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1. Introduction

The rapid advancement of semiconductor technology has
fundamentally shaped modern electronics, driving
continuous improvements in processing power, device
miniaturization, and energy efficiency. This progress has
historically followed Moore's Law, which predicts that the
number of transistors on a microchip doubles
approximately every two years. Consequently, transistor
densities in integrated circuits have increased
exponentially over time Apple's 2023 M2 Ultra chip, for
instance, contains a remarkable 134 billion transistors,
exemplifying the extraordinary achievements of the
semiconductor industry [1].

However, as transistors approach atomic dimensions, they
encounter fundamental physical limitations arising from
quantum mechanical effects, including electron tunneling,
leakage currents, and heat dissipation challenges. These
obstacles constrain  the  continued
advancement of conventional charge-based electronics,

increasingly

necessitating the exploration of alternative paradigms [2].
In response to these challenges, spintronics has emerged as
a promising alternative. Unlike conventional electronics,
which rely solely on electron charge, spintronics exploits
both the charge and intrinsic spin of electrons. This dual-
degree of freedom opens new possibilities for fast, low-
power, and non-volatile memory and logic technologies.
Spintronic devices including spin-based transistors, spin-
transfer torque RAM (STT-RAM), spin valves, and
quantum computing components offer the potential for
ultra-low energy consumption, high integration density,
and exceptional performance [3-6]. A fundamental
requirement for spintronic device operation is the
generation and control of highly spin-polarized currents,
wherein electron spins are aligned in a specific direction
for information storage and processing.

This has directed significant research attention toward
ferromagnetic semiconductors (FMS), which are capable
of maintaining elevated spin polarization and are thus
considered essential building blocks for practical
spintronic applications [7-9].

Among the material families being actively investigated,
double perovskites (DPs) with the general formula
A:BB'Xs have emerged as particularly fascinating
candidates due to their exceptional magnetic properties,
high Curie temperatures, and tunable electronic
characteristics. These materials derive from the traditional
ABX; perovskite structure, which exhibits remarkable
property  diversity ranging from insulating to
superconducting behavior [10—14]. The inherent structural
flexibility of the perovskite arrangement facilitates the
incorporation of diverse elemental compositions while
maintaining crystallographic stability [15-22].
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In the A.BB'Xs double perovskite structure, the A-site is
typically occupied by large cations such as alkali (Cs*, K*,
Na") or alkaline earth metals (Ba?*, Ca?*, Sr?*), while the B
and B' sites accommodate transition metal ions (e.g., V,
Cu, Co, Cr, Fe) [16].

This compositional versatility allows these compounds to
adopt various crystallographic configurations at ambient
temperature, including cubic (Fm-3m #225) as in
Ba:FeMoOs, tetragonal (I4/m) as observed in Sr2CoWOes,
and monoclinic (P2:/n #14) as demonstrated in Ca2FeMoOs
[22,23].

Critically, the presence of ferromagnetism and the
achievement of high Curie temperatures ranging from 490
K to 800 K in certain halide-based DPs position these
materials as ideal candidates for spintronic device
applications.

Recent investigations have significantly expanded the
understanding of double perovskites for spintronic and
optoelectronic applications.

Ammar Yasir et al. [24] demonstrated that Li2CuWCls and
Li2CuWBrs exhibit ferromagnetic behavior with direct
band gaps 0f2.09 eV and 1.53 eV, respectively, along with
promising thermoelectric performance characterized by
high figures of merit (ZT). Similarly, Khan et al. [25]
reported that A2YBiOs (A = Mg, Ca, Ba) perovskites
display strong optical absorption and thermoelectric
figures of merit reaching 0.81 at room temperature, making
them attractive for solar cell applications. Mustafa et al.
[26] investigated TLOs(Cl/Br)s double perovskites,
revealing half-metallic  ferromagnetism and high
thermoelectric figures of merit.

Their work demonstrates how halogen substitution
influences spin-dependent electronic structures and
transport behavior, providing a complementary perspective
to our study of semiconducting Rb-CuCrXs compounds,
where we also observe systematic band-gap modulation
upon Cl—Br substitution.

Nazir et al. [27] showed that K>InBiXs (X = Cl, Br, I) halide
perovskites exhibit tunable band gaps and favorable optical
properties for solar cell applications, with anion
substitution enabling effective band gap engineering.

The magnetic properties of double perovskites have been
particularly extensively studied. Chen et al. [28] explored
lead-free Cs2NaB'Cls (B' = In, Cr, Y, Tb) double halide
perovskites, finding band gaps ranging from 2.81 eV
(Cs2NalnCle) to 5.19 eV (Cs2NaTbCls), with Cs2NaCrCls
exhibiting strong absorption across both visible and
ultraviolet regions.

Sofi et al. [29] demonstrated that Cs:AgB'Brs (B'=V, Mn,
Ni) compounds display energetically favorable
ferromagnetic phases with 100% spin polarization and
Curie temperatures of 204 K, 747 K, and 385 K for B'=Nj,
Mn, and V, respectively. Varadwaj et al. [30, 31]
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systematically examined A2AgCrBrs (A = K, Rb, Cs) and
Cs2AgCrXs (X = Cl, 1) double perovskites, highlighting
their strong magnetic behavior, half-metallicity, and
advantageous optical characteristics, though noting that
critical aspects such as transport behavior and Curie
temperatures required further investigation.
Complementary  studies have explored diverse
compositional families. Shah et al. [32] investigated Ti-
based La2MTiOs (M = Co, Ni, Cu, Zn) perovskites, finding
semiconducting behavior with antiferromagnetic ordering
in La2CoTiOs, La:NiTiOs, and La:CuTiOs, suggesting
suitability for spin valve and memory devices. Kumari et
al. [33] computationally analyzed Rb-NaCoXs (X = Cl, Br,
I) double perovskites for renewable energy applications,
reporting direct band gaps, significant thermoelectric
potential, excellent thermal stability, and favorable n-type
semiconducting behavior.

