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We investigated the potential of double perovskite halidesRbX ¢ (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 indire
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. Thes:
results are crucial to evaluate the suitability ofRBuXs 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 energ
harvesting applications.
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1. Introduction electronic capabilities, double perovskites exhibit favorable
thermodynamic properties, including high thermal stability
In light of the global shift towards sustainable energy and theand beneficial heat capacity characteristics - both of which
urgent need to minimize environmental damage, research aare essential for efficient, durable energy conversion systems.
energy-efficient materials to replace fossil fuels has intensiThanks to their tunable optoelectronic and thermodynamic
fied [1]. One of the most promising candidates is perovskiteproperties, double perovskites are attracting increasing inter-
based materials which have exceptional potential for use igst for use in photovoltaic, fuel cells, sensors, catalysis and
applications such as photovoltaics, light-emitting diodes, rathermoelectric devices [8,9].
diation detectors, and thermoelectric devices. Perovskite so- Recent advancements in halide-based double perovskites
lar cells (PSCs) in particular have attracted substantial attemhave significantly expanded the range of materials available
tion because of their high power conversion efficiencies ofor clean energy applications. Typically represented by the
over 25%, low-cost fabrication methods, and versatility informula A,M(I)M(II1)X ¢ [10], these materials are emerging
material design [2]. However, the practical deployment ofas a viable alternative to lead-based perovskites due to their
organic-inorganic hybrid perovskites such as;8;Pbl; s enhanced stability, adjustable electronic properties, and lower
hindered by several challenges. These include poor chemicgdxicity. For instance, Rodriguest al. [11] synthesized and
stability when exposed to heat and humidity, and the toxicitycharacterized the lead-free double perovskiteAgSbC,
of lead ions [3,4]. revealing it to have a stable cubic structure and an indirect
To address these limitations, double perovskites havéand gap of around 2.7 eV, as well as good thermal stability.
emerged as a promising alternative. They offer improved enThis highlights its potential for use in optoelectronic applica-
vironmental stability, reduced toxicity and greater composi-tions. Similarly, Volonaki®t al. [12] investigated CEBB'X g
tional flexibility. Defined by the general formula;BB’X g, compounds (B = Bi, Sb; B’ = Cu, Ag, Au; X =ClI, Br, I) and
these materials enable toxic lead to be substituted with les®und that they have low effective carrier masses and tunable
harmful elements [5,6], allowing the production of thermally visible-range band gaps, rendering them suitable for light-
stable, lead-free compounds [7]. In addition to their opto-harvesting technologies.
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Fenget al [13] also reported on the cubic phase of behavior, elastic response, and electro-optic characteristics of
Cs,CuBiXg (X = Cl, Br), which exhibited indirect band gaps Rb2YAuX6 (X = Br, Cl) compounds. Particular attention is
and reasonable stability under thermal stress, illuminationgiven to evaluating the impact of halide substitution on these
and humidity. McClurest al. [14] reported band gaps of 2.19 critical physical parameters. To our knowledge, no prior the-
and 2.77 eV for CsAgBIiBrg and CsAgBIClg, respectively.  oretical or experimental investigations have been conducted
These values are slightly lower than those of;GiHi; PbBr3 on these specific materials. This study is expected to provide
(2.26 eV) and CHINH3PbCE (3.00 eV). Subsequently, Wang valuable information for designing and developing environ-
et al [15] demonstrated that GAgBiBrg-based perovskite mentally friendly double perovskites for use in future ther-
solar cells (PSCs) achieved a power conversion efficiency afoelectric systems and solar energy technologies.

3.11%, which is one of the highest for thermally stable, lead-

free devices. 2. Calculation method
While this efficiency is moderate, it has prompted the ex-

ploration of alternative structures, such asA&3SbXs and  This study investigated the structural, mechanical, electronic,
YoAgXZg (Y = K, Rb, Na, Li; X = Sbh, Bi and Z = halo- optical, and thermodynamic properties of the double per-
gen) [16,17]. While cation substitutior.g, Bi3* —Sb** ovskites RBYAuX ¢ (X= Br,Cl) using the WIEN2k computa-

or Cst — lighter alkali metals) can improve optoelectronic tional package. This package is based on density functional
behavior, the indirect band gaps of these devices restrict thetheory (DFT) within the full-potential linearized augmented
photovoltaic performance. However, incorporating indiumplane wave (FP-LAPW) formalism [23]. This method solves
has shown potential for inducing an indirect-to-direct bandthe Kohn—Sham equations, derived from the $dimger

gap transition, thereby improving light absorption and devicevave equation, and treats the electronic wave function as
efficiency [18]. Alongside experimental studies, computa-a functional of the electron density. Within the muffin-
tional approaches such as density functional theory (DFTJ)in spheres centered on atoms, the wave functions are ex-
have become critical tools for predicting the structural, elecpanded using spherical harmonics, while in the interstitial
tronic, and thermoelectric behavior of new perovskite systegions they are represented by plane-wave expansions, as-
tems. Saeeét al. [19] conducted an extensive DFT anal- suming a constant potential in each region. For structural op-
ysis on CgAgCrXs (X = CI, Br, 1), revealing promising timization and ground-state energy calculations, the Perdew—
structural, electrical, mechanical, optical, and thermoelectriBurke—Ernzerhof generalized gradient approximation (PBE-
properties for potential energy applications. Further theoretGGA) [24] and the PBE functional revised for solids (GGA-
ical investigations have focused on understanding the eledBEsol) [25] were used, despite their well-known tendency
tronic, optical, and transport properties of other halide douto underestimate electronic band gaps. We selected the PBE-
ble perovskites, including RiXInBrg (X = Na, K) [20], = GGA functional as our primary method because it is robust
Rb,ScCuBg and CsScCuBg [21], and KAgSbXs (X = and widely adopted in computational solid-state physics. It
Cl, Br) [22]. These investigations have enriched the com-provides a reliable and computationally efficient framework
positional landscape of double perovskites and laid a solidor analyzing a broad range of properties, including structural
theoretical foundation for future experimental efforts and ma-and mechanical characteristics. We are aware that PBEsol is
terial optimization. This study primarily aims to use DFT- specifically optimized for solids and often yields more accu-
based computational methods to predict new, lead-free douate lattice constants and bulk moduli. To enhance the reli-
ble perovskite materials that exhibit enhanced optoelectroniability of our study, we performed additional structural op-
and charge transport properties for use in energy applicationimization calculations using PBEsol. The results are pre-
This work focuses on the structural stability, thermodynamicsented in Table I.

