semiconductor nature with a band gap

of 1.8 eV, 1.12 eV, and 0.61 eV for Rb2BiAuCl6, Rb2BiAuBr6, and Rb2BiAuI6, respectively. The high

absorption peaks in their optical spectra confirm their suitability for solar cells applications. Rb2BiAuCl6
demonstrates a higher ZT value of 0.78 at 300 K compared to the other two materials. Furthermore,

thermodynamics analysis confirm their suitable behavior under varying pressure and temperature. These

results suggest the potential of these double perovskites for promising applications in solar cells and

thermal devices.
1. Introduction

The need for clean and renewable energy sources, as well as the
growing demand and limited availability of energy, have spur-
red researchers to investigate newmaterial classes.1,2 Because of
the limitations of current energy sources and their conse-
quences on our economy and environment, there is an
increasing desire to look at renewable energy solutions as a way
to achieve sustainable development.3 The scientic community
has recently given solar energy a great deal of attention because
of the depletion of conventional energy sources and the rising
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global energy demand. With its clean and renewable nature,
solar energy essentially eliminates the need for more traditional
energy sources like coal, natural gas, and fossil fuels.4 Instead, it
provides a sustainable alternative.

Double perovskites (DP) have garnered a lot of attention
from scientists lately because of their extraordinarily high
conversion efficiency.1,2 In 2009, double perovskite solar cells
with a 3.8% conversion efficiency were introduced to the opto-
electronics market.5 Efficiency has increased dramatically since
then, reaching levels above 25% so far. A novel class of perov-
skite variations has surfaced recently that offers a competitive
advantage over traditional perovskite solar cells. These substi-
tute perovskite forms, also referred to as double perovskites, are
distinguished by their all-inorganic makeup, which excludes
the usage of lead.1 Generally, perovskites are represented by the
general formulas A2BX6 or A2BB0X6, where A denotes an inor-
ganic cation, B is a tetravalent cation, BB0 is a combination of
monovalent and trivalent cations, and X is a halide. The stability
of solar cells composed of double perovskites is enhanced by
the greater exibility offered by the diverse inorganic options
accessible at the A site.

The B site in double perovskites can be replaced by elements
other than lead, such as Bi, Sn, Ge, Cu, and alkaline metal
elements (such as Ca, Ba, and Sr).1,6–9 Two major prerequisites
must bemet in order to increase the effectiveness of energy cells
and photovoltaic systems based on double perovskites halides.
First, a narrow band gap between 0.8 and 2.2 eV is needed,10 as
better light conversion efficiencies11 are only displayed by good
RSC Adv., 2025, 15, 37999–38013 | 37999

http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra04508h&domain=pdf&date_stamp=2025-10-11
http://orcid.org/0000-0001-7304-8863
http://orcid.org/0000-0002-0786-1212
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04508h
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015045


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 4

/1
3/

20
26

 4
:0

9:
53

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
light absorbers with band gaps between 1.3 and 1.7 eV. Second,
a direct band gap is essential for raising the light conversion
efficiency of the photovoltaic absorbers.12

Among the huge number of DPs, the most promising double
perovskite halides for commercial applications are those like
Rb2BiAuX6 (X = Cl, Br, I), as it possesses an indirect band gap
and a strong absorption edge.13 Because the electronic energy
states occur relatively far from the band boundaries, as is typi-
cally seen in perovskites of the ABX3 type, the Rb cation at the A-
site serves as a spacer. Since an increase in the ionic radius
decreases the energy band gap, halide ions may produce band
gap tuning.14 Notably, the nature of the band gaps, both direct
and indirect, is independent of the cations and anions present
in the A-site. For instance, Kamal et al.15 reported on a band gap
in the range from 0.17 eV to 0.61 eV for Rb2BiAuX6 (X = Cl and
Br). Moreover, the band gap varies with different cations. For
K2AuBiX6 (X = F, Cl, Br, and I), they reported band gaps of
1.16 eV, 1.14 eV, and 1.12 eV, respectively.16 A lot of literature is
available on the band gap tuning with the alteration of
cations.17–20 One can observe the discrepancies in the band gap
in these materials, which motivated us to conduct a systematic
study of the perovskites.

In this work, we have systematically investigated the struc-
tural, mechanical, optoelectronic, thermal, and thermodynamic
characteristics of Rb2BiAuX6 (X = Cl, Br, and I) by rst-
principles calculations. Our ndings show that these double
perovskites may be promising for applications in solar cells and
thermal devices.

2. Computational methods

The study makes use of density functional theory (DFT) as it is
implemented in the Wien2K code.21 Density functional theory's
Kohn–Sham equations are solved using the FP-LAPWmethod.22

The exchange and correlation functionals of Perdew–Burke–
Ernzerhof (PBE-sol) GGA have been considered for relaxing the
structural parameters.23 The muffin-tin radius values of Rb+ =

2.50, Bi3+ = 2.50, Au+ = 2.50, Cl− = 2.13, Br− = 2.37, and Cl− =

2.50 are chosen. In this investigation, we obtain a band gap that
is comparable to the experimental one. The Trans–Blaha
modied Becke–Johnson (TB-mBJ) approximation24,25 potential-
based self-consistent eld (SCF) converges the entire energy of
the systems with proper energy and charge convergence criteria
of 0.0001 and 0.00001, respectively. Additionally, we performed
the spin–orbit coupling along with the mBJ (mBJ + SOC)24,25 to
see the effect of SOC on the electronic properties. We have
considered the standard LO and RLO in SOC calculations,
which automatically place the linearization energy at the
current eigenenergy for the d-orbital. We use the nite
displacement method with a 4 × 6 × 3 supercell to obtain the
phonon spectra and analysed it using the Phonopy code26 with
the Vienna ab initio Simulation Packages (VASP)27,28 as a calcu-
lator. Additionally, for the ab initio molecular dynamics (MD)
simulation, we used the Nose–Hoover heat bath scheme29 with
a step rate of 1 fs. We computed the electronics, optical, ther-
moelectric, and transport using the modied Becke–Johnson
(mBJ) potential.30 We have used k-points with a 12 × 12 × 12
38000 | RSC Adv., 2025, 15, 37999–38013
mesh to sample the Brillouin zone. The thermoelectric prop-
erties are estimated by solving the Boltzmann equation with
a rigid band approximation using the BoltzTrap package.31

Additionally, we have employed the Gibbs232 package to
investigate the thermodynamics properties of Rb2BiAuX6

(X = Cl, Br, I).