Tirth et al. [34] examined K>ScCoXs (X = F, Cl) as lead-
free alternatives for solar cells, finding ferromagnetic
ground states, direct band gaps of 0.93 eV and 1.22 eV
respectively, remarkable structural stability, and high
optical absorption.

Experimental and computational studies on oxide-based
double perovskites have further enriched the field. Dar et
al. [35] combined XRD analysis with Rietveld refinement
and DFT simulations to investigate A-FeMnOs (A = Ba,
La), confirming cubic structure for Ba:FeMnOs and
orthorhombic for La:FeMnOs, with measured band gaps of
1.47 eV and 1.18 eV respectively, and verifying half-
metallic ferromagnetism driven by spin-dependent electron
hybridization.

Abdullah et al. [36] assessed K2NaMIs (M = Mn, Co, Ni)
perovskites, confirming their cubic structure and
demonstrating half-metallic behavior through spin-
polarized band structure calculations, with computed
magnetic moments of 4 uB for Co and Mn and 1 uB for Ni
emphasizing their spintronic promise.

Halide-based double perovskites containing chromium
have attracted particular attention due to their robust
magnetic properties.

Khan et al. [37] analyzed Rb2XCrCls (X = K, Na) using
DFT within the Wien2k framework, finding
semiconducting behavior with robust mechanical stability,
with Rb:NaCrCls demonstrating higher stability than
Rb2KCrCls.

Singh et al. [38] conducted a high-throughput first-
principles investigation of Cs:BB'Cls double perovskites
with magnetic ions on both B-sites, predicting
ferromagnetism with fairly high Curie temperatures for
Cs2HgCrCls, Cs2AgNiCls, and Cs2AuNiCls, with the latter
two additionally showing half-metallic behavior.

Berri and Bouarissa [39] evaluated the Rb.BXs family (B
=Tc, Pb, Pt, Sn, W, Ir, Ta, Sb, Te, Se, Mo, Mn, Ti, Zr; X
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= Cl, Br), identifying Rb:PbBrs and Rb:PbCls as
semiconductors with band gaps of 0.275 eV and 1.142 eV
respectively for photovoltaic applications, while Rb.MnCls
and Rb-MnBrs emerged as magnetic semiconductors with
total magnetic moments of 3.00 uB.

Mopoung et al. [40] combined computational and
experimental approaches to evaluate antiferromagnetic
coupling in Cs2(Ag:Na)FeCls alloys, demonstrating that
nonmagnetic ions at the B-site enhance superexchange
interactions.

Collectively, these studies establish double perovskites
as versatile  material  platforms for next-generation
spintronic, thermoelectric, and optoelectronic devices,
offering high stability, favorable electronic properties, and
tunable functionality.

However, despite this extensive research, certain
compositional spaces remain underexplored.

Recent theoretical studies on Cs:CuCrXs (X = Cl, Br) by
Ameer et al. [41] suggested that these perovskites are
promising candidates for optoelectronic and thermoelectric
applications due to their high dielectric constants, strong
UV-region absorption, and elevated thermoelectric figures
of merit.

Nevertheless, cesium is a relatively rare and expensive
metal, presenting significant challenges for cost
management in large-scale commercial production.

Most recently, Noor et al. [42] investigated K-CuCrCls and
K2CuCrBrs, reporting cubic structures, thermodynamic
stability, negative formation energies, and ferromagnetism
primarily attributed to Cr-3d states.

These materials exhibited indirect band gaps of 1.3 eV and
1.2 eV respectively, significant ultraviolet absorption, and
high thermoelectric figures of merit (0.77 and 0.71).
However, to the best of our knowledge, the corresponding
Rb-based compounds RbCuCrCls and Rb2CuCrBrs have
not been systematically investigated.

In light of this research gap, the present work employs
density functional theory to systematically study the
structural, electronic, magnetic, and optical properties of
Cr-based double perovskites Rb2CuCrXs (X = Cl, Br). Our
primary objectives are to examine the impact of A-site (Cs
— Rb) and X-site (Cl — Br) substitutions on the
geometrical stability, electronic structure, and optical
characteristics of these materials.

By replacing cesium with the more abundant and cost-
effective rubidium, and by varying the halogen species, we
aim to identify environmentally friendly alternatives with
maintained or enhanced functionality for optoelectronic
and spintronic applications.

These results may broaden the fundamental understanding
of structure-property relationships in halide double
perovskites and guide the development of next-generation
materials with improved efficiency and performance.
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2. Computational method

The structural, magnetic and electronic properties of the
analyzed materials were examined and calculated utilizing
the full-potential linearized augmented plane wave (FP-
LAPW) approach within the density functional theory
(DFT) framework [43], as implemented in the Wien2k
package [44].

Structural optimization—including lattice constant, bulk
modulus, and its pressure derivative—was performed
using the PBEsol formulation of the generalized gradient
approximation (GGA-PBEsol) for the ferromagnetic (FM)
configurations.

To address the well-known band-gap underestimation
produced by standard DFT functionals (including LDA and
GGA-PBEsol), we employed the Tran-Blaha-modified
Becke-Johnson (TB-mBJ) approximation [45-47]. This
functional offers a more accurate treatment of the
exchange-correlation
optoelectronic properties.
Compared to advanced methods like hybrid functionals
and the GW approximation, the TB-mBJ approach
provides band-gap predictions with accuracy approaching
these higher-level methods but at a significantly lower
computational cost [45-47].

While the TB-mBJ potential has been shown to provide
accurate band gaps for a wide range of semiconductors, we
acknowledge that for systems with strong electronic

potential, particularly for

correlations, alternative approaches such as DFT+U may
offer additional insights.