TABLE |. The optimized lattice parameter bulk modulusBy, its pressure derivativB(,, minimum energyFo, and formation energ¥sorm
for Rb; YAuX (X = Br, Cl) using PBE-GGA and PBEsol.

Compound Phase Method a (A) By (GPa) By Eo (Ry) FEform (RY)
Rb, YAUBrg 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
Rb, YAuClg 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 Au:5d" 6s',
Becke—Johnson (TB-mBJ) potential [26], which significantly Br : 452 4p°

improves electronic band-structure predictions. This dual- ' ’
functional strategy allowed us to use PBE-GGA (and PBEsol  Thjs ensured accurate valence-electron interaction mod-
for validation) for structural and mechanical properties, whilee”ng. Finally, thermodynamic properties—entropy, specific

employing mBJ for a more accurate description of the elecheat capacity, and thermal expansion coefficient—were cal-
tronic and optical properties. The Monkhorst-Pack schemeyjated using the Gibbs2 code [30], offering reliable predic-

was used to sample the first Brillouin zone [27]. 18 X tions across wide temperature and pressure ranges.
10 x 10 k-point mesh was used for electronic structure cal-

culations, and 20 x 20 x 20 mesh for evaluating optical . .
properties. The parametéfs, .. andRar X Koy Were set - Results and discussion
to 14 and 8, respectllvely. HerB\ T represents the radius 31, Structural stability

of the smallest atomic sphere. These parameters are crucial

for defining the basis-set cutoff and ensuring the precision ofhe structural feasibility of a double perovskite with the gen-

the LAPW method. The energy convergence threshold wagra formula ABB’X can be evaluated using two geometric

set to10~* Ry, with total charge convergence maintained atdescriptors: the tolerance factef)@nd the octahedral factor

107" e. (1). These dimensionless parameters provide insight into the
The elastic constants were calculated using the cubicspatial compatibility of the constituent ions of the perovskite

elastic package implemented in WIEN2k [28], which com-|attice and are defined as follows:

putes the three independent elastic constéhts C42, and Ra+ Ry

Cy4 that characterize the mechanical response of cubic crys- T= , Q)

tals under strain. Optical properties were obtained using the 2(Rp + Rp') + Rx

Kramers—Kronig relations, which connect the real and imag- 2

inary parts of the dielectric function [29]. _ Rp @
The electronic configurations used in the simulations h= Rx’

were:

where R4, Rp, and Rp. are the ionic radii of the A-site
monovalent cation, the trivalent B-site cation, and fesite
Rb : 4s® 4p° 55, cation, respectively, anB y is the radius of the halide anion.
Y : 482 4p8 A" 552 These definitions were first proposed by Goldschmidt [31],
’ and the ionic radii values used here follow the revised data
by Shannon [32].

QRb . Y . Au . X @®Br,C)

2D 3D

FIGURE 1. The atomic arrangement of the double perovskiteY&uXs (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)YuBrg and b) Rb YAuClg 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 generallywith volume for the investigated compounds. To determine
indicates the formation of a stable perovskite structure, witithe most stable magnetic configuration, two spin states were
values close to 1.00 suggesting an ideal cubic geometgt Li examined: non-magnetic (NM) and ferromagnetic (FM). The
al. [33] calculated the tolerance factors for thesRRBUX 4 results indicate that the paramagnetic configuration yields the
(X = Br, Cl) compounds by taking into account the ionic lowest total energy, confirming that the paramagnetic phase
radii of Rb™ (1.52A), Y3+ (0.90A), Aud*+ (0.85A), Br—  obtained with the GGA functional corresponds to the opti-
(1.96 A) and CI- (1.81 ,&). The resulting tolerance factors mized ground-state structure of the studied system.
were found to be approximately 0.868 for X = Br and 0.878  Additionally, to investigate the relative phase stabilities
for X = Cl. These values confirm the likelihood of forming for the physical properties of interest, we have calculated the
a stable cubic perovskite structure in theJfmspace group ground-state stability by computing the formation energy of
(No. 225) [34]. Figure 1 illustrates the atomic arrangementRb, YAuXs (X = Br, Cl) double perovskites [35]. to deter-
of the double perovskite RWAuXg4 (X = Br, Cl) is shown  mine the formation energy and demonstrate the compounds’
in 2D and 3D views. The crystallographic coordinates arehermodynamic stability, we employ the following expres-
as follows: Rb atoms occupy the position (1/4, 1/4, 3/4); Y sion:
atoms occupy the position (1/2, 0, 0); Au atoms occupy the
position (0, O, 0); and halide ions (Br, Cl) occupy the posi- ERb2YAuXs _ 1 Rbs YAuXg
tion (1/4, 0, 0). This configuration is consistent with a highly form 10 | el
symmetric cubic perovskite phase.

The equation of state used to fit the calculated energy-
volume data is given by the third-order Birch-Murnaghan ~ By + By + B+ 6EX]>’ “)
equation:

B! The_: stability _of the compound is confirmed_by negati\_/e
m formation energies. From the computed negative formation
030 energy values displayed in Table I, it can be inferred that the
By
v(w) -

Bo double perovskites RiYAuX4 (X = Br, Cl) are anticipated
The equation incorporates several key paramelgysepre-

+ B (V=V), () toexhibit thermodynamic stability and can therefore be syn-
0 thesized experimentally.

sents the equilibrium volume (ground-state) of the unit cell.3 2. Electronic properties

andV corresponds to the deformed volumi&; denotes the

total energy in the ground statd3, is the bulk modulus; This section presents the electronic band structures of the

and Bj, is its first pressure derivative. Fitting the calculatedhalide double perovskites RBAUBrg and R YAUClg (see

energy-volume data using this formalism shows that the minfFig. 3). As illustrated in the band diagrams, the valence band

imum point on theE-V curve corresponds to the configura- maximum (VBM) and the conduction band minimum (CBM)

tion with the lowest energy, which represents the crystal’sdo not occur at the sankepoint. Both compounds exhibit an

ground state. Figure 2 shows how the total energy variegdirect bandgap: between tiieandI” points when using the

E(V)=Ey+
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FIGURE 3. Electronic band structure plots for R¥AUBrs [panel a)], and RBYAuCls [panel b)] obtained using both the GGA-PBE (red
lines) and mBJ-GGA (blue lines) functionals.
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FIGURE 4. Total and partial density of states for (a) RtAuBrs and (b) R YAuCls perovskites calculated by GGA.