3. Results and discussions
3.1. Structure and stability of Rb2BiAuX6 (X = Cl, Br, I)

The face-centered cubic structure of Rb2BiAuX6 (X = Cl, Br, I)
has the Fm�3m space group (#225). As shown in Fig. 1, the unit
cell contains eight Rb atoms occupying the 8c (0.25, 0.25, 0.25),
four Bi atoms occupying the 4a (0.0, 0.0, 0.0), four Au atoms
occupying the 4b (0.5, 0.5, 0.5), and 24 X atoms occupying the
24e (0.0, 0.25, 0.5) Wyckoff positions. It is worth noting that the
double perovskite compounds adopt the A2BB0O6-type structure
with O replaced by halogens: Cl, Br, I).1,9,33 This structure is
highly tunable and relevant for optoelectronic applications (e.g.,
solar cells, LEDs).2,34 The selection of Rb2AuBiX6 (X = Cl, Br, I)
for our study is typically driven by a combination of theoretical
interest, material stability, and targeted electronic properties.
The Rb+ cation stabilizes the perovskite framework, while Au3+

and Bi3+ occupy the B/B0 sites, creating an ordered arrangement.
Au3+ and Bi3+ are isovalent, ensuring charge neutrality without
defects. This simplies the DFT modeling. Bismuth is a low-
toxicity “green element” compared to lead (Pb) or thallium
(Tl), aligning with research into eco-friendly materials.34

To get the cubic lattice constants at the ground state, the
optimal volumes for each of the three double perovskites are
computed prior to calculating the physical properties. The
curves of the volume optimization exhibit the equilibrium
states of Rb2BiAuI6 with a volume of 424 Å3 per f.u., followed by
Rb2BiAuBr6 with a volume of 350 Å3 per f.u., and Rb2BiAuCl6
with a volume of 303 Å3 per f.u. at ground state, as shown in
Fig. 1. Additionally, we have estimated the formation energy of
Rb2BiAuX6 (X = Cl, Br, I) to check their relative stability. We
have used the relation, Ef = [ERb2BiAuX6

− n{2ERb + EBi + EAu +
6EX}]/N, where ERb2BiAuX6

, ERb, EBi, EAu, and EX represent the total
energy of Rb2BiAuX6 (X = Cl, Br, I) per unit cell, and the energy
of the isolated Rb Bi, Au, and the X atoms in their elemental
phase, correspondingly, N is the total number of atoms in the
unit cell, and n = 4 is the number of formula units per unit cell.
We have estimated the Ef values to be−1.58 eV per f.u,−1.41 eV
per f.u., and −1.08 eV per f.u. for Rb2BiAuCl6, Rb2BiAuBr6, and
Rb2BiAuI6, respectively. Our ndings are compared with the
current state of research on K2RbTlBr6 (−1.62 eV),35 Cs2InAuCl6
(−1.38 eV)9 and Cs2InAuBr6 (−1.34 eV).9 Thus, our calculated Ef
values exhibit the stable nature of Rb2BiAuX6 (X = Cl, Br, I) and
can be easily incorporated in experiments. In comparison to
Rb2BiAuBr6 and Rb2BiAuI6, Rb2BiAuCl6 possesses the lowest
formation energy. Thus, Rb2BiAuCl6 could be easily incorpo-
rated in experiments.

To further assess the stability of the Rb2AuBiX6 (X = Cl, Br, I)
structure, we carried out the phonon dispersion calculations.
The calculated phonon band spectrum along the high symmetry
directions (W–L–G–X–W–K) of the Brillouin zone conrms the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Optimized crystal structure (Fm�3m) with the (b–d) energy–volume curves of Rb2BiAuX6 (X = Cl, Br, and I).
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absence of an imaginary frequency at the G-point, indicating
the dynamic stability of the corresponding compounds, as
shown in Fig. 2(a–c). Our calculated phonons are analogous to
those of Cs2InSbX6 (X = Cl, Br, and I)36 and Cs2InBiX6 (X = Cl,
Br, and I).37

Additionally, to verify the thermodynamic stability of Rb2-
AuBiX6 (X = Cl, Br, I), we have performed ab initio nite
temperature molecular dynamics (MD) simulation at 500 K for
8000 steps with a time step of 1 fs using the Nose–Hoover heat
bath scheme.29,38 In order to reduce the periodic constraints, we
have used a supercell of 5 × 5 × 2. We can see the uctuation of
the total energy of compounds as a function of simulation steps.
The average values of the total energy remain nearly constant
during simulation, as shown in Fig. 2. It is observed that the
atomic structures are well-sustained during the simulation
process.
3.2. Mechanical properties

The mechanical (elastic) characteristics of a material and its
stability are frequently evaluated using the elastic constants
© 2025 The Author(s). Published by the Royal Society of Chemistry
(Cij). This property describes how a material undergoes
a change under stress before returning to its initial state when
the strain is removed. It is crucial to disclose details on the
structural stability, anisotropic properties, and the binding
properties between neighboring atomic planes. Three inde-
pendent elastic constants, C11, C12 and C44, dene a compound
in cubic form. Every calculated elastic constant satises the
given Born stability criteria (C44 > 0, C11–C12 > 0, and C11 +
2C12 > 0),39 suggesting that every compound under investigation
is mechanically stable.

In order to determine the basic mechanical characteristics of
Rb2BiAuX6 (X= Cl, Br, I), the computed Cij parameters are listed
in Table 1. These properties include the shearmodulus (G), bulk
modulus (B), Young's modulus (Y), Pugh's ratio (k = B/G),
Pugh's modulus (G/B), anisotropic ratio (A), and Poisson's ratio
(n). The Voigt–Reuss method is taken into account to calculate
the bulk modulus (B) and shear modulus (G). According to Hill
theory,40 the bulk modulus and shear modulus are arithmetic
means of Voigt–Reuss expressions. Additionally, Young's
modulus (Y) and Poisson's ratio (n) are calculated by the
expression described elsewhere.40 The B and G describe the
RSC Adv., 2025, 15, 37999–38013 | 38001
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Fig. 2 The calculated phonon spectra for (a) Rb2AuBiCl6, (b) Rb2AuBiBr6, (c) Rb2AuBiI6, and (d) the AIMD simulation for Rb2AuBiX6 (X = Cl, Br,
and I).