The recent work by Ammar Yasir et al. [24] demonstrates
the importance of such corrections in Cu-containing double
perovskites, suggesting a valuable direction for future
investigations of the Rb.CuCrXs system. Nevertheless, the
choice of the TB-mBJ potential in this study is justified by
its proven accuracy for band gap prediction in halide
double perovskites [27, 37, 41, 42] and its computational
efficiency, which enabled systematic structural
optimization and optical property calculations across a
wide energy range.

While hybrid functionals (e.g., HSE06) or GW methods
could provide benchmark validation, their substantially
higher computational cost precluded their use in this study.
We further acknowledge that TB-mBJ does not capture
excitonic effects, which may influence the optical
properties. These limitations, together with correlation
effects, are noted as important directions for future
investigations [24].

Importantly, the consistency of our calculated band gap
trends with those reported for analogous K- and Cs-based
systems [41, 42] provides indirect validation of our
methodological approach.

@) 10.57647/jtap.2026.2004.03

The full-potential method partitions the crystal unit cell
into muffin-tin (MT) spheres and interstitial regions (IR),
with the wave function represented as plane waves in the
IR region and expanded as spherical harmonics within the
MT spheres.

For Brillouin-zone integration, a dense 1000 k-point mesh
was used, and the semi-core and valence electrons were
separated by a cut-off energy of -6.0 Ry. The cut-off
parameter RMTxKnax was set to 8, where RMT is the
smallest MT sphere radius and Kmax denotes the largest k-
vector in the reciprocal lattice.

The optical properties of Rb.CuCrXs (X = Cl, Br) were
calculated using the TB-mBJ potential via the complex
dielectric function: &(w)=¢i(w)+iex(w) which is directly
linked to the electronic structure. Through the Kramers—
Kronig relations, the real part ¢i(w) is derived from the
imaginary part &(w) [47], enabling the calculation of
related optical parameters including refractive index n(w),
extinction coefficient k(w), absorption coefficient a(w),
and reflectivity R(w) for the title compounds.

3. Results and discussion
3.1. Structural properties

Crystallization of the DPs materials Rb,CuCrXe (where X=
Cl and Br) with the stoichiometric formulation A,BB'Xs
occurs in a cubic shape characterized by the space group
Fm-3m (#225).

Within the unit cell, each of the constituent atoms
maintains their location.

The bigger cation occupies the body-centered cubic
arrangement and adopts a 12-fold coordination, with a
Wyckoff location of (0.25, 0.25, 0.25). The B-site (Cu) and
B'-site (Cr) atoms are located at proportional coordinates
(0.5, 0.5, 0.5) and (0, 0, 0), respectively, positioned
centrally within the unit cell.

These B and B' atoms are surrounded by X atoms at the
corner places at (0.25, 0, 0), forming BXs and B'Xg
octahedra, as shown in Figure 1.

The Rb atom is coordinated by 12 X (X=Cl, Br) atoms,
whereas the Cu/Cr atoms are clearly encircled by octahedra
of X (X=Cl, Br) atoms.

We have verified the correctness of the relaxed lattice
constants using the Birch-Murnaghan equation of state
(BM-EOS).

According to a survey of the literature and the illustration
in Figure 2, the ferromagnetic phase is where these
materials' least ground state energy occurs.

The pressure-volume data was analyzed with the BM-EOS
in order to refine the structural parameters and evaluate
stability further.
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L.

(a) (b)

Figure 1. Unit cells of Rb,CuCrXe (X = Cl and Br) presented in (a) ball-and-stick, and (b) polyhedral representations. Rubidium, copper, chromium, and
chlorine/bromine ions are depicted as pink, gray, purple and green spheres, respectively
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Figure 2. Graphs of calculated energy (Ryd) vs volume ((a.u)?), (a) Rb,CuCrClg as well as (b) Rb2CuCrBr6 in ferromagnetic spin phases, computed using
GGA-PBEsol

Determining important structural parameters, including stability under varying pressure conditions. In order to

equilibrium lattice constant (ao), equilibrium volume (V)), assess their structural stability in more detail, the formation
bulk modulus (Bo), and its pressure derivative (B'g) is made energy (AHy) of the two compounds was computed using
possible by this equation, which precisely characterizes the the following formulas [29]:
material's equation of state. The BM-EOS [48] was applied
to fit the total energy (E) versus unit cell volume (V) data AH¢ (A2BB'X6) =
to yield these characteristics: 2
5 5 2 [Etot(AZBB’XG) — 2E; — Ep — Epr — 6Ex]
9 V3| V3 10
E(V)=E, +EBOV0 (V—O) (V—O) -1

The negative formation enthalpy values for both double

2 M perovskites suggest that energy is liberated during

1 +%(36 —4) (VK)3 -1 synthesis, hence affirming their thermodynamic stability.
0 Comparable formation energy trends has been reported for

analogous ferromagnetic perovskites, including RbCrXs
This equation is essential for analzying the material’s and K,CuCrZg [49, 50]. The presence and nature of halide
response to compression and for evaluating its structural anions also affects the calculated stability.
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Nonetheless, the formation energies of all compounds fall
within a uniform and consistent range. Table 1
demonstrates that the Br-based compound possesses the
highest AHr value, signifying that Rb.CuCrBrs is the most
thermodynamically stable composition.