GGA approach, and between the L and X points when aptinct treatment of exchange-correlation effects: while GGA
plying the Tran—-Blaha modified Becke—Johnson (TB-mBJ)is computationally efficient, it systematically underestimates
potential. The mBJ approximation is a semi-local exchangdand gaps due to its limited description of electronic ex-
potential specifically designed to improve the accuracy ofthange interactions. in contrast, the mBJ potential introduces
bandgap predictions in semiconductors and insulators [26F hon-local exchange term, providing a more realistic approx-
where GGA typically underestimates these values. In manymation of quasiparticle effects and resulting in bandgap val-
cases, the mBJ method yields bandgap energies that closalgs that are closer to the experimental results.furthermore, the
match experimental observations. Our results therefore contrend of larger band gaps in Cl-based perovskites compared to
firm the indirect bandgap nature of the RfAuXg (X = Br, Br-based ones is consistent with the higher electronegativity
Cl) systems. and smaller lattice constants of chloride compounds,which
A significant discrepancy is observed between theenhance electronic confinement.which enhance electronic
bandgap values obtained using GGA (1.58-2.01 eV) andonfinement. Although mBJ does not fully replace advanced
mBJ (3.49-3.70 eV). This difference arises from the dis-many-body techniques, it provides an excellent compromise

Rev. Mex. Fis72 040501



6 A. MERRAD, H. BOUCHENAFA AND B. BENICHOU

- - T T
—T-DOS ' mBJ 6l = T-DOS I mBJ
40 - ' |
' 40 4 )
L] ]
204 ' 20 ﬂ
0 - r!' . 0 Rb i
0006 —— *Rb| ' LXUEE a— !
- e -Rb| ] —-Rb |
p-Rb| 0.012
; | ' ¥ d-Rb !
0.003 4 d-Rb| . . ‘
A i 0.006 - ‘
0.000 Z 4 i 0.000 L5 v X
— . ' ~ 24 ] ——s-Y| )
Sy ; Z —_—-Y| -
2 d-Y ' 2 16+ a-v| !
@ 84 ] 4] | !
@ - ]
- 1 = 8-
= M - 1
@’ 7 : 2, 0 :
— —s-An ] - 1
4 w 48 §-
w M —-Au 1 o s-Au ]
=) dAw B 2 36 ——p-Au 1
2 12 - : 24 d-Au :
“ L]
0+ —t _:
4 - jm——s5-Br ) ]
e -Br ' !
31 I N 1
H [ ]
2 : '
1 ' !
} ]
ol = ‘ —ty : ‘ —Aa ; —A
-6 4 -2 0 2 4 6 -6 -4 2 0 2 4 6
a) Energy (eV) b) Energy (eV)

FIGURE 5. Total and partial density of states for a) RtAuBrs and b) R YAuClg perovskites calculated by mBJ-GGA.

between accuracy and computational cost, making it a powing the DOS contribution of Cl p-states in the valence re-
erful tool for predicting the electronic properties of complex gion [37].
double-perovskite materials [36].

The comprehensive density of states (DOS) profiles, pre3.3. Optical properties

sented in Figs. 4 and 5, offer valuable insights into the elec- . ) )
tronic structure and orbital interactions of the Rb2YAux6 (X 10 understand the optical behavior of the double perovskite

= Br, CI) double perovskites. Analysis shows that the va-COMPounds RPYAuBre and RBYAUCls, we examined

lence band is predominantly influenced by the p-orbitals of€ir frequency-dependent complex dielectric functions [38].
the halogen atoms (Br or Cl) and the d-orbitals of the goldTNese functions are defined as

atoms (Au). Minor contributions are observed from the yt- _ .

trium atom (Y), while the rubidium atom (Rb) exerts negligi- €)= W) +iew), ®)
ble influence. Near the Fermi level, the electronic states argsherec, (w) is the real part ane,(w) is the imaginary part
predominantly attributed to the Au d-orbitals, accompanied39]. We calculated these functions using the generalized gra-
by hybridization with the halogen p-orbitals. Meanwhile, the dient approximation (GGA) and the modified Becke-Johnson
Rb and Y orbitals remain largely inactive in terms of direct(mBJ) potential. Figures 6a) and 6b) show that the static di-
electronic contribution. The lower conduction band is pre-electric constantse((0)) are approximately 3.9 and 3.1 for
dominantly shaped by the hybridization of the halogen p-Rb,YAuBrs and Ria YAuClg, respectively. These values in-
states and gold d-states, and to a lesser extent the yttriuiicate moderate dielectric screening. They are also consistent
s-states. This indicates covalent bonding in these materialgvith the calculated refractive indices, following the relation

In Cl-based compounds, the valence band is narrower than in

Br-based analogues due to the higher electronegativity of Cl. n?(0) ~ 1(0), (6)

This reduces orbital overlap and increases the ionic charac- Lo
ter of the bonding. The alkali metal (Rb) primarily plays a [40]. The mBJ results show a reductiondn(w) due to the

structural role, ensuring lattice stability through ionic inter- larger predicted band gap. Figure 6b) shows that the imagi-

actions, and its electronic states lie far from the Fermi level "1y part {2) indicates strong interband transitions with ab-

Consequently, substitution with Cl does not significantly af-S0rption thresholds of approximately 3.7 and 4.2 eV under