Table 1 The estimated values of the elastic parameters and calculated
Debye temperature (qD), longitudinal (vl) and transverse velocities (vt),
average sound velocity (vm), and calculated deformation potential (E1c
and E1v for the electron and hole, respectively), elastic constant (cii),
and carrier mobility (me and me for the electron and hole, respectively)
of Rb2BiAuX6 (X = Cl, Br and I)

Parameters Rb2BiAuCl6 Rb2BiAuBr6 Rb2BiAuI6

a0 (Å) 10.660 11.185 11.926
C11 (GPa) 37.22 39.90 34.80
C12 (Gpa) 27.60 22.09 16.84
C44 (Gpa) 6.50 6.07 5.98
B (Gpa) 30.81 28.02 22.82
G (Gpa) 5.83 7.20 7.18
Y (Gpa) 16.44 19.90 19.49
B/G 5.29 3.89 3.18
G/B 0.41 0.38 0.36
A 1.35 0.68 0.66
n 0.41 0.38 0.36
qD (K) 126.0 122.4 112.2
vt (m s−1) 1184.2 1194.7 1176.9
vl (m s−1) 3060.8 2748.4 2517.4
vm (m s−1) 1342.8 1349.4 1325.0
E1c (eV) −4.60 −7.60 −7.80
E1v (eV) −6.41 −6.76 −7.77
me (10

3 cm2 V−1 s−1) 22.17 16.37 26.00
mh (103 cm2 V−1 s−1) 6.24 15.51 9.60
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fracture resistance and deformation of plastic, respectively. For
Rb2BiAuX6 (X = Cl, Br, I), our computed values of B and G are
signicantly higher than those of Rb2AgPX6 (X = Cl, Br, I),1 as
described in the literature. It illustrates that the Rb2BiAuX6 (X=
38002 | RSC Adv., 2025, 15, 37999–38013
Cl, Br, and I) series of complexes are more resistant to plastic
deformation and fracture than the previously described mate-
rials. The material stiffness is described by the term Y. So,
according to the Young's modulus value, Rb2BiAuI6 should be
much stiffer than Rb2BiAuCl6 and Rb2BiAuBr6. Materials with
a n value of 0.25 suggest the presence of ionic character, whereas
those with a n value of 0.1 mostly display covalent bonding.41

The Rb2BiAuX6 (X = Cl, Br, I) series reveal the ionic character
with n values of 0.41, 0.38, 0.36, respectively. Our n values are
comparable with the available literature on Rb2AgPX6 (X = Cl,
Br, I) ranging from 0.29–0.52,1 and 0.4 for Rb2InGaCl6.33 The
ratio of the bulk modulus to the shear modulus, or B/G, is
calculated to produce Pugh's ratio, which is used to evaluate the
material's mechanical behavior. Materials beyond this
threshold are considered ductile, while those below are
considered brittle.42 Another important parameter to justify the
ductility or brittleness of the materials is B/G, which has a crit-
ical value of 1.75. So, Rb2BiAuCl6 has greater ductility than
Rb2BiAuBr6 and Rb2BiAuI6. Additionally, our results are
consistent with data on Poisson's and Pugh's ratios of
compounds such as Mg2BeTMH8 (ref. 43) and X4Mg4H12 (ref.
44) that have been previously reported. The rate of elastic
anisotropy in cubic structures is dened by the factor A. A = 1
denotes the compound's entire isotropy. On the other hand, the
material is considered anisotropic if it is more than or less
than 1.45 For Rb2BiAuX6 (X = Cl, Br, I), the estimated values of A
indicate that anisotropic behavior is revealed in the crystal.

I stability of the Rb2BiAuX6 (X= Cl, Br, I) series is also
conrmed by the Debye temperature (qD). From the tensor
© 2025 The Author(s). Published by the Royal Society of Chemistry
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matrix of Charpin, the value of qD could be computed in terms
of the average sound velocity, as given in the relation below;46,47

qD ¼
�
h

kB

��
3n

4p

NAr

M

�1
3

vm

where M is the molar mass, NA is Avogadro's number, r is
density, and the average sound velocity is presented by vm.

From the transverse parts of the Navior equations vt and the
longitudinal vl, the average sound velocity can be determined by
the following relation:

vm ¼
�
1

3

�
2

vt3
þ 1

vl3

���1
3

Here, the longitudinal (vl) and transverse velocities (vt) can
separately be expressed as follows:

vt ¼
�
G

r

�1
2

vl ¼
�ð 3Bþ 4GÞ

r

�1
2

The computed value are expressed in Table 1. The calculated
s qD and sound velocities provide valuable information on the
lattice dynamics and thermal transport properties of the Rb2-
BiAuX6 (X = Cl, Br, I) double perovskites. The qD is directly
related to the highest vibrational frequency of the lattice and
reects the stiffness of the crystal. A higher qD indicates
stronger interatomic bonding and lower lattice anharmonicity,
which are favorable for enhanced thermal conductivity. Among
the studied compounds, Rb2BiAuCl6 shows the highest Debye
temperature (126 K), consistent with its wider band gap and
relatively stronger bonding strength compared to the Br and I
analogs. Conversely, Rb2BiAuI6 exhibits the lowest Debye
temperature (112 K), suggesting weaker bonding and soer
Fig. 3 The calculated electronic band structures of (a–d) Rb2BiAuCl6, (b–
the band structure without SOC, and the bottom panel (d–f) shows the

© 2025 The Author(s). Published by the Royal Society of Chemistry
lattice vibrations, which can enhance the phonon scattering
and lower the lattice thermal conductivity.

The vl and vt sound velocities describe the propagation of
acoustic phonons in different vibrational modes, while vm
provides an effective measure for thermal transport modeling,
particularly in the Debye approximation. The observed trend of
slightly decreasing velocities from Cl to I is consistent with
increasing atomic mass and lattice soness along the halide
series. These results are physically signicant as they highlight
the interplay between crystal bonding, phonon transport, and
thermal conductivity, thereby providing insights into the suit-
ability of these double perovskites for thermoelectric and
thermal management applications.

3.3. Electronic properties

To better understand the electronic properties of Rb2BiAuX6 (X
= Cl, Br, I), we explore the electronic band structure and density
of states (states/eV). From Fig. 2, one can see that the valence-
band maximum (VBM) lies at the X symmetry point and the
conduction-band minimum (CBM) lies at the L point, con-
rming the indirect band gap nature of Rb2BiAuX6 (Cl, Br, I).
The electronic band gaps are computed to be 1.8 eV, 1.12 eV,
and 0.61 eV for Rb2BiAuCl6, Rb2BiAuBr6, and Rb2BiAuI6,
respectively, as shown in Fig. 3(a–c). The calculated band gaps
of Rb2BiAuX6 are comparable with the previously reported
double perovskite material Rb2AgPX6 (X = Cl, Br, I) in the range
of 0.61 eV–1.60 eV,1 and Cs2InAuCl6 (0.7 eV).9 The computed
results also fall within or close to the optimal range for single-
junction photovoltaic absorbers (Shockley–Queisser limit:
∼1.34 eV).48 Although Rb2BiAuX6 (X = Cl, Br, I) exhibits an
indirect band gap, this can be advantageous for photovoltaic
and thermoelectric applications because it leads to reduced
radiative recombination and longer carrier lifetimes, improving
the charge extraction efficiency.49–51 Furthermore, the system-
atic tunability of the band gap from 1.30 eV to 0.48 eV by halide
substitution (Cl / Br / I) demonstrates chemical exibility,
e) Rb2BiAuBr6, and (c–f) Rb2BiAuI6. Here, the top panel (a–c) represents
band structure with SOC.