Table 1. The optimized lattice constants a, (A), volume V, (A3), bulk
modulus B (GPa), pressure derivative (B'), formation energy AHy (eV)
and Goldsmith tolerance t; for Rb,CuCrCls and Rb,CuCrBrg

Parameters Rb2CuCrCls Rb2CuCrBrs
a0 (A) 9.69 10.26

Vo (A3 1534.68 1818.40

B (GPa) 46.00 37.22

B’ 4.65 5.06

AHs (eV) -1.07 -1.35

te 1.00 0.98

The stability of the structure of perovskite materials can be
evaluted via empirical parameters, particularly the
tolerance factor of Goldschmidt (tg) [51]. The following
formula is employed to determine this factor:

Tty
© V20 + 1) ©)

Here, 14, 13 and ry represent the ionic radii of the A (Rb),
B (the ionic radius of the average value of Cu and Cr), and
X (Cl or Br) site ions, respectively. As long as the tolerance
factor (tg) is equal to 1, a perfect cubic structure is
produced when the size of cation A is larger than that of
cation B. The t; values must lie between 0.8 and 1.0 for
stable perovskite structures to form. Alternative structures
will arise if cation A is either too large or too small to fit
inside the BX6 octahedron if tg is greater than 1.0 or less
than 0.8 [52]. From Table 1, it is evident that the ¢t factor
is very close to 1.00 which strongly recommends the
formation of a stable cubic double perovskite structure.
Our calculated negative formation energies (AHr = -1.07
eV for Cl, -1.35 eV for Br) and Goldschmidt tolerance
factors (tg = 1.00) confirm thermodynamic and structural
stability. These values are comparable to those reported for
other stable double perovskites in the studies by Nazir et
al. and Mustafa et al., reinforcing the viability of
Rb2CuCrXs for practical applications. Additionally, Table
1 lists the predicted amounts of the bulk modulus and
lattice value for every material. When Br replaces Cl at the
X-site, the Rb,CuCrXs unit cell expands, resulting in
increased lattice constants for RboCuCrBrs. The
augmentation of lattice constants in Br-based perovskites
is attributed to the larger ionic radius of the Br anion
relative to Cl. Although explicit phonon dispersion and
elastic constant calculations were not performed in this
study, the dynamical and mechanical stability of
Rb2CuCrXs is supported by multiple indirect indicators.
The negative formation energies (Table 1) confirm
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thermodynamic stability against decomposition. The
tolerance factors very close to unity (tg = 1.00) suggest an
ideal cubic structure with minimal octahedral tilting, which
typically correlates with the absence of soft phonon modes.
The positive bulk moduli (46.0 GPa for Cl, 37.2 GPa for
Br) indicate resistance to volume compression and are
comparable to values reported for other stable halide
perovskites. Furthermore, recent studies on chemically
analogous compounds, including K.CuCrXs [42],
Cs2CuCrXe [41], and Rb2NaCrCls [37], have confirmed
their stability through explicit calculations or reported no
instabilities. Collectively, these lines of evidence suggest
that Rb2CuCrCls and Rb2CuCrBrs are structurally stable.
Nevertheless, we acknowledge that explicit phonon and
elastic constant calculations would provide the most
rigorous confirmation and recommend them for future
investigations.

3.2. Electronic properties

The examination of the electronic band structure is crucial
for understanding how the macroscopic physical properties
of crystalline solids such as charge transport, optical
response, and magnetic behaviornemerge from their
fundamental crystal structure and chemical bonding [52].
Analyzing the dispersion relations E(k) yields critical
insights into  carrier  dynamics, charge-transfer
mechanisms, and optical transition probabilities. This
understanding is pivotal for the design and optimization of
solid-state devices, including photovoltaics, transistors,
and spintronic components. To validate our TB-mBJ band
gaps, we compared them with available data for analogous
K- and Cs-based systems [41, 42]. The good agreement
with these studies, combined with the correct trend upon
halogen substitution, gives us confidence in the reliability
of our results. Nevertheless, we acknowledge that future
experimental measurements or benchmark hybrid
functional calculations would provide definitive
validation.

This study examined the electrical characteristics of cubic
Rb,CuCrXs (X = Cl, Br) perovskites crystal structures
compounds utilizing the mBJ approximation (Figure 3).
The band structures were computed along the high-
symmetry k-path W-L-I'-X-W-K, facilitating a thorough
analysis of momentum-dependent electronic states in the
reciprocal lattice.

Figure 3 illustrates that all examined perovskites possess a
finite bandgap, hence affirming their semiconducting
nature. The Fermi level (Er) is defined at 0 eV. For both
compounds, the valence band maximum is located at the L
point and the conduction band minimum at the X point,
revealing an indirect bandgap transition in both spin-up and
spin-down channels.
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Figure 3. Computed electronic band structures of (a) Rb,CuCrCls and (b) Rb,CuCrBry in both spin-up and spin-down states utilizing the TB-mBJ potential.

The horizontal red dashed line at 0 eV denotes the Fermi level

The computed band-gap energies at ambient pressure are
0.88 eV for Rb2CuCrCls and 0.79 eV for Rb2CuCrBres.

The closeness of the Fermi level to the VBM in the
semiconducting channel reflects p-type semiconducting
performance. These figures underscore the significant
reliance of the electronic structure on both the halogen
species, indicating potential applications necessitating
band-gap engineering. The systematic reduction of 0.09 eV
upon substituting Cl with Br arises from two interrelated
factors: the higher energy of Br 4p orbitals compared to Cl
3p orbitals raises the valence band maximum, and the
larger ionic radius of Br expands the lattice, reducing
orbital overlap and further narrowing the gap. This trend is
consistent with anion substitution effects observed in other
halide perovskite families [41, 42] and demonstrates that
band gap engineering via halogen substitution is an
effective strategy in these materials. The Fermi level lies
close to the valence band maximum in the spin-polarized
band structures, indicating intrinsic p-type semiconducting
behavior. This is corroborated by the density of states
analysis (Figures 4-5), which shows that the valence band
edge is dominated by Cu 3d and halogen p states, while the
conduction band edge has primarily Cr 3d character. The
proximity of Er to the VBM suggests that holes will be the
majority carriers, with potential applications as p-type
absorbers or hole transport layers. The band structures in
Figure 3 reveal significant curvature near the VBM and
CBM, particularly along the L-I" and X—W directions,
indicating good carrier mobility. Based on the pronounced

d.} 10.57647/jtap.2026.2004.03

dispersion and comparison with analogous K- and Cs-
based systems [41, 42], we estimate effective masses in the
range of 0.3-0.5 mo for both electrons and holes. From the
degree of curvature, we can infer that electron effective
masses are lighter than hole masses, suggesting that
electron mobility would be intrinsically higher if these
materials could be doped n-type. However, the p-type
nature of the undoped compounds means that hole
transport will dominate. The anisotropy in band dispersion
with different curvatures along different symmetry
directions implies direction-dependent transport properties
that could be exploited in oriented thin films or single-
crystal devices. Furthermore, the band gap values of 0.88
eV and 0.79 eV fall within the optimal range for
photovoltaic applications according to the Shockley-
Queisser limit [52] and are comparable to established
optoelectronic materials such as silicon and GaAs. Figure
4 presents the total (TDOS) and partial (PDOS) densities
of states of Rb,CuCrX¢ (X = Cl, Br) perovskites, computed
via the mBJ method throughout an energy spectrum of -4
to 4eV.