; : - . GGA. Under mBJ, these thresholds shift to approximately
fect the band gap, though it may cause slight variations "}.8and 5.3 eV, respectively. Most absorption occurs between

lattice parameters due to differences in ionic radii. Compar-
ative analysis of the GGA and mBJ approaches reveals th t‘o and 8.5 eV for Ri¥AuBre and between 6.0 and 7.5 eV

the mBJ functional predicts a notably wider band gap, par-or Rb,YAUClg. The refractive indexi{(w)) exceeds 1.8 at

ticularly in Cl-based compounds. This enhancement is atl-ow energy and_decreases with phc_)ton energy, .con_5|stent W.'th
ormal dispersion. At the same time, the extinction coeffi-

tributed to the mBJ functional’s more accurate treatment of " . . .
exchange-correlation effects. Furthermore, the mBJ func%'earlgg(rﬁ;tﬂ:g’;’ss :'Sesff;?#?:?:? of gghtézroqrghhetzglgﬁtse' d
tional increases the intensity of the density of states (DOS 9 ' g. 6a), 6b).

associated with Au d-states near the Fermi level while reduc-alues show that the overall patterns of béiftw) andez(w)

Rev. Mex. Fis72 040501
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Rb,YAuBr, Rb,YAuCl
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FIGURE 6. The calculated optical parameters of the double perovskite compount&\RBrs [panel a)], and RPYAuCls [panel b)] using
GGA (red lines) and mBJ (blue lines) potentials: real part of the dielectric funetion), imaginary part of the dielectric functiarn (w),
refractive indexn(w) and extinction coefficienk (w).
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FIGURE 7. The calculated optical functions of the double perovskite compoundSARIBrs [panel a)] and RbYAuCls [panel b)] using
GGA (red lines) and mBJ (blue lines) potentials: absorption coefficiéat), optical conductivitys (w), reflectivity R(w) and energy loss
function L(w).

are similar. These optical constants suggest that both conity o(w), and energy loss functiof(w) [41]. All of which
pounds possess the properties necessary for ultraviolet (U\gre depicted in Figs. 7a), 7b). The absorption spectra confirm
transparency and low reflectance. Further insights are prdhat both materials exhibit sharp optical band edges in the
vided by the absorption coefficienfw), optical conductiv- near-UV region. Thex(w) values exceed50 x 10* cm™!
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in the far-UV region, which is comparable to that of known

UV-absorbing semiconductors. The steep risev{o) re- 9BC

flects strong interband transitions and indicates the high pu- E= 3B+ G (12)
rity of the simulated crystal structures. The optical conduc-

tivity o (w) increases significantly beyond the band edge, with U= 3B —2G (13)
pronounced peaks observed between 6 and 12 eV, particularly 23B+G)’

under mBJ. This suggests efficient carrier excitation. The en- _

ergy loss functiorl.(w), which represents plasmonic behav- T = BS3 K + (5:911)C11]GPa £ 300 K, (14)

ior, reveals distinct peaks at approximately 7.8 and 8.2 eV fops shown in Table 1, the bulk modulus, which quantifies re-
Rb, YAuBre and Rl YAUCls, respectively. These peaks are sjstance to uniform compression, is significantly higher for
attributed to bulk plasmon resonances. The bromide comgp,yauCl; (34.87 GPa) than for RIYAUBrg (25.01 GPa).
pound's stronger, sharper peak suggests enhanced energlis suggests that the chloride-based compound has greater
loss efficiency and potential applications in plasmonic andyechanical strength. This trend is consistent across the shear
energy-harvesting devices. Overall, both materials demongng Young’s moduli, with REYAUClg exhibiting superior
strate promising optical properties for use in ultraviolet pho-gtifiness overall. TheB/G ratio provides further insight
todetectors, solar-blind sensors, and optoelectronic devicegto ductility, with a critical threshold of 1.75 distinguish-
Furthgrmore, mBJ results provide a more accurate depictiomg between ductile and brittle materials [45, 46]. With a
of their spectral responses. B/@ ratio of 3.43,Rb, YAuBr; clearly exhibits ductile be-
havior. In contrastRbs YAuClg, with a ratio of 1.04, lies
near the brittle limit. A similar pattern is observed in Pois-
son’s ratio ¢): values above 0.26 typically indicate ductility
and ionic bonding. The calculated Poisson’s ratios are 0.367
We evaluated the mechanical stability of the compounds byg, RbyYAuBrg and 0.137 folRb, YAuCls. These values
calculating their elastic constants using standard procedur%ggest thaRb, YAuBrg is more ductile and likely exhibits
[42, 43]. For cubic crystal systems, stability is determinedsironger ionic character, whereBb, YAuCl is more brit-

by three independent elastic constant&:, Ci2 andCus.  {le, potentially due to greater contributions from covalent
A cubic crystal must satisfy the Born stability criteria to be bonding. The estimated melting temperatures, 1200.42 K

3.4. Elastic and mechanical properties

mechanically stable: for Rby YAuClg and 1057.85 K for Rb, YAuBrg, further
support the superior thermal and mechanical resilience of the
Ci1 —C12>0, Cuy >0, (4)  chloride compound. While both materials fulfill the criteria

for mechanical stabilityRbo YAuClg is more thermally sta-

Cii+C1 >0, 0<B<Ch, ®)  pleand mechanically robust, making it better suited to appli-
. ) . cations involving mechanical stress or high-temperature con-
All of these are derived using standard relations [44]. ditions.
By = Cu 220127 (6) 3.5. Elastic anisotropy
Br = By @) To understand the directional mechanical behavior of the
’ halide double perovskites RBAUBrgs and RBYAUClg, we
By = Bv + Br (8) analyzed their elastic anisotropy using three-dimensional
2 ’ (3D) representations of the following key mechanical moduli:
1 Young's modulus £), linear compressibility§), shear mod-
Gy = §(3C44 +Cu — Ch), ©® s @), and Poisson’s ratiov). These results are shown

5(Chy — Cha)Cig in Fig. 8. These visualizations, obtained via teaTE code

Gr= 103+ 3(Cn1 = Cra)’ (10)  [47], reveal deviations from spherical symmetry in all prop-
44 iz erties excepB, indicating anisotropic behavior. This obser-
G- Gy +Gpg (11) vation is quantitatively supported by the data summarized in

2 ’ Table IIl, which provides the extreme values and correspond-

TABLE |l. Elastic constant({;;, By, G in GPa) and mechanical properties.