RSC Adv., 2025, 15, 37999–38013 | 38003
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enabling potential broad-spectrum light harvesting. These
combined factors of indirect band gap, chemical tunability, and
favorable optical absorption distinguish the Rb2BiAuX6 series
from most reported lead-free perovskites, highlighting their
promise for high-efficiency photovoltaic applications. More-
over, we have estimated the effective mass following ref. 52. The
calculated values of the electronic effective mass (me) are
0.11m0, 0.08m0 and 0.06m0 for Rb2BiAuCl6, Rb2BiAuBr6 and
Rb2BiAuI6, respectively. However, for the hole (mh), the values of
the effective mass are found to be 0.14m0, 0.09m0 and 0.09m0 for
Rb2BiAuCl6, Rb2BiAuBr6 and Rb2BiAuI6, respectively. Our
calculated values are less than the me (0.19–0.58m0) and mh

(0.25–0.64m0) for X2ScCuCl6.52 In order to calculate the transfer
efficiency of the charge carriers in Rb2BiAuX6 (X= Cl, Br, I), we
systematically studied the carrier mobility of Rb2BiAuX6 (X= Cl,
Br, I). An easy approach based on the deformation potential
(DP) theory is used to analyze the transport behaviour by using
the following relation;53

m ¼ ð8pÞ
1
2ħ4ecfiig

3ðm*Þ
5
2ðkBTÞ

3
2E1

2

where the deformation potential is E1, the temperature is T, the
element charge is e, the elastic constant is c{ii}, the effective
mass of charge is m*, the Boltzmann constant is kB, and the
reduced Planck constant is ħ. The energy shi of the band
energy position (DE) with regard to a small lattice dilation (Dl)
along a lattice (lo) direction is known as the deformation

potential E1 ¼ DE
Dl=lo

: It should be noted that accurate band

topologies are crucial for carrier mobility estimates. The energy
Fig. 4 The total and projected DOS of Rb2BiAuCl6 (left panel), Rb2BiAuBr6
vertical black dotted line represent the Fermi-level.
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shi of the band-edge states is calculated by aligning the core
levels and using the mBJ potential, while taking the SOC effect
into account. The computed carrier mobility and the deforma-
tion potential are listed in Table 1.

The computed electron mobilities are 22.17 × 103 cm2 V−1

s−1, 16.37 × 103 cm2 V−1 s−1, and 25.99 × 103 cm2 V−1 s−1 for
Rb2BiAuCl6, Rb2BiAuBr6, and Rb2BiAuI6, respectively, signi-
cantly higher than the experimentally measured value. Addi-
tionally, our ndings are in line with another theoretical work,
which predicted the higher carrier mobilities to be (7–30) ×103

cm2 V−1 s−1 (ref. 53) for electrons and 5.50 × 103 cm2 V−1 s−1,53

14.47 × 103 cm2 V−1 s−1 (ref. 54) for holes from a simplied
Kane model. The high mobilities for the electron and hole are
both due to the small effective masses (see Table 1), which can
be inferred from the calculated band structure. Our calculated
values are in good agreement with the available literature.53,54

Additionally, we performed spin–orbit coupling calculations
for Rb2AuBiX6 (X = Cl, Br, I), which dramatically alters the
electronic band structure primarily by reducing the band gap,
as elucidated in Fig. 3(d and f). In the case of Rb2BiAuX6 (X= Cl,
Br, I), the reduction of the band gap upon inclusion of spin–
orbit coupling (SOC) originates from the strong relativistic
effects associated with the heavy Bi and Au atoms. Without SOC,
the valence band maximum (VBM) is primarily composed of
halogen p states hybridized with 6s/6p-Bi and 5d-Au orbitals,
while the conduction band minimum (CBM) has dominant 6p-
Bi or 6p-Au contributions. When SOC is considered, the p and
d orbitals of these heavy atoms undergo a substantial j-splitting,
which raises the energy of certain VBM states (mainly p3/2) and
lowers the CBM states (mainly p1/2). This combined effect
narrows the band gap. Furthermore, the magnitude of the
(middle panel), and Rb2BiAuI6 (right panel) employingmBJ + SOC. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reduction increases from Cl to Br to I due to the increasing SOC
strength in the halogen p orbitals, with I exhibiting the largest
effect. Similar SOC-driven gap reductions have been widely re-
ported for other heavy-metal halide perovskites.55,56

Fig. 4 shows the total/projected density of states (TDOS/
PDOS) of Rb2BiAuX6, which we determined based on the band
structure, as well as the contribution of electrons from the
various states to further explore the electronic properties. The
s-/p-states of the Bi and Cl/Br/I atoms are dominant in the lower
VB, and a negligibly small contribution can be seen from the s-/
p-states of the Au atom to the TDOS. The major contribution
near the VBM comes from the p-state electrons of the Bi and Cl
atoms. The p-states of the Bi and Au atoms contribute to the
lower CB, and there is a negligible contribution to the DOS from
the s-states of Bi and Cl/Br/I. Moreover, the Au s-states
contributed highly to the TDOS near the Fermi level. From
Fig. 4, one can see that Rb2BiAuX6 (Cl, Br, I) possesses a semi-
conductor nature.

3.4. Optical properties

The semiconductor material's optical properties include reec-
tivity, conductivity, energy loss factors, absorption, and dielectric
function.57 Electrons can undergo intraband and interband
Fig. 5 The computed optical characteristics for Rb2BiAuX6 (X=Cl, Br, and
the dielectric function, (c) the refractive index n(u), (d) the extinction coeffi
employing mBJ + SOC.