The energy spectrum is partitioned into two segments: the
valence band ranging from —4 to 0 eV, and the band of
conduction extending from 0 to 4 eV. The diagonal dashed
line at 0 eV indicates the Fermi level. This figure clearly
illustrates the existence of a band gap around the Fermi
level in the total density of states, corroborating the
semiconductor characteristics observed in the band
structure.
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The study of the two compounds Rb,CuCrXg (where X =
Cl and Br) indicates that close to Er, the 3d states of copper
largely affect the development of the valence band (VB) in
both spin states. The 3d-eg states of chromium and the 3p
states of Chlorine (Bromine) make a minimal contribution
to the valence band. In the spin-up channel, the conduction
band (CB) near Er is predominantly dominated by the 3d-
eg states of Cr, with a minor contribution from the 3p states
of C1 (Br). In the spin-down channel, the 3d-t-g states of Cr
contribute to the creation of the conduction band near the
Fermi level, alongside contributions from the 3d-eg and 3p
states. Analysis of the PDOS reveals the orbital origins of
the electronic states and their physical implications. The
strong p-d hybridization between Cu 3d and halogen p
states throughout the valence band is characteristic of
covalent bonding in halide perovskites and is responsible
for the dispersive band structure. Near the valence band
maximum, the Cu 3d—X p antibonding character produces
the dispersive bands that enable hole conduction. In the
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conduction band, the different orbital character in each spin
channel Cr 3d-e, in spin-up, Cr 3d-ty; in spin-down—
reflects the exchange splitting of Cr 3d states and is the
fundamental origin of the spin-polarized transport
properties. From the PDOS, we can estimate the exchange
splitting Acx between majority and minority spin Cr 3d
states by measuring the energy separation between
corresponding peaks in the two spin channels. This
splitting is approximately 2.5-3.0 eV for both compounds,
which is comparable to the band gap itself. The magnitude
of Acx has two important consequences: it ensures that the
spin-up and spin-down conduction bands are well
separated in energy, leading to high spin polarization; and
it indicates strong exchange interactions, which are
responsible for the robust ferromagnetic ordering and the
near-integer total magnetic moment of 3.00 pg. This direct
connection between the electronic structure and magnetic
properties is a key structure-property relationship in these
materials.


https://doi.org/10.57647/jtap.2026.2004.03

Bensehil et al., J. Theor. Appl. Phys., 2026; 20(4) 360
30 R, CuCrCBr 5
Total (DOS) | : —3d(Cp)
20 10 : ¢ (1)
? | —2,(Cr)
~ —~ 1 l
E 10 5 5 - :
@i @ 1
3 g A |
Z o g 0 DD
-’ ~— |
70 @\ ] :
8 -10 8 -5 - |
= A | :
20 | -10 4 l :
b |
-30 -15 T T T : T
-4 2 0 2 4
, 12
20 I ——3p (Rb) ] : —— Total (Br)
] 1 : ——3d (Cu) 9 T | ——4p (Br)
| |
1 |
~~ | ~ 6 :
> 10 - I > ] |
L | 2 5. :
S [ 3 |
5 /N 5 U
% 0 > 0
~ 1 ~ |
»n I 170) |
Qo I o -3 !
2 104 ! = 1 I
& l | A~ 6 [
|
- I ] I
|
-20 - ! 9] l |
1 |
|
T T T T -12 T T T f T T T
-4 2 0 2 -4 2 0 2 4
Energy (eV) Energy (eV)

Figure 5. TDOS for Rb,CuCrBrs and PDOS for Cr, Rb, Cu and Cl ions, for spin-up (1) and spin-down () using mBJ potential. The Fermi level is set to

Zero

Comparison of the PDOS for Cl and Br compounds reveals
systematic changes upon halogen substitution. The Br 4p
states lie higher in energy than CI 3p states due to the lower
electronegativity and more extended orbitals of bromine,
which shifts the valence band upward and contributes to
the band gap reduction. The slightly broader bands in the
Br compound indicate increased covalency and stronger
hybridization, which may lead to lighter carrier masses.
These trends demonstrate that halogen substitution
provides a continuous tuning knob for the electronic
structure, enabling optimization of the band gap for
specific applications while preserving the essential features
of the band edges.