Compound Ci1 Cia Cua By G B/G E (GPa) v T (K)
RbsYAuBrg 34.6 20.2 4.5 25.0 7.3 3.43 19.9 0.37 1058
RbaYAuClg 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 modpifAoiERband Rb YAuCle:
a) Young’s modulus, b) shear modulus, c) linear compressibility, and d) Poisson’s ratio.

in both compounds, with an anisotropy factor of 1.000, as
TABLE IIl. Anisotropic mechanical properties (Young's modulus demonstrated by the nearly spherical shapes i hiets. In

E, Shear modulus?, Compressibility3, Poisson’s ratia/). Units conclusion, the numerical values in Table Il and the visual
in GPa excepB (TPa ). evidence in Fig. 8 confirm that BWAuClg exhibits stronger
elastic anisotropy than BWAuUBTrg, particularly in shear and

Property Rb>YAuBre Rb2 YAuCls deformation behavior. This anisotropy is a critical factor
Young's modulus(E) to consider when evaluating these materials for applications
Erin 12.684 45.917 subject to complex stress fields [47-49].
FEmax 19.787 71.489
Anisotropy 1.560 1.557 3.6. Thermodynamic properties
Shear modulug(7) Understanding the thermodynamic properties of materials is
Gmin 4.4806 17.929 essential for evaluating their long-term effectiveness and sta-
Gimax 7.2312 30.859 bility in energy conversion processes under different environ-
Anisotropy 1614 1721 mental conditions. The Debye temperatutg)(can be used
Linear compressibility(3) to estimate the strength of chemical bonds directly using the
Bmin 13.326 9.5593 following expression [50]:
Bmax 13.326 9.5593
Anisotropy 1.0000 1.0000 Op = f(p, M, vm), (15)
Poisson’s ratio(v) As demonstrated)p, is related to material density), molar
Vnin 0.2592 0.0167 mass (1), and mean sound velocity,f,) [50]. This relation-
Vmax 0.5550 0.3833 ship establishes a connection betwégnand these proper-
Anisotropy 2.1407 22.894 ties.

Figure 9 illustrates the temperature-dependent thermo-
ing anisotropy factors for each property. For®RAuBrg, the  dynamic properties, including heat capacity{), entropy
anisotropy is moderate, with values of 1.56 for Young's mod-(S), Debye temperaturgy,), and thermal expansion coef-
ulus and 1.614 for the shear modulus. The 3D plot of Poisficient (o) for Rb, YAuXs (X = Br, Cl). These results, ob-
son’s ratio shows some directional distortion, consistent withtained using the quasi-harmonic Debye model over a wide
an anisotropy factor of 2.14. In contrast,RBUClg exhibits  temperature range (0-1800 K), reveal the effects of hydro-
more pronounced anisotropy, particularly in the shear modustatic pressures ranging from 0 to 25 GPa. The heat capacity
lus (1.721) and Poisson’s ratio, which reaches an exceptiorexhibits a sharp increase at low temperatufés<( 300 K),
ally high value of 22.89. This reflects significant variation in attributed to the progressive excitation of phonon modes. Be-
lateral deformation depending on the crystallographic direcyond approximately 400 KCy tends to saturate near the
tion. Notably, linear compressibility3] is perfectly isotropic  classical Dulong—Petit limit o3 R per atom (approximately
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FIGURE 9. Variation against temperature in heat capacity and Debye temperature fégA&®¥%s (X = Br, Cl).

250 J/molK), consistent with the harmonic approximation at mide compound has a more disordered structure or a softer
high temperatures. The influence of pressure is more noticdsonding environment. For instance, at 1000 K and 0 GPa,
able at low temperatures, where increased pressure redudeb, YAuBrg has notably higher entropy than RfAuClg,
the heat capacity, likely due to phonon stiffening caused byvhich lends weight to this interpretation.
lattice compression. Of the two materials, RBuUClg ap- The thermal expansion coefficient shown in the final
proaches saturation slightly faster than,RRuBrg, reflect-  column, provides insight into the anharmonicity of lat-
ing differences in lattice dynamics and bond strengths relatetice vibrations and the strength of interatomic bonding. Both
to the halide anion. The Debye temperatutg)( which re-  compounds exhibit a sharp increaseviat low temperatures
flects the average phonon frequency and thus the stiffness @fip to ~300 K), followed by either a plateau or a gradual
the crystal lattice, shows an inverse correlation with temperincrease at higher temperatures. This indicates saturation be-
ature [51]. It decreases gradually with increasing temperahavior, caused by the complete activation of phonon modes.
ture due to anharmonic effects and thermal expansion, whicfihe influence of pressure @nis significant; increased pres-
weaken interatomic bonds. Howevéy, systematically in- sure leads to a substantial reduction in the thermal expansion
creases with applied pressure, consistent with lattice harczoefficient [52,53].
ening and the suppression of low-frequency phonon modes. At room temperature (300 Kjy values decrease system-
Rb, YAUClg exhibits consistently higher Debye temperaturesatically from ambient pressure to 25-30 GPa. For example,
than RBYAuBr at all pressures, indicating stronger bondingthea value of Rl YAuBrg is approximatelyi2.5 x 107° K1
interactions and a more rigid framework in the chloride-basedt 300 K and 0 GPa, decreasing to arotnd 10~5 K—! at
structure. 25 GPa. RbYAuUCIg exhibits lowera values under all condi-
Figure 10 illustrates the relationship between entrdfjy (  tions compared to its bromide counterpart, reflecting stronger
and temperature. As is typical of crystalline solids, entropyinteratomic forces and better thermal dimensional stability.
increases monotonically with temperature as vibrational disThese findings suggest that L AuClg is better suited to
order intensifies. However, applying pressure significantlyapplications requiring structural rigidity and thermal stabil-
reduces entropy values as compressive stress restricts atontic under compressive stress. Conversely, Y¥uBrg, with
vibrations and reduces configurational disorder. At equivaits greater entropy and thermal expansivity, may be advanta-
lent temperatures and pressures; WkuBrg exhibits higher  geous in systems requiring enhanced vibrational and thermal
entropy values than BRWAuUClg. This suggests that the bro- responsiveness.
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4. Conclusion 3.70 eV. Replacing Cl with Br reduces the band gap, indi-
cating stronger optical absorption and a lower threshold for