© 2025 The Author(s). Published by the Royal Society of Chemistry
transitions, which are two distinct types of transitions. The rst
one describes the metallic behavior of the materials, whereas the
second one has to do with the semiconducting character.58–60

Understanding the interaction between photons and electrons in
a material requires an understanding of its optical nature, which
is explained by its dielectric function.61,62 The dielectric function's
real (31) and imaginary (32) parameters are expressed as follows:
for pristine, 3(u) = 31(u) + i32(u).63 When a photon interacts with
a material, the polarization and dispersion phenomena are
described by the dielectric function's 31(u). On the other hand,
32(u) provides data regarding the material performance in terms
of the energy gain and absorption capacity.64

The dielectric function's real (31) and imaginary (32) values
can be adjusted through the application of Kramer–Kronig
equations.18 Initially, we computed the real part (31), as depicted
in Fig. 5(a). Static dielectric function, or 31(0), is the value of the
real component (31) at zero angular frequency. Using Penn's
model, this 31(0) illustrates the relationship with the band
structure. Penn's model is conrmed by a maximum increase in
the value of 31(0) when the energy of the band gap (Eg)
decreases.65 A higher value of 31(0) for Rb2BiAuX6 (X = Cl, Br, I)
indicates a reduced charge recombination rate, which improves
the photovoltaic device performance.
I): (a) real part 31(u) of the dielectric function, (b) imaginary part 32(u) of
cient k(u), (e) the absorption coefficient a(u), and (f) reflectivity R(u) by
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At zero frequency limits, the 31(u) is estimated to be 3.32,
4.47, and 6.26 for Rb2BiAuCl6, Rb2BiAuBr6, and Rb2BiAuI6,
respectively. The compound produces slightly resonant
frequencies, as evidenced by the maximum peak in the optical
spectra for Rb2BiAuCl6 (5.75 at 2.5 eV), Rb2BiAuBr6 (7.86 at 2.0
eV), and Rb2BiAuI6 (10.61 at 1.5 eV). The 32(u) denes the inter-
band transition energy and absorption of the incoming photon
within the energy range of 0–6 eV, as depicted in Fig. 5(b). The
evaluated graphs indicate that for all studied materials, 32(u)
increases linearly beyond certain crucial points known as
absorption edges, which may be accurately determined by
projecting the linearly rising absorption to the energy axis. The
values of the absorption edges correlate with the corresponding
electronic energy gap, as seen in Fig. 4. The maximum value of
the absorption is determined at 3.8 eV, 3.7 eV and 3.2 eV for
Rb2BiAuCl6, Rb2BiAuBr6, and Rb2BiAuI6, respectively. The
signicant absorption peaks demonstrate a decrease in energy
when the halogen anions switch from Cl to I, which is consis-
tent with the computed energy gap. The maximum absorption
peaks are positioned in the energy region (1.7–3.4 eV) for all
studied materials, which is known as the visible energy region.
According to the electromagnetic spectrum of the Sun, the
radiations with energy less than 3.4 eVmake up 98% of the solar
system's energy that reaches Earth.66 So, all three double
perovskites have potential in the eld of solar cell devices.
Parameters like the extinction coefficient and refractive index
were evaluated by using the following relation n2 − k2 = 31(u),
2nk = 32(u).

The evaluated refractive index n(u) = n(u) + ik(u), (here, n(u)
represents refractive index while k(u) stands for extinction
coefficient) as a function of angular frequency for Rb2BiAuCl6,
Rb2BiAuBr6, and Rb2BiAuI6 is plotted in Fig. 5(c). The static n(u)
values for Rb2BiAuCl6, Rb2BiAuBr6, and Rb2BiAuI6 are
computed to be 3.24, 4.43, and 6.21, respectively, which are
higher than that for Rb2AgPX6 (X = Cl, Br, I)1 and Rb2AgSbX6

(Cl, Br, I).67 As the energy value increases, the magnitudes of
n(u) decreases. Aer exhibiting a minor peak, it ultimately
becomes fractional, indicating the capability of Rb2BiAuX6 for
superluminal applications. The k(u) describes the material's
potential to attenuate impinging photon.68 Both imaginary
parameter and k(u) have the same response to the incident
photon. The character of k(u) with respect to the incident
photon is depicted in Fig. 5(d). It shows that the absorption has
the high value when the refractivity is lowered to its minimum
value, making Rb2BiAuX6 opaque.

The absorption coefficient a(u) illustrates how much energy
is needed for each unit of distance as light decays. High a(u)
values are observed at 3.8 eV, 3.76 eV and 2.85 eV for Rb2BiAuCl6
(2100 m−1), Rb2BiAuBr6 (2400 m−1) and Rb2BiAuI6 (2800 m−1),
respectively, as illustrated in Fig. 5(e). These values are
comparable with that for Rb2LiTlX6 (X = Cl, Br).69 The absorp-
tion coefficient (a(u)) values increase with decreasing bandgap.
Reectivity (R(u)) is an important factor of optical properties
that provides information about the surface roughness of the
studied compound.70–72 It has been seen in Fig. 5(f) that the R(u)
of the studied double perovskite material rises signicantly as
the halogen anion is changed from Cl− to I−. However, the
38006 | RSC Adv., 2025, 15, 37999–38013
comparatively minimum R(u) in the visible spectrum illustrates
the possibility of using Rb2BiAuX6 in solar cell applications.
Additionally, the maximum R(u) of Rb2BiAuX6 in the UV regions
suggests the compound application in coatings to reduce the
heating effect.
3.5. Thermoelectric properties

Another effective strategy for satisfying the world's energy needs
is to transform thermal energy into electrical energy. Conse-
quently, in the area of energy requirements, the study of elec-
tronic transport properties is crucial. To determine the
thermoelectric parameter values, the BoltzTrap code is
utilized.73 Fig. 5 shows the essential characteristics that are
determined versus temperature from low (100 K) to high (800 K)
values. These include the electronic thermal conductivity (ke/s),
electrical conductivity (s/s) (as ‘s’ represents the relaxation
time), power factor (PF) (each standardized by the value of ‘s’),
Seebeck coefficient S, and power factor (PF). The compound's
thermal behavior can be explained by their high power factor
and gure of merits. These characteristics can only be achieved
when the thermal conductivity plays a relatively minor role, and
the electrical conduction and Seebeck coefficient are high.

From Fig. 6(a), it can be seen that the electrical conductivity
(s/s) for Rb2BiAuX6 (X = Cl, Br, I) increases with increasing
temperature. Values such as 0.18 × 1019 (U ms)−1, 0.21 × 1019

(U ms)−1 and 0.26 × 1019 (U ms)−1 are calculated for Rb2-
BiAuCl6, Rb2BiAuCl6, and Rb2BiAuCl6, respectively. Interest-
ingly, these values increase with increasing temperature, which
clearly shows the increasing interaction of electrons with
temperature. Another crucial parameter is the Seebeck coeffi-
cient (S), which describes the electric potential across a mate-
rial's edges caused by temperature gradients S = DV/DT.74 The
estimated values of S for Rb2BiAuCl6, Rb2BiAuBr6, and Rb2-
BiAuI6 are 242 mV K−1, 240 mV K−1, and 223 mV K−1 at temper-
ature (300 K), respectively, as shown in Fig. 6(b). As the
temperature gets closer to 800 K, the values of S decrease
because more thermally excited carriers are present. Because
the additional carriers dilute the voltage response per temper-
ature gradient, they can lead to a decreased Seebeck coefficient,
which in turn lowers S.