Spin-orbit coupling (SOC) was not included in the present
calculations. The primary magnetic and electronic
properties of Rb.CuCrXs are governed by the 3d states of
Cr and Cu, for which SOC constants are small (Ac; = 11
meV, Acu = 23 meV). Quantitative estimates show that
SOC-induced energy corrections are on the order of 0.2
meV—four orders of magnitude smaller than the
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calculated band gaps and exchange splittings. This is
consistent with recent studies on analogous K- and Cs-
based systems [41, 42], which successfully described the
essential physics without SOC. For Br-based compounds,
while Br 4p states have a larger SOC constant (~0.15 eV),
their strong hybridization with Cr-3d and Cu-3d states
means that any SOC effects are effectively diluted and do
not significantly alter the band structure or magnetic
properties. The electronic structure of Rb.CuCrXs can be
understood through interconnected structure-property
relationships. The cubic symmetry ensures isotropic band
dispersion in principal planes, leading to direction-
independent transport in polycrystalline materials. The
octahedral coordination of Cr and Cu produces crystal field
splitting of approximately 1-2 eV, which stabilizes the
high-spin Cr** (d*) configuration. The strong Cr-3d—X-p
hybridization creates Cr-dominated conduction bands that
enable spin-polarized transport, while the Cu-3d—X-p
hybridization produces valence bands with pd-antibonding
character that determine the p-type conductivity.
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Halogen substitution from ClI to Br raises the valence band
energy and increases covalency, reducing the band gap by
0.09 eV. Finally, the exchange splitting of approximately
2.5-3.0 eV couples the electronic and magnetic degrees of
freedom, producing a ferromagnetic semiconductor with a
robust 3 pp magnetic moment. These relationships
demonstrate that the electronic properties arise directly
from the crystal chemistry and provide a rational basis for
tuning these materials for specific optoelectronic and
spintronic applications.

3.3. Optical properties

To assess a material's suitability for optoelectronic
applications, it is essential to analyze key optical
parameters, notably the real part €i(®w) and imaginary part
&2(m) of the complex dielectric function, the absorption
coefficient a(w), and the optical conductivity o(w). The
dielectric function describes the material's linear response
to electromagnetic radiation, expressed as g(®) = ei(®) +
ig2(®w) [53-55]. The real component €i(w) describes the
dispersion and polarization response, while the imaginary
component &(®) represents the dissipation of
electromagnetic energy through interband transitions. The
efficiency of light absorption and emission in
optoelectronic devices is primarily determined by the joint
density of states and the transition matrix elements between
occupied and unoccupied electronic bands. Consequently,
the frequency-dependent behavior of &i(®w) and &)
directly governs the optical properties and device
performance.

Figure 6 presents the calculated optical properties of
Rb2CuCrCls and Rb2CuCrBrs over the energy range 0—8
eV. Panel (a) shows the real part €i(®) of the dielectric
function. At zero energy, the static dielectric constant &:(0)
is 5.68 for RbCuCrCls and 5.83 for Rb.CuCrBrs. This
difference arises from the inverse correlation between the
dielectric constant and the band gap, approximately
following the Moss rule (¢ « 1/Eg?) [56, 57], consistent
with the slightly larger band gap of the Cl-based
compound. These values indicate moderate polarizability,
comparable to other halide perovskites and favorable for
charge carrier screening in optoelectronic devices.

Panel (b) displays the imaginary part e2(®), which reflects
the light absorption efficiency through interband
transitions. Both compounds exhibit strong absorption
peaks between 1 and 2 eV, corresponding to the near-
infrared region, with maximum &(w0) values of
approximately 8.5 for Rb2CuCrCls and 9.2 for
Rb2CuCrBrs. The Br-based compound shows a slight
redshift and extension of absorption into the visible region,
attributed to its smaller band gap and the more covalent
nature of the Br-Cr bonds. For both materials, &2(®)

@) 10.57647/jtap.2026.2004.03

approaches zero below the fundamental band gap,
confirming their semiconducting nature and the absence of
mid-gap states.

The absorption coefficient o(®w) = (2owk(w))/c, shown in
Figure 6(e), reaches magnitudes on the order of 10*-10°
cm ' across the visible and ultraviolet regions. Specifically,
at 3 eV (=413 nm), a(o) is approximately 4.2 x 10* cm™
for Rb2CuCrCls and 5.8 x 10* cm™ for Rb2CuCrBrs. The
maximum absorption coefficients reach ~8 x 10* cm™ for
the CI compound and ~9 x 10* cm™ for the Br compound.
These values are comparable to those of established
photovoltaic materials such as GaAs (~10* cm™) and
MAPbBI; (~10° cm™), indicating that films of only 1-2 pm
thickness would absorb >90% of incident photons above
the band gap. Notably, Rb:CuCrBrs maintains an
absorption coefficient above 10* cm™ throughout the 1.5—
5 eV range, covering the entire visible spectrum and
extending well into the ultraviolet.

The absorption onset corresponds to the fundamental band
gap, with the Tauc plot analysis (inset of Figure 6¢)
confirming the indirect nature of the transitions. The
absorption strength in the visible region (1.8-3.1 eV) is
particularly important for photovoltaic applications.
Integrating a(w) over the AM1.5G solar spectrum shows
that both materials capture >70% of the above-gap photon
flux, with Rb.CuCrBrs showing slightly better coverage
due to its smaller band gap extending absorption further
into the infrared. Figures 6(c) and 6(d) depict the refractive
index n(®) and extinction coefficient k(w). The refractive
index quantifies the phase velocity of light in the material,
while the extinction coefficient measures the attenuation of
electromagnetic radiation.

These quantities are related to the dielectric function by &:
=n?—k?and &2 =2nk [58]. The static refractive indices n(0)
are 2.38 for RbCuCrCls and 2.41 for Rb2CuCrBrs,
consistent with the dielectric constants via n = Ve, Both
materials show peak refractive indices around 1.26 eV,
indicating strong light-matter interaction at low photon
energies, followed by a declining trend at higher energies
consistent with the Kramers-Kronig relations. The
extinction coefficient k(®) exhibits maxima in the 2-3 eV
range, corresponding to the strongest absorption regions
identified in a(w). The optical conductivity o(w) =
(we2(w))/(4m) reaches peak values of approximately 3000—
3500 Q'cm™ in the visible region, indicating good
photoconductive response.

The reflectivity R(w) =|(n— 1 + ik)/(n + 1 + ik)|%, shown in
Figure 6(f), remains below 0.20 across most of the energy
range, with static reflectivity values of 0.16 for
Rb2CuCrCls and 0.17 for Rb2CuCrBrse. The low
reflectivity, combined with high absorption, indicates that
most incident light is absorbed rather than reflected, which
is advantageous for photovoltaic applications.
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The reflectivity shows a slight increase in the 1-2 eV
region, corresponding to the strong interband transitions,
but remains below 0.25 even at the peaks.

To evaluate the potential for solar cell applications
quantitatively, we compare the absorption characteristics
with the Shockley-Queisser limit [52]. While the band gaps
(0.88 eV, 0.79 eV) are below the optimal 1.34 eV for
single-junction cells, the high absorption coefficients
(~10° cm™) and broad spectral response make these
materials excellent candidates for: (i) bottom-cell
absorbers in tandem photovoltaic devices, where they
would complement wider-band-gap top cells; (i) near-
infrared photodetectors operating in the 800-1400 nm
range; and (iii) thermophotovoltaic systems designed for
infrared radiation harvesting.

The absorption coefficient at the peak of the solar spectrum
(~2.5 eV) exceeds 5 x 10* cm™ for both compounds,
ensuring efficient carrier generation in thin-film
architectures.

The optical properties presented here are calculated within
the independent particle approximation using TB-mBJ.
While this approach captures the main features of the
dielectric function, future work incorporating excitonic
effects via Bethe-Salpeter equation (BSE) calculations
would provide a more complete description, particularly
near the absorption edge where electron-hole interactions
may enhance the optical response.

3.4. Magnetic properties

In recent decades, both theoretical and experimental
studies have increasingly focused on double perovskites
for spintronic applications, particularly exploiting
phenomena such as tunnel magnetoresistance (TMR) and
giant magnetoresistance (GMR). The primary advantage of
these materials lies in their enhanced magnetic moments
and potentially high Curie temperatures (7¢), properties
that are essential for practical magnetic compounds. The
magnetic moment of double perovskites (DPs) mostly
arises from the incorporation of transition metal ions at the
B-sites. These metals possess unpaired d electrons that are
the primary source of the material's total magnetic
moment. Optimization of the magnetic moment for various
applications can be achieved by selecting appropriate
transition metal combinations. Exceptionally elevated
magnetic moments render these compounds highly
appealing for data storage and spintronic devices [59]. The
calculated magnetic properties of Rb2CuCrXs (X = Cl, Br)
are presented in Table 2. The uniform total magnetic
moments, approximately 3 pg per formula unit for both
compounds, reflect robust magnetic ordering arising from
the high-spin state of the Cr** ions (3d® configuration). This
configuration is stabilized through significant crystal field
splitting in an octahedral coordination, with spin alignment
following Hund's rule.

Table 2. Computed site-resolved magnetic moments (in pg) and total band gap energy E, (eV) for Rb2CuCrCls and Rb2CuCrBrs

Compounds M(Tot) m(Rb) m(Cr) m(Cu) m(X) E,
Rb,CuCrCls 3.00 0.00 2.62 0.06 0.03 0.88
Rb>CuCrBrg 3.00 0.00 2.80 -0.06 0.01 0.79

As discussed in detail above, the site-resolved moments
(Table 2) reveal that while Cr carries the majority of the
moment (2.62-2.80 pg), small induced moments appear on
Cu (£0.06 pg) and the halogen sites (0.01-0.03 ps),
demonstrating the role of covalent hybridization in these
materials.

The ferromagnetic ground state of Rb2CuCrXG is consistent
with recent theoretical work on transition-metal-based
perovskites. For instance, Safdar et al. [60] demonstrated
that in the CaCusMn.Ir2012 system, the lowest energy state
(FiM-1I) is determined by comparing energy differences of
—191.67 meV and —37.47 meV relative to FM and FiM-I
configurations. While our study focuses on FM ordering,
the robustness of our 3.00 ug moment aligns with the site-
resolved moments reported in such systems.

The site-resolved moments in our work (Table 2) exhibit
features comparable to those reported by Safdar et al. [59]
for CaCusMn2lr2012. In their study, Cu carries 0.6 pg, Mn
carries 3.25 pg, and Ir shows a negative moment of -0.57
uB, indicating antiparallel alignment. Similarly, our Cr-
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dominated moments (2.62-2.80 pg) with small induced
moments on Cu (£0.06 pg) and halogens (0.01-0.03 pg)
reflect the role of hybridization. The negative Cu moment
in Rb2CuCrBrs suggests weak antiferromagnetic coupling
between Cu and the Cr-halogen framework, analogous to
the Ir behavior in their FiM-II state. This distribution
deviates significantly from the ionic free-ion estimate of
3.87 us for isolated Cr*", demonstrating the importance of
covalent bonding in these materials. The total cell moment
of 3.00 pg, however, remains consistent with the expected
integer value for a high-spin d° configuration, confirming
that the 'missing' moment is delocalized onto ligand sites
through hybridization rather than being quenched.

The origin of the small induced moments on Cu and
halogen sites can be understood from the PDOS analysis
(Figures 4 and 5). Strong covalent hybridization between
Cr-3d and halogen-p orbitals leads to the formation of
bonding and antibonding states that have mixed character.
Consequently, a small fraction of the spin density from Cr
is transferred to the ligand sites.
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This effect is more pronounced in the Cl compound (m(Cl)
= 0.03 pg) compared to the Br compound (m(Br) = 0.01
us), which can be attributed to the higher electronegativity
and stronger covalent bonding tendency of Cl relative to
Br. The negative moment on Cu in Rb2CuCrBrs (-0.06 pg)
indicates a weak antiferromagnetic coupling between Cu
and the Cr-halogen framework, a subtle effect that would
be entirely missed in an ionic model.

While Safdar et al. [60] achieved 100% spin polarization
through half-metallic behavior with a 0.7 eV minority-spin
gap, our compounds exhibit semiconducting behavior in
both spin channels. This distinction highlights the diversity
of spintronic materials: half-metals like CaCusMn2lr2012
offer perfect spin filtering, whereas ferromagnetic
semiconductors like Rb2CuCrXs enable gate-tunable spin
transport. The robust 3.00 pg moment in our systems
ensures significant spin polarization even in the absence of
half-metallicity.

The double perovskite Rb2CuCrCls comprises copper in
the +1 oxidation state (Cu*), chromium in the +3 oxidation
state (Cr*"), and chloride anions (CI7). The chromium ion,
Cr?*, with three unpaired electrons in its 3d orbitals (3d*
configuration), is the principal contributor to the magnetic
moment in this structure, yielding the expected spin-only
moment of 3 pug. The copper ion, Cu*, possesses a fully
occupied 3d'° electron shell and therefore has no unpaired
electrons in a purely ionic picture. However, as shown in
Table 2, a small induced magnetic moment appears on Cu
(£0.06 uB), which arises from covalent hybridization with
surrounding atoms rather than from intrinsic Cu?*
character. These results are consistent with recent studies
on KoCuCrZs and Cs2CuCrZs [41, 42], which also report
Cr-dominated magnetism with small induced moments on
Cu, thereby reinforcing the robustness of our findings and
the importance of hybridization effects in these systems.
Following the approach of Safdar et al. [60], who estimated
a Curie temperature of 322 K for CaCusMn.lIr:O12 using
Heisenberg exchange parameters derived from total energy
differences of multiple magnetic configurations, future
work on Rb2CuCrXs should include explicit calculations of
antiferromagnetic (AFM) states to extract exchange
constants and estimate Tc¢. Such studies would provide
deeper insight into the magnetic stability of these materials
at finite temperatures.

While explicit exchange constants and Curie temperatures
were not calculated in this study, several qualitative
indicators suggest robust magnetic ordering. The large
exchange splitting observed in the PDOS (Figures 4-5) and
the integer total magnetic moment of 3.00 pg both indicate
strong ferromagnetic coupling. Furthermore, the close
chemical and structural similarity to K- and Cs-based
analogs [41, 42], which have been reported to exhibit high
magnetic stability, supports the expectation that
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Rb2CuCrXs may possess Curie temperatures above room
temperature. Nevertheless, we acknowledge that explicit
extraction of exchange parameters and 7¢ estimation via
mean-field or Monte Carlo methods would provide
quantitative confirmation and are recommended for future
investigations.

4. Conclusion

In conclusion, the cubic phase of the halide perovskites
Rb:CuCrCls and Rb:CuCrBrs has demonstrated
thermodynamic and energetic stability as confirmed by
negative formation energies (AHr=-1.07 eV and -1.35 eV,
respectively).

While the present work confirms the ferromagnetic ground
state through structural optimization and magnetic moment
analysis, explicit calculation of antiferromagnetic
configurations and subsequent estimation of Curie
temperatures via Monte Carlo simulations would provide
deeper insight into magnetic stability at finite temperatures.
Such investigations are planned for future work.

Band structure calculations using the TB-mBJ potential
reveal that both compounds are indirect band gap
semiconductors with E, values of 0.88 eV (Rb2CuCrCls)
and 0.79 eV (Rb2CuCrBrs).

The proximity of the Fermi level to the valence band
maximum indicates p-type behavior, consistent with the
Cu-3d-halogen-p character of the valence band edge.

The magnetic properties arise from a well-defined
mechanism rooted in the crystal chemistry. The octahedral
coordination of Cr** produces a crystal field splitting Acr of
approximately 1-2 eV, stabilizing the high-spin d?
configuration (t2¢*1, e,°) with three unpaired electrons. This
configuration yields the spin-only moment of 3 pgand
provides localized spins for magnetic ordering.
Ferromagnetism is mediated by
interactions along Cr—X—Cu—X—Cr pathways, where X =
Cl or Br. In this mechanism, Cr 3d and Cu 3d orbitals
hybridize with halogen p orbitals, creating an effective

superexchange

ferromagnetic coupling between Cr** ions. The strength of
this interaction is reflected in the large exchange splitting
(Aex = 2.5-3.0 eV) observed in the PDOS and the robust
total magnetic moment of 3.00 pg. Halogen substitution
modulates the exchange interaction: the more covalent
character of Br enhances hybridization, correlating with the
slightly larger Cr-projected moment in Rb2CuCrBrs (2.80
ug) compared to Rb2CuCrCls (2.62 ).

Both compounds demonstrate significant optical
absorption from the near-infrared to the ultraviolet, with
absorption coefficients reaching 10*-10° cm™. The
dielectric functions &:1(®) and &2(w) indicate high efficiency
in light absorption, particularly in the infrared, with
Rb2CuCrBrs extending absorption into the visible region.
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Refractive indices (2.38-2.41) and extinction coefficients
confirm substantial light-matter interaction, with
maximum absorption in the 2-3 eV range. The low
reflectivity (<0.20) ensures that most incident light is
absorbed rather than reflected, advantageous for
photovoltaic applications.

While the band gaps are below the optimal range for single-
junction solar cells, the high absorption coefficients and
broad spectral response make these materials excellent
candidates for bottom-cell absorbers in tandem devices and
near-infrared photodetectors. This integrated analysis
demonstrates that the electronic, magnetic, and optical
properties of Rb.CuCrXs are not independent but emerge
from interconnected structure-property relationships:
crystal field splitting determines the Cr spin state,
exchange pathways mediated by halide orbitals govern
magnetic coupling, and halogen chemistry simultaneously
controls the band gap and absorption characteristics. These
mechanistic insights provide a rational basis for tuning
these materials for specific optoelectronic and spintronic

applications. While the present work establishes
fundamental properties, further investigations into
exchange coupling mechanisms, spin polarization

dynamics, and detailed transport behavior would provide
deeper insight.

Future work should include benchmark calculations using
hybrid functionals or GW methods to validate band gaps,
DFT+U calculations to explore correlation effects, and
Bethe-Salpeter equation (BSE) calculations to capture
excitonic effects in optical spectra.”
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