This study used density functional theory (DFT) to analyze€lectronic excitation

the structural, thermodynamic, elastic and electro-optical While their absorption in the visible spectrum is lim-

properties of the halide double perovskitesRBUX g (X = ited under the GGA approximation, the mBJ-corrected re-

Cl, Br). The results indicate that halide substitution has a sigsults highlight the potential of these materials for opto-

nificant impact on the mechanical behavior, thermal stabilityelectronic applications, particularly in UV-light-driven pho-

and optoelectronic performance of these materials. Calculdovoltaic devices. In conclusion, RB#AUXs compounds

tions of elastic constants and formation energies confirm thad€monstrate promising photoelectric and thermo-mechanical

both compounds crystallize in a mechanically stable cubi®roperties, establishing them as promising candidates for

structure. While RBYAuBrgs and R YAUCIg both satisfy next—generation energy harvesting and optoelectronic tech-

the criteria for mechanical stability, RBAUCIs exhibits su-  hologies.

perior ductility and thermal stability. This makes it a more

suitable candidate for use in applications involving meCha”iAcknowledgments

cal stress and elevated temperatures.

Thermodynamic evaluations further confirm their high- This work was supported Dby the Algerian Univer-
temperature stability, reinforcing their potential for indus- Sity Research Project (PRFU) under grant number
trial deployment. Furthermore, RBAUCI exhibits stronger BOOLO2UN020120220004 and the General Directorate
elastic anisotropy than RWAUBr, with regard to shear and for Scientific Research and Technological Development
deformation behavior. This is an important factor for devicestDGRSDT),  Algeria https://www.mesrs.dz/en/
operating under complex mechanical conditions. Band strucd9rsdt
ture calculations show that both compounds are indirect band
gap semiconductors. Within the GGA approximation, theirConflict of interest
band gaps range from 1.58 eV to 2.01 eV. However, the mBJ
functional corrects these values to a higher range of 3.49Fhe authors declare that they have no conflict of interest.

Rev. Mex. Fis72 040501


https://www.mesrs.dz/en/dgrsdt�
https://www.mesrs.dz/en/dgrsdt�

12

10.

11.

12.

13.

14.

. S. D. Mo and W. Y. Ching, Electronic and optical properties

A. MERRAD, H. BOUCHENAFA AND B. BENICHOU

. D. S. Ginley and C. Bright, Transparent conducting oxides,15

MRS Bull.25 (2000) 15 https://doi.org/10.1557/
mrs2000.227

. T. Minami, Transparent conducting oxide semiconductors

for transparent electrodeSemicond. Sci. Technd0 (2005)

S35, |https://doi.org/10.1088/0268-1242/20/ 16.
4/503
. M. Nolan and S. D. Elliott, The p-type conduction mecha-
nism in CuAlG;, Phys. Chem. Chem. Phy8.(2006) 5350,
https://doi.org/10.1039/B609567J
17.

of three phases of alumin&ghys. Rev. B51 (1995) 13023,
https://doi.org/10.1103/PhysRevB.51.13023

. S. R. Pendharkar, et al., Spinel oxides in photovoltaics and

photocatalysisJ. Mater. Chem. A0 (2022) 10975https:

/1doi.0rg/10.1039/D2TA02138D 18.
. R. H. French, Electronic band structure of AIO with compar-

ison to AION and AIN,J. Am. Ceram. SocZ3 (1990) 477,

https://doi.org/10.1111/1.1151-2916.1990. 19

tbUb5 /5.X

. J. Robertson and S. J. Clark, Limits to doping in oxideisys.

Rev. B83 (2011) 075205https://doi.org/10.1103/
PhysRevB.83.0/5205

. S. Kim, et al., Electronic structure and optical properties 9.

of spinel oxides: ZnAlO and ZnGaQ]. Phys. Condens.
Matter 21 (2009) 195403https://doi.org/10.1088/
0953-8984/21/19/195403

. N. Ueda, et al., Transparent p-type semiconducting CuAlO thin
21.

films prepared by pulsed laser depositiéyppl. Phys. Lett70
(1997) 3561https://doi.org/10.1063/1.119435

C. H. Bhosale, et al., Preparation and characterization of CdO
thin films by spray pyrolysisMater. Chem. Phys78 (2002)
122, |https://doi.org/10.1016/S0254-0584(02)

00352-5

J. E. F. Rodrigues, C. A. Escanhoela, Jr., B. Fragoso, G. Som22-

brio, M. M. Ferrer, C Alvarez-Gahan, and J. A. Alonso, Ex-
perimental and Theoretical Investigations on the Structural,
Electronic, and Vibrational Properties of £€9SbCk Double
Perovskite,Ind. Eng. Chem. Re$0 (2021) 18918https:
/ldoi.org/10.1021/acs.iecr.1¢c02188

G. Volonakis, M. R. Filip, A. A. Haghighirad, N. Sakai, B.
Wenger, H. J. Snaith, and F. Giustino,G¥AgCls: A New
Lead-Free Halide Double Perovskite with Direct Band Gap,
Phys. Chem. Let88 (2017) 772,https://doi.org/10.
1021/acs.|pclett.6b02682

H. -J. Feng, W. Deng, K. Yang, J. Huang, and X. C. Zeng,
Double Perovskite GBBiX¢ (B = Ag, Cu; X = Br, CI)/TiO;
Heterojunction: An Efficient Pb-Free Perovskite Interface
for Charge ExtractionJ. Phys. Chem. 21 (2017) 4471,
https://doi.org/10.1021/acs.jpcc.7b00138

E. McClure, M. R. Ball, W. Windl, and P. M. Wood-
ward, CsAgBiXs (X = Br, Cl): New Visible Light Ab-
sorbing, Lead-Free Halide Perovskite SemiconductGrem.
Mater. 28 (2016) 1348, https://doi.org/10.1021/
acs.chemmater.5004231

23.

24.

25.

26.