An extremely low thermal-to-electrical conductivity ratio is
desirable in a thermoelectric material, according to research on
thermal conductivity (ke/s). This property suggests that the
material being studied may be suitable for use as a thermo-
electric material. The electronic thermal conductivity (ke/s) for
Rb2BiAuCl6 is 0.50 × 1014 W m−1 K−1 s−1 at 300 K and rises to
4.055 × 1014 W m−1 K−1 s−1 at 800 K. For Rb2BiAuBr6, it is 0.45
× 1014 W m−1 K−1 s−1 at 300 K and rises to 4.45 × 1014 W m−1

K−1 s−1 at 800 K. Lastly, the calculated value for Rb2BiAuI6 is
0.6136 × 1014 W (m K s)−1 at room temperature and rises with
temperature to 4.48 × 1014 W m−1 K−1 s−1 at 800 K, as depicted
in Fig. 6(c). A lower thermal conductivity is typically valued for
an effective thermoelectric material.

Heat capacity (Cv) is the amount of heat energy, measured in
joules or calories, that an electronic device can store. Temper-
ature increases are typically accompanied by increases in heat
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The computed thermoelectric characteristics for Rb2BiAuX6 (X = Cl, Br, and I): (a) electrical conductivity, (b) Seebeck coefficient, (c)
thermal conductivity, (d) heat capacity, (e) power factor and (f) figure of merit by employing mBJ + SOC.
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capacity. This is not the case unless the system (device) turns
into a gas, vapor, or melts from a solid to a liquid. The harmonic
approximation is nearly always accurate at low temperatures
because the vibration's amplitude decreases.75 The specic heat
capacity of different material states is oen inuenced by
temperature. The melting of the extra degrees of freedom with
increasing temperature (seen in Fig. 6(d)) causes the value of
(Cv) for Rb2BiAuX6 (X = Cl, Br, I) to increase.

Since the power factor measures how effectively thermo-
electric materials transfer thermal into electrical power, it is
essential to calculate it while assessing them. The formula for
the power factor (PF) is PF = sS2, where s is the electrical
conductivity and S is the Seebeck coefficient.76 As the temper-
ature increases from 300 K to 800 K, the power factor for Rb2-
BiAuCl6 increases from 0.38 × 1011 (W m−1 K−2 s−1) to 3.15 ×

1011 (Wm−1 K−2 s−1). For Rb2BiAuBr6, it increases from 0.33 ×

1011 (W m−1 K−2 s−1) to 3.27 × 1011 (W m−1 K−2 s−1). Mean-
while, for Rb2BiAuI6, it increases from 0.44 × 1011 (W m−1 K−2

s−1) to 3.36 × 1011 (W m−1 K−2 s−1), seen in Fig. 6(e). The power
factor is an acute component that affects the economic feasi-
bility and effectiveness of thermoelectric materials and devices
during development and usage.77,78 The dimensionless quantity
gure of merit (ZT = S2sT/K) is an important statistic that may
help us understand how to increase the material performance
with temperature uctuation. A high thermoelectric gure of
© 2025 The Author(s). Published by the Royal Society of Chemistry
merit corresponds to a thermoelectric material that is very
efficient. ZT depends on the electrical conductivity, thermal
conductivity, and a high Seebeck coefficient.36,37 Thus, the
calculated ZT values of Rb2BiAuCl6, Rb2BiAuBr6 and Rb2BiAuI6
are 0.76, 0.75 and 0.77, respectively, at room temperature. It
should be noted that we have also checked the k-point depen-
dence on the thermoelectric properties. We have observed
a negligible variation in the thermoelectric properties with
increasing k-points.

Additionally, the Phono3py26 code is used to calculate the
total lattice thermal conductivity (kl). We followed ref. 79 and 80
to compute the kl. The computed thermal conductivities
attributed to the phononic (kl) processes across the temperature
range of 0–1000 K is shown in Fig. 7. The declining trend has
been observed for kl with increasing temperature. The values of
lattice conductivity kl at room temperature are 0.07 W K−1 m−1,
0.02 W K−1 m−1 and 0.007 W K−1 m−1 for Rb2BiAuCl6, Rb2-
BiAuBr6 and Rb2BiAuI6, respectively, which are comparable to
those of Cs2BiAgX6 (0.078 W K−1 m−1 to 0.065 W K−1 m−1) and
many more.81,82

The BoltzTraP source code computes the transport charac-
teristics and describes the Fermi-unication and carrier
concentrations. In Fig. 8, the transport parameters are shown
against the chemical potential. The positive and negative values
for the n-type and p-type sites, respectively, represent the energy
RSC Adv., 2025, 15, 37999–38013 | 38007
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Fig. 7 The computed lattice thermal conductivity for Rb2BiAuX6 (X =

Cl, Br, and I).
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required to move both electrons and holes in the direction of
the incoming potential. The number of electrons and holes
present for conduction is measured by electrical conductivity (s/
s).83 The compounds under investigation satisfy the ideal ther-
moelectric compound's criteria of having very low thermal-to-
electrical conductivity.83 Fig. 8(a) shows the trend of s/s for
Rb2BiAuCl6, Rb2BiAuBr6, and Rb2BiAuI6 against a chemical
potential range of −2 eV to 3 eV. The highest peaks for the p-
type are calculated as 0.96 × 1019 (1/U ms), 1.47 × 1019 (1/U
ms) and 1.48 × 1019 (1/U ms) for Rb2BiAuCl6, Rb2BiAuBr6, and
Rb2BiAuI6, respectively, which indicates themaximum presence
of hole carriers for Rb2BiAuBr6 and Rb2BiAuI6. The maximum
values of hole carriers for Rb2BiAuBr6 and Rb2BiAuI6 may be
due to the large ionic radii of Br and I atoms. Furthermore, the
carriers in the n-type side start at 1.8 eV, 1.2 eV and 0.7 eV for
Rb2BiAuCl6, Rb2BiAuBr6, and Rb2BiAuI6, respectively. The peak
values are found to be 1.04× 1019 (1/Ums), 2.02× 1019 (1/Ums)
Fig. 8 The computed thermoelectric characteristics for Rb2BiAuX6 (X =

figure of merit against chemical potential by employing mBJ + SOC.

38008 | RSC Adv., 2025, 15, 37999–38013
and 2.23 × 1019 (1/U ms) for Rb2BiAuCl6, Rb2BiAuBr6, and
Rb2BiAuI6, respectively. This increase in the n-type side carriers
are due to the higher density of states near CBM and a light
effective mass of electrons.

A key thermoelectric parameter that is computed
throughout a range of chemical potential, the Seebeck coeffi-
cient (S) shows the potential difference with the temperature
gradient ratio.84 The S plot against the chemical potential range
of 2 eV to 3 eV is depicted in Fig. 8(b). Near the Fermi energy
(m = 0), the S is +ve, suggesting that hole carriers dominate. At
higher or lower m, S becomes −ve, showing that electron
carriers dominate when the Fermi level shis into conduction
bands. Moreover, the S has revealed maximum peaks on the p-
type side because s/s has higher values for electron carriers. At
300 K, the magnitudes of S are 2.7 × 103 mV K−1, 1.8 × 103 mV
K−1, and 1.06 × 103 mV K−1 for Rb2BiAuCl6, Rb2BiAuBr6, and
Rb2BiAuI6, respectively. The material efficiency of thermal
devices is determined by the gure of merit (ZT). The ZT plot
against the chemical potential is represented in Fig. 8(c). On
the negative chemical potential (hole side), Rb2BiAuCl6 has the
maximum value of ZT because it has lower s/s and the higher S
value for hole carriers, so ZT stays high. This behavior of Rb2-
BiAuCl6 shows that the material is p-type favorable. On the
positive chemical potential (electron side), Rb2BiAuBr6 and
Rb2BiAuI6 have maximum values of ZT, reaching near unity. So,
Rb2BiAuBr6 and Rb2BiAuI6 are n-type favorable materials.
Moreover, the plots of ZT against the m carrier concentration for
both n-type and p-type sides approximately reach near unity,
indicating the potential of these studied materials for a ther-
moelectrical device. Our results for the chemical potential are
comparable with that of the recently investigated double
perovskite materials Rb2AgPX6 (X = Cl, Br, I).1
Cl, Br, and I): (a) electrical conductivity, (b) Seebeck coefficient and (c)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Moreover, thermoelectric properties such as the electrical
conductivity, Seebeck coefficient and gure of merit against the
carrier concentration (N (e/uc)) with the positive and negative
doping of all studied materials were calculated, as shown in
Fig. 9. Fig. 9(a) shows the response of s/s for Rb2BiAuCl6, Rb2-
BiAuBr6, and Rb2BiAuI6 versus the carrier concentration from
−3 eV to 4 eV. The maximum values of the electrical conduc-
tivity for p-type are calculated as 17.93 × 1019 (1/U ms), 21.67 ×

1019 (1/U ms) and 18.48 × 1019 (1/U ms) at −3.0N (e/uc) for
Rb2BiAuCl6, Rb2BiAuBr6, and Rb2BiAuI6, respectively, which
indicates the maximum presence of hole carrier concentrations
for Rb2BiAuBr6 and Rb2BiAuI6. However, for n-type, the peak
values are found to be 11.99 × 1019 (1/U ms), 15.18 × 1019 (1/U
ms) and 13.97 × 1019 (1/Ums) for Rb2BiAuCl6, Rb2BiAuBr6, and
Rb2BiAuI6, respectively. Overall, the maximum electrical
conductivity values for Rb2BiAuBr6 in both doping types are due
to its more favorable electronic structure, with optimized band
dispersion and improved carrier mobility (as shown in Table 1).

The S plot against the carrier concentration (N (e/uc)) in the
range of −3 eV to 4 eV is depicted in Fig. 9(b). The most
common behavior observed is that the S falls with increasing
carrier concentration, which is typical for semiconducting
compounds. This inverse relationship arises because
a maximum N (e/uc) increases the electrical conductivity, but
decreases the thermoelectric voltage generated per unit
temperature gradient. As shown in Fig. 9(b), it is clear that
Rb2BiAuCl6 exhibits slightly higher Seebeck coefficients than
the Br and I analogs, particularly at lower N value. This indicates
Fig. 9 The computed thermoelectric characteristics for Rb2BiAuX6 (X=C
of merit against the carrier concentration (N) by employing mBJ + SOC

© 2025 The Author(s). Published by the Royal Society of Chemistry
that Rb2BiAuCl6 has a larger effective mass or a more favorable
band structure near the Fermi level, enhancing the
thermopower.

Fig. 9(c) shows that for all materials under study, the ZT
values at 0N (e/uc) are unity (1). However, the ZT values sharply
fall with increasing p-type doping and linearly decrease with
increasing n-type doping. Our carrier concentration results are
comparable with that of the recently investigated double
perovskite material A2YAuI6 (A = Rb, Cs).85
3.6. Thermodynamic properties

Thermodynamic properties are important for nding the
quantities of heat energy needed to alter the temperature of the
compound and the quantity of work needed to cause the
material to expand or contract.86 The thermodynamic charac-
teristics of Rb2BiAuX6 (X= Cl, Br, I) are calculated by employing
the quasi-harmonic Debye model32,87 within the temperature
range of 0 K to 800 K and pressure range of 0 GPa to 4 GPa.
Various thermodynamic parameters, such as the adiabatic bulk
modulus, Helmholtz free energy, specic heat capacity, Debye
temperature and Gibbs free energy, have been examined for the
investigated compounds under varying pressures and
temperatures.

The resistance of a material to deformation under adiabatic
conditions (without heat exchange) is quantied by its adiabatic
bulk modulus. The adiabatic bulk modulus values for Rb2-
BiAuCl6, Rb2BiAuBr6, and Rb2BiAuI6 are plotted in Fig. 10(a). At
0 K and 4 GPa pressure, the value of the adiabatic bulk modulus
l, Br, I): (a) electrical conductivity, (b) See-beck coefficient and (c) figure
.
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Fig. 10 Thermodynamic properties of Rb2BiAuX6 with respect to temperature (K): (a) adiabatic bulk modulus, (b) Helmholtz free energy, (c)
specific heat capacity, (d) entropy, (e) Debye temperature and (f) Gibbs free energy by employing mBJ + SOC.
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for Rb2BiABr6 rises to 48 GPa, from 29 GPa at 0 K and 0 GPa
pressure to 39 GPa at 0 K and 2 GPa. Similarly, in the case of
Rb2BiAuI6, at 0 K and 4 GPa pressure, the value of the adiabatic
bulk modulus rises to 52 GPa, from 34 GPa at 0 K and 0 GPa
pressure to 43 GPa at 0 K and 2 GPa. The adiabatic bulk moduli
for Rb2BiAuBr6 and Rb2BiAuI6 increased with the implementa-
tion of pressure, suggesting that these compounds become
stronger under compression. However, when we incorporate the
Cl atom at the X-site, the results of the adiabatic bulk modulus
are quite different than that of Rb2BiAuBr6 and Rb2BiAuI6. The
calculated value of the adiabatic bulk modulus for Rb2BiAuCl6
is found to be 33 GPa at 0 K, which is almost constant at all
pressure values. The reason is that Cl is more electronegative
and less polarizable than Br/I, so the Au–Cl/Bi–Cl bonding is
stronger (shorter, stiffer bonds). Stiffer bonds cause higher
lattice thermal conductivity. As a result, there is a smaller
thermal response under compression. The bulk modulus,
conversely, decreases with temperature, indicating that the
compounds diminish in their resistance to compression. This is
a common behaviour since elevated temperatures generally
lead to a rise in atomic vibrations, resulting in a reduction of the
material's stiffness.

As illustrated in Fig. 10(b), the Helmholtz free energies for
Rb2BiAuCl6, Rb2BiAuBr6, and Rb2BiAuI6 show very unique
behaviour under different pressures and temperatures. Due to
the absence of thermal entropy, the Helmholtz energy reaches
its maximum at 0 GPa and 0 K. The Helmholtz energy for
Rb2BiAuX6 decreases as the temperature rises from 0 K to 200 K
at 0 GPa due to the TS (temperature–entropy) factor reducing
the internal energy of the system. The Helmholtz energy
38010 | RSC Adv., 2025, 15, 37999–38013
increases above 200 K at 0 GPa, which may be due to a phase
transition. The Helmholtz free energy values for all studied
materials are directly related to the pressure. As the pressure
increases from 0 GPa to 4 GPa, the Helmholtz energy of Rb2-
BiAuX6 also rises signicantly at 0 K, indicating how much
pressure affects the entropy and internal energy of the
compounds.

As the pressure and temperature rise, the vibrational
component of the constant volume heat capacity (Cv) increases.
Fig. 10(c) exhibits the response of Cv for Rb2BiAuCl6, Rb2-
BiAuBr6, and Rb2BiAuI6 as a function of temperature and
pressure. The Cv corresponds to the Dulong–Petit limit at higher
temperatures and conforms to the T3 (ref. 88) law at reduced
temperatures. This trend is a dening property of materials at
low temperatures, indicating the quantummechanical origin of
Cv, especially at these circumstances. In contrast, at elevated
temperatures, the specic heat capacity is more likely to agree
with the Dulong–Petit limit. This limit signies a saturation
point, beyond which the specic heat capacity does not
demonstrate signicant increases with temperature. This shows
that the system has attained a condition of thermal energy
equilibrium. However, when we enhance the pressure, the
atoms of the material come closer to each other. As a result, the
vibrational frequencies and heat capacity change, while the
maximum value of the temperature induces additional vibra-
tional modes. Consequently, these constituents enhance the
material's ability to absorb and transfer thermal energy.

Entropy, an indicator of disorder inside a system, is a basic
thermodynamic phenomenon, and its response is of signicant
importance.89 The entropy for Rb2BiAuCl6, Rb2BiAuBr6, and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Rb2BiAuI6 increases almost linearly with pressure and temper-
ature, as shown in Fig. 10(d). Entropy starts from zero at 0 K,
reecting the lack of thermal energy. The nding is consistent
with recognised thermodynamic concepts.90 However, when the
temperature increases, mostly owing to thermal vibrations, the
system's entropy also increases. Likewise, atoms or molecules
are subjected to compression under elevated pressure, which
under some circumstances may similarly induce disorder and
result in a linear escalation in entropy. This linear relationship
indicates that the entropy of the materials is directly and pro-
portionally affected by both pressure and temperature, reect-
ing a steady increase in the system's disorder and thermal
energy distribution. This discernible tendency is a primary
nding of our study. The determined relative entropy values for
the different compounds under investigation are noteworthy.

Fig. 10(e) represents the variations of the Debye temperature
(qD) for Rb2BiAuCl6, Rb2BiAuBr6, and Rb2BiAuI6. qD is a crucial
parameter that denotes the shi to a classical trend in a crystal.
It offers signicant insights into the material characteristics,
including the specic heat capacity. From the plot, it can be
observed that qD has an inverse relationship with temperature
for all studied materials because qD decreases as we increase the
temperature value from 0 K to 800 K. This behaviour indicates
that as the temperature rises, the vibrational modes of the
crystal show increasing frequency, resulting in lower total
energy and a typical qD. On the other hand, the Debye temper-
ature has a direct relationship with pressure because qD rises
signicantly as we increase the pressure. These thermodynamic
ndings provide a basis for further study on Rb2BiAuCl6, Rb2-
BiAuBr6, and Rb2BiAuI6, facilitating the comprehension of their
material characteristics and behaviour under varying situa-
tions. The qD provides insights into the system's vibrational and
thermal properties, aiding researchers in predicting and ana-
lysing phenomena such as entropy, lattice dynamics, and
specic heat capacity.

The Gibbs free energy values for Rb2BiAuCl6, Rb2BiAuBr6,
and Rb2BiAuI6 as a function of pressure and temperature are
plotted in Fig. 10(f). It has been observed that the Gibbs free
energy values for Rb2BiAuCl6, Rb2BiAuBr6, and Rb2BiAuI6 have
constant values of −1.29 × 108 kJ mol−1, 1.67 × 108 kJ mol−1

and −1.29 × 108 kJ mol−1, respectively, at all pressures and
temperatures. This stability indicates that the relationship
between the enthalpy and entropy is stable, since it demon-
strates that the Gibbs free energy exhibits little uctuation in
response to changes in the temperature and pressure. In other
words, the alterations in entropy mitigate the variations in the
internal energy associated with pressure and temperature,
resulting in a relatively stable Gibbs free energy. This trend
indicates an equilibrium framework, signifying that the total
Gibbs free energy stays generally stable throughout the exam-
ined conditions owing to the appropriate contributions from
thermal and pressure-induced operations.

4. Summary

In conclusion, we have studied the structural, mechanical,
optoelectronic, and thermal characteristics of Rb2BiAuX6 (X =
© 2025 The Author(s). Published by the Royal Society of Chemistry
Cl, Br, I) using rst-principles calculations. Our ndings reveal
that Rb2BiAuCl6 is the most energetically favorable among the
three materials due to the lowest formation energy. All Rb2-
BiAuX6 compounds are mechanically stable, as indicated by
their high elastic constants. These materials display semi-
conducting behavior, with band gaps ranging from 0.61 to
1.8 eV. The optical characteristics, characterized by strong
absorption peaks, suggest that they are promising candidates
for solar cell applications. Furthermore, Rb2BiAuCl6 exhibits
the highest thermoelectric gure of merit (ZT = 0.78 at 300 K)
among the materials studied. These results suggest that the
Rb2BiAuX6 compounds have signicant promising potential for
application in thermal energy systems, as well as solar energy
cells.
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