. B. Wang, N. Li, L. Yang, C. Dall’'Agnese, A. K. Jena, S. I.
Sasaki, and X. F. Wang, Chlorophyll derivative-sensitized;TiO
electron transport layer for record efficiency of .8gBiBrg
double perovskite solar cells, Am. Chem. Sod43 (2021)
2207 Jnttps://doi.org/10.1021/jacs.0c12786

G. Garda-Espejo, D. Rodguez-Padin, R. Luque, L.
Camacho, G. de Miguel, Mechanochemical synthesis
of CsAgBiBrg, (CHsNH3):TIBiBr¢ and CsAgSbBr,
Nanoscalell (2019) 16650.
https://doi.org/10.1039/CONR0O6092H

X. Diao, Y. Tang, Q. Gu, Y. Shi, and P. Zhu, Structural, stabil-
ity, electronic and optoelectronic properties o AQBiXs (Y
=K, Na, Li; X =1, Br, Cl): a first-principles studySolar En-
ergy 262 (2023) 111914ttps://doi.org/10.1016/
|.solener.2023.111914

Z. Xiao, K. Z. Du, W. Meng, J. Wang, D. B. Mitzi, and Y.
Yan, Intrinsic instability of CsIn(IM(lI)X ¢ (M = Bi, Sb;
X = halogen),J. Am. Chem. Sod.39 (2017) 6054 https:
/ldol.org/10.1021/jacs.7b02227

M. Saeed, |. U. Haqg, A. S. Saleemi, S. U. Rehman, B. U. Haq,
A. R. Chaudhry, and I. Khan, First-principles prediction of the
ground-state structure of @&gCrXs (X = Cl, Br, 1), J. Phys.
Chem. Solid460(2022) 110302https://doi.org/10.
1016/].jpcs.2021.110302

A. Ayyaz, G. Murtaza, M. Shafiq, M. Q. Shah, N. Sfina, and S.
Ali, Structural, thermodynamic, elastic, electro-optic and ther-
moelectric properties of RIXInBrg (X = Na, K), Solar En-
ergy 265 (2023) 112131 https://doi.org/10.1016/
|.solener.2023.112131

A. Ayyaz, G. Murtaza, A. Usman, M. Umer, M. Q. Shah,
and H. S. Ali, First principles insight on mechanical stability,
optical and thermoelectric response of lead-freg RICuBEg
and CsScCuBg, Mater. Sci. Semicond. Procesks9 (2024)
107910 /https://doi.org/10.1016/j.mssp.2023.

10/910

M. W. Igbal, M. Manzoor, S. Gouadria, M. Asghar, M. Zainab,
N. N. Ahamd, and T. Zahid, DFT insights on opto-electronic
and thermoelectric properties of:KgSbXs (X = Cl, Br),
Mater. Sci. Eng. 290(2023) 11633€&https://doi.org/
10.1016/].mseb.2023.116338

S. Grimme, Semiempirical GGA-type density functional with
long-range dispersion correctioh, Comput. Chen7 (2006)
1787 )https://doi.org/10.1002/jcc.20495

J. P. Perdew, K. Burke, and M. Ernzerhof, Gener-
alized gradient approximation made simpl®&hys. Rev.
Lett. 77 (1996) 3865, https://doi.org/10.1103/
PhysRevLett.//.3865

J. P. Perdew, A. Ruzsinszky, G. I. Csonka, O. A. Vydrov, and
G. E. Scuseria, Restoring the density-gradient expansion for
exchange in solidsPhys. Rev. Lettl00 (2008) 136406; Er-
ratum102(2009) 039902https://doi.org/10.1103/
PhysRevLett.100.136406

F. Tran and P. Blaha, Accurate band gaps using semilocal
exchange-correlation potentiaRhys. Rev. Lett102 (2009)
226401 https://doi.org/10.1103/PhysRevLett.

102.226401

Rev. Mex. Fis72 040501


https://doi.org/10.1557/mrs2000.227�
https://doi.org/10.1557/mrs2000.227�
https://doi.org/10.1088/0268-1242/20/4/S03�
https://doi.org/10.1088/0268-1242/20/4/S03�
https://doi.org/10.1039/B609567J�
https://doi.org/10.1103/PhysRevB.51.13023�
https://doi.org/10.1039/D2TA02138D�
https://doi.org/10.1039/D2TA02138D�
https://doi.org/10.1111/j.1151-2916.1990.tb06575.x�
https://doi.org/10.1111/j.1151-2916.1990.tb06575.x�
https://doi.org/10.1103/PhysRevB.83.075205�
https://doi.org/10.1103/PhysRevB.83.075205�
https://doi.org/10.1088/0953-8984/21/19/195403�
https://doi.org/10.1088/0953-8984/21/19/195403�
https://doi.org/10.1063/1.119435�
https://doi.org/10.1016/S0254-0584(02)00352-5�
https://doi.org/10.1016/S0254-0584(02)00352-5�
https://doi.org/10.1021/acs.iecr.1c02188�
https://doi.org/10.1021/acs.iecr.1c02188�
https://doi.org/10.1021/acs.jpclett.6b02682�
https://doi.org/10.1021/acs.jpclett.6b02682�
https://doi.org/10.1021/acs.jpcc.7b00138�
https://doi.org/10.1021/acs.chemmater.5b04231�
https://doi.org/10.1021/acs.chemmater.5b04231�
https://doi.org/10.1021/jacs.0c12786�
https://doi.org/10.1039/C9NR06092H�
https://doi.org/10.1016/j.solener.2023.111914�
https://doi.org/10.1016/j.solener.2023.111914�
https://doi.org/10.1021/jacs.7b02227�
https://doi.org/10.1021/jacs.7b02227�
https://doi.org/10.1016/j.jpcs.2021.110302�
https://doi.org/10.1016/j.jpcs.2021.110302�
https://doi.org/10.1016/j.solener.2023.112131�
https://doi.org/10.1016/j.solener.2023.112131�
https://doi.org/10.1016/j.mssp.2023.107910�
https://doi.org/10.1016/j.mssp.2023.107910�
https://doi.org/10.1016/j.mseb.2023.116338�
https://doi.org/10.1016/j.mseb.2023.116338�
https://doi.org/10.1002/jcc.20495�
https://doi.org/10.1103/PhysRevLett.77.3865�
https://doi.org/10.1103/PhysRevLett.77.3865�
https://doi.org/10.1103/PhysRevLett.100.136406�
https://doi.org/10.1103/PhysRevLett.100.136406�
https://doi.org/10.1103/PhysRevLett.102.226401�
https://doi.org/10.1103/PhysRevLett.102.226401�

DFT-BASED ANALYSIS OF THE STRUCTURAL, ELECTRONIC, OPTICAL, MECHANICAL AND THERMODYNAMIC CHARACTERISTICS.13

27. H. J. Monkhorst and J. D. Pack, Special points for Brillouin- 40. Q. Mahmood, et al., Electronic and thermoelectric prop-

28.

29.

30.

31.

32.

33.

34.

36.

37.

38.

39.

. F. D. Murnaghan, The compressibility of media under extreme49

zone integrationsPhys. Rev. BL3 (1976) 5188|https://
doi.org/10.1103/PhysRevB.13.5188

M. Jamal, S. J. Asadabadi, I. Ahmad, and H. A. Rahna-
maye Aliabad, Elastic constants of cubic crystalmput.
Mater. Sci.95 (2014) 592https://doi.org/10.1016/
|.commatsci.2014.08.027

V. Lucarini, J. J. Saarinen, K. E. Peiponen, and E. M. Var-42-

tiainen, Kramers-Kronig Relations in Optical Materials Re-
search(Springer, 2005), Vol. 11(ttps://doi.org/10.
1007/0138245

A. Otero-De-La-Roza, D. AbbasiéPez, and V. LuBa, Gibbs2:
guasiharmonic thermodynamics co@amput. Phys. Commun.
182(2011) 2232https://doi.org/10.1016/].cpc.

2011.05.009

V. M. Goldschmidt, Die gesetze der krystallochematur-
wissenschafterl4 (1926) 477, https://doi.org/10.
100//BFO150/52/

R. D. Shannon, Revised effective ionic
Cryst. 32 (1976) 751, https://doi.org/10.1107/
S0567/73947/6001551

C. Li, X. Lu, W. Ding, L. Feng, Y. Gao, and Z. Guo, Formabil-

radiiActa

ity of ABX 5 halide perovskitesicta Cryst. B64 (2008) 702, AT.
https://do1.org/10.1107/S0108768108032734

K. Ouchetto, F. Archaimbault, A. Pineau, and J. Choisnet,
Chemical and structural characterization of.BaPtQ, J. 48

Mater. Sci. Lett.10 (1991) 1277 https://doi.org/10.
100//BFO0 720945

pressuresProc. Natl. Acad. Sci. USB0 (1944) 244/https:
/ldoi.org/10.1073/pnas.30.9.244

N. Reyren, et al., Superconducting interfaces between insulat-
ing oxides,Science317 (2007) 1196https://doi.org/
10.1126/science.1146006

T. Ou, Q. Zhuang, H. Yan, S. Feng, P. Li, and X
Ma, Lead-free RbInSbXs double perovskitesChem. Phys. 51
573 (2023) 112015, https://doi.org/10.1016/|.
chemphys.2023.112015

A. Boutramine, et al.,, Optoelectronic and thermoelec-
tric properties of KNaSbz (Z = Br, ), Opt. Quant. 592.

Electron. 56 (2024) 417 |https://doi.org/10.1007/
s11082-024-06344-4

M. Hilal, B. Rashid, S. H. Khan, and A. Khan, Electro- 53.

optical properties of InSb with spin-orbit effectdater. Chem.
Phys. 184 (2016) 41, https://doi.org/10.1016/,.
matchemphys.2016.09.009

41.

44.

45.

46.

50.

erties of KPd(CI/Bry, Phys. Scr.97 (2022) 035803,
https://iopscience.iop.org/article/10.
1088/1402-4896/ac4ed3

G. Murtaza, et al., Band gap tailoring in;Sr,Ba, SnQOs;, Chem.
Phys.551(2021) 111322https://doi.org/10.1016/
|.chemphys.2021.111322

M. Gajdas, K. Hummer, G. Kresse, J. Furtlitter, and F.
Bechstedt, Linear optical properties in PAW methdthys.
Rev. B73 (2006) 045112https://doi.org/10.1103/
PhysRevB./3.045112

. M. Born and K. HuangPynamical Theory of Crystal Lattices

(Clarendon Press, Oxford, 1954), pp. 837-838.

S. I. Ranganathan and M. Ostoja-Starzewski, Universal elastic
anisotropy indexPhys. Rev. Letfl01(2008) 055504https:
//doi.org/10.1103/PhysRevLett.101.055504

R. Hill, Elastic behaviour of crystalline aggregatBsoc. Phys.
Soc. A65 (1952) 349, https://doi.org/10.1088/
03/70-1298/65/5/30/

S. F. Pugh, Relations between elastic moduli and plastic proper-
ties, Philos. Mag.45 (1954) 823|https://dol.org/10.
1080/14 /86440808520496

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/
0953-8984/28/2 /125201

C. M. Zener and S. Siegel, Elasticity and anelasticity of metals,
J. Phys. Chem53 (1949) 1468 https://doi.org/10.
1021/j150474a017

M. E. Fine, L. D. Brown, and H. L. Marcus, Elas-
tic constants versus melting temperature in met8isripta
Metall. 18 (1984) 951, |https://doi.org/10.1016/
0036-97/48(84)9026 /-9

C. Jasiukiewicz and V. Karpus, Debye temperature of cubic
crystals, Solid State Commuril28 (2003) 167 https://
doi.org/10.1016/j.ss¢.2003.08.008

D. G. Cahill, S. K. Watson, and R. O. Pohl, Lower limit to
thermal conductivity of disordered crystaBhys. Rev. B16
(1992) 6131nttps://doi.org/10.1103/PhysRevB.

46.0131

A. Otero-de-la-Roza and V. Lia, Robust treatment of static
data in Gibbs2,Comput. Phys. Commuri82 (2011) 1708,
https://doi.org/10.1016/].cpc.2011.04.016

M. A. Blanco, E. Francisco, and V. L#éa, GIBBS:
quasi-harmonic Debye modeGomput. Phys. Commuri58
(2004) 57, |https://doi.org/10.1016/j.comphy.
2003.12.001

Rev. Mex. Fis72 040501


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�

