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f novel halide double perovskites
K2CuVCl6 and Rb2CuVCl6: application in next-
generation spintronic devices

Mohammed El Amine Monir,a Hadj Baltach,a K. Bouferrache,bc M. Fatmi, b

M. A. Ghebouli,bd Faisal Katib Alanazi,*e B. Ghebouli,f Maroua Imène Benamranig

and Rabah Boudissabf

This work reports the determination of structural, electronic, half-metallic and magnetic properties of new

double perovskites K2CuVCl6 and Rb2CuVCl6 using the full-potential linearized augmented plane wave plus

local orbitals method incorporated in theWIEN2k code. The calculations performed for this prediction were

framed using the density functional theory, and the exchange and correlation potential were described

using the generalized gradient approximation of TB-mBJ (Tran–Blaha modified Becke–Johnson). The

structural properties confirmed the stable ferromagnetic ground state of the two studied compounds.

The equilibrium structural parameters, such as lattice constant (a0), bulk modulus (B0), their first pressure

derivative (B0) and minimum of the total energy (E0), were determined for both the compounds. The

electronic properties showed that the studied perovskite compounds were completely half-metallic

materials. The half-metallic gap (EHM) values for the compounds were 1.119 eV (for K2CuVCl6) and

1.088 eV (for Rb2CuVCl6). The exchange-splitting energy (D(d)) was found to be large for both the

compounds (D(d) = 3.482 eV for K2CuVCl6 and D(d) = 3.380 eV for Rb2CuVCl6). The calculated total

magnetic moments of the two studied materials indicated major contributions from V atoms and minor

contributions from Cu atoms. Owing to p–d hybridization, feeble magnetic moments were exhibited by

the non-magnetic K, Rb, Cu and Cl sites, while the atomic magnetic moment of V atoms decreased

from its free space charge of 3.00 mB.
1. Introduction

Half-metallic materials play vital roles in the development of
new devices based on spintronic and optoelectronic technolo-
gies. In the last decade, half-metallic materials have attracted
increasing attention of researchers owing to their excellent
electronic, magnetic and optical properties. Generally, half-
metallic compounds exhibit two different electronic behaviors
depending on the two spin directions: a semiconducting
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character in one spin direction and a metallic nature in the
other spin direction.1 Research in this domain was initiated by
the prediction of the electronic structure of half-Heuslers
NiMnS and PtMnS by Groot et al.2 The most prominent works
aer this prediction were on perovskite materials, such as
La0.70Sr0.30MnO3 and Sr2FeMoO6;3,4 Heusler alloys, such as
Co2MnSi and Co2FeSi;5,6 and TM-doped chalcogenide and
pnictide semiconductors.7

In the present time, the half-metallicity has appeared in
several types of materials, such as: TM (transition metal) doped
semiconductors, exploring half-metallicity in NiO via TM and
NTM doping: Insights from LDA and LDA-SIC approaches,8

investigating half-metallic behavior of MnO doped with TM and
NTM: LDA, LDA-SIC and LDA + U analysis;9 half-Heusler alloys,
study on the phase stability, mechanical and half-metallic
properties of half-Heusler alloys FeMnZ (Z = Si, Ge and Sn),10

half-metallicity and thermoelectric performance: Amultifaceted
investigation of Zr-based half-Heusler alloys;11 full-Heusler
alloys, a spin-polarized analysis of the half-metallicity,
mechanical, structural and optoelectronic attributes of full-
Heusler XVCo2 (X = B and P) alloys,12 revealing half-
metallicity: predicting large band-gaps in halogen-based full-
Heusler alloys;13 quaternary Heusler alloys, systematic study of
RSC Adv., 2025, 15, 17685–17694 | 17685
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structural, elastic, electronic, magnetism and half-metallic
properties for the quaternary alloys: Heusler type VZrReZ (Z =

Si, Ge and Sn),14 ab initio study of quaternary Heusler alloys
LiAEFeSb (AE = Be, Mg, Ca, Sr or Ba) and prediction of half-
metallicity in LiSrFeSb and LiBaFeSb;15 perovskites materials,
a DFT theoretical prediction of new half-metallic ferromagne-
tism, mechanical stability, optoelectronic and thermoelectric
properties of ZnCrO3 perovskites for spintronic applications,16

half-metallic ferromagnetic and optical properties of YScO3 (Y=

Ni, Pd, and Pt) perovskite: a rst principles study;17 and double
perovskite materials, harnessing the half-metallicity and ther-
moelectric insights in Cs2AgMBr6 (M= V, Mn, Ni) double halide
perovskites: a DFT study,18 tunability of half metallicity and
thermoelectric indicators in Na2TaX6 (X = Cl, Br) vacancy
ordered double perovskites.19 Moreover, recent studies have
highlighted the growing interest in simple and double perov-
skites owing to their tunable properties and potential in opto-
electronics, catalysis, and energy applications.20–33

In this study, we computed the structural, electronic and
magnetic features of the new double perovskites K2CuVCl6 and
Rb2CuVCl6 in order to prove their complete half-metallic
property, and the calculations were carried out using the full-
potential linearized augmented plane waves with local orbitals
(FP-LAPW + lo) method embedded in the WIEN2k package. This
study was conducted in order to determine the large half-
metallic energy gap (EHM) and high Curie temperature (TC)
corresponding to the new double perovskites K2CuVCl6 and
Rb2CuVCl6 using the TB-mBJ–GGA approximation. This study is
crucial for the development of spintronics, enabling low-energy
storage and computing devices. It also highlights the prospects
of these materials in optoelectronics, particularly for advanced
LEDs and solar cells. Finally, these ndings can be utilized in
thermoelectricity to enhance the energy efficiency of industrial
systems.

The rest of this article is given as follows: simulation method
and calculation details are mentioned in Section 2. Obtained
results are discussed in Section 3. The conclusions of this
prediction are listed in Section 4.

2. Computational details

In this work, the DFT (density functional theory)34 calculations
were carried out by employing the full-potential linearized
Fig. 1 Crystal structure of (a) ABX3 simple perovskite and (b) A2BB0X6 do

17686 | RSC Adv., 2025, 15, 17685–17694
augmented plane waves plus local orbitals (FP-LAPW + lo)
method35,36 implemented in the WIEN2k code.37 The potential
of exchange and correlation is described using both Perdew–
Burke–Ernzerhof generalized gradient approximation (PBE–
GGA)38 and Tran–Blaha modied Becke–Johnson potential of
the generalized gradient approximation (TB-mBJ–GGA).39,40 The
computational parameters employed in this prediction
approach are as follows: the matrix size RMT × Kmax parameter,
which represents the extension of the plane waves and the
convergence of the energy eigenvalues, is taken as 8, where Kmax

denotes the large modulus of the reciprocal lattice vector, and
RMT denotes the small radius of muffin-tin spheres. The cut-off
energy (Ecut-off), which evaluates the number of plane waves
used in the basic function, was chosen as −6 eV. The Fourier
expansion factor (GMax) that describes charge density trans-
lation and wave function expansion was set to 12. The irre-
ducible Brillouin zone integrations were founded on the 11 ×

11 × 11 mesh, in which 56 k-points were produced. The
maximum norm of the angular momentum was equal to lmax =

10. The computed radii of the K, Rb, Cu, V, and Cl atoms re-
ported in this study were 2.50, 2.50, 2.35, 2.30 and 2.02 a.u.,
respectively. The K (4s1), Rb (5s1), Cu (3d104s1), V (3d34s2) and Cl
(3s23p5) states were treated as valence electrons. The anti-
ferromagnetic calculations were carried out using the super-
cell size of 1 × 1 × 2. Furthermore, the self-consistent process
was set to stop iterations when the convergence energy becomes
greater than 10−4 Ry.

3. Results and discussion
3.1. Structural properties

3.1.1. Crystal structure. The current double perovskites
X2CuVCl6 (X= K and Rb) crystallize in the cubic system with the
space group Fm�3m (no. 225).41 The atomic positions are given as
follows: the X atoms occupy the 8c (1/4, 1/4, 1/4) positions, the
Cu and V atoms occupy the 4a (0, 0, 0) and 4b (1/2, 0, 0) posi-
tions, respectively, and Cl atoms are located at the 24e (0.2504,
0, 0) positions.41 The crystal structure of the double perovskite
compound is depicted in Fig. 1.

3.1.2. The equilibrium lattice parameters of the studied
double perovskites. The optimized structural parameters were
tted using the empirical Birch–Murnaghan equation of state
(EOS).42,43 The tted E–V curves of the K2CuVCl6 and Rb2CuVCl6
uble perovskite compounds (A = K and Rb, B = Cu, B0 = V and X = Cl).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Plot of total energy fitting versus cell-volume of (a) K6CuVCl6
and (b) Rb6CuVCl6 double perovskite compounds.
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double perovskites obtained using the framework of the Birch–
Murnaghan equation in the paramagnetic (PM), ferromagnetic
(FM) and anti-ferromagnetic (AFM) phases are illustrated in
Fig. 2. It can be observed that the ferromagnetic state is the
stable ground phase for all the studied compounds. The opti-
mized structural parameters, such as the equilibrium lattice
constant (a0), bulk modulus (B0), its rst pressure derivative (B0)
Table 1 Equilibrium lattice parameters of X6CuVCl6 (X = K and Rb) doub
GGA approximation. The results are compared with those of the K2ScCu

Material Conguration
Lattice constant
a0 (Å)

K2CuVCl6 PM phase 9.8142
FM phase 9.8513
AFM phase 9.8417

Rb2CuVCl6 PM phase 9.8978
FM phase 9.9357
AFM phase 9.9214

K2ScCuCl6 (ref. 44) PM phase 9.98
Rb2ScCuCl6 (ref. 44) PM phas 10.08

Table 2 Computed cohesive energy ECoh (in Ry) of the equilibrium X6
individual X, Cu, V and Cl atoms

Material E0 EX ECu

K2CuVCl6 −13156.211232 −1204.191254 −3309
Rb2CuVCl6 −22673.642044 −5962.915605 −3309

© 2025 The Author(s). Published by the Royal Society of Chemistry
and the minimum of the total energy (E0), of both K2CuVCl6 and
Rb2CuVCl6 are summarized in Table 1. No experimental data or
theoretical values have been reported in the literature for these
double perovskite materials, so our structural results of these
K2CuVCl6 and Rb2CuVCl6 compounds are more and more
useful for further experimental and predicted works in the
spintronic and optoelectronic areas.

3.1.3. Cohesive energy and formation energy
3.1.3.1. Cohesive energy. In a solid, the atoms are bound

together by cohesive energy (ECoh). The ECoh energy value is
estimated as the difference between the total energy of the
material and the sum of different atomic energies of the
constituents at innite separation.45 The ECoh energy of the
X2CuVCl6 (X = K and Rb) materials was calculated using the
following formula:

ECoh(X2CuVCl6) = (2EX + ECu + EV + 6ECl) − E0 (1)

where EX, ECu, EVand ECl represent the constituent energies of X,
Cu, V and Cl atoms, respectively; and E0 indicates the total
energy of the solid. The calculated ECoh energies of the current
compounds at their ferromagnetic stable state are listed in
Table 2. The ECoh energies of both compounds have a positive
sign, which conrms that the compounds are stable in the
ferromagnetic phase.

3.1.3.2. Formation energy. Formation energy (Ef) is the
energy required for maintaining material stability in its favor-
able crystalline structure under the theoretical temperature of
0 K; the negative value of Ef denotes the stable structure of the
material and conrms the strong bonding between the atoms in
their favorable crystal structure.46

The Ef energy of the studied X2CuVCl6 (X = K and Rb)
compounds was calculated according to the following
relationship:

Ef(X2CuVCl6) = E0 − (2EX + ECu + EV + 6ECl) (2)
le perovskite materials in PM, FM and AFM phases calculated using the
Cl6 and Rb2ScCuCl6 double perovskite compounds

Bulk modulus
B0 (GPa) B0

Minimum of the total
energy E0 (Ry)

40.7357 4.8572 −13156.1424
39.0165 5.1508 −13156.2112
39.0712 4.9912 −13156.1957
39.6915 4.9354 −22673.5721
38.3989 4.9421 −22673.6420
38.4157 4.9321 −22673.6249
35.76 5.00 −12786.28
49.09 8.47 −22303.72

CuVCl6 (X = K and Rb) double perovskite materials and energies of

EV ECl ECoh

.685742 −1898.056927 −922.888706 2.753819

.685748 −1898.056928 −922.888707 2.735916

RSC Adv., 2025, 15, 17685–17694 | 17687
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Table 3 Computed formation energy Ef (in Ry) of the equilibrium X6CuVCl6 (X = K and Rb) double perovskite materials and atomic energies of
the X, Cu, V and Cl atoms in their stable ferromagnetic ground phase. The results are compared with those of the K2ScCuCl6 and Rb2ScCuCl6
double perovskite compounds

Material E0 EX ECu EV ECl Ef

K2CuVCl6 −13156.211232 −1204.200105 −3309.691002 −1898.059868 −922.890102 −2.719540
Rb2CuVCl6 −22673.642044 −5962.920203 −3309.691002 −1898.059868 −922.890102 −2.710156
K2ScCuCl6 (ref. 44) −12786.28 — — — — −2.75
Rb2ScCuCl6 (ref. 44) −22303.72 — — — — −2.27
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where EX, ECu, EV and ECl are the corresponding atomic energies
in their crystal structure, while E0 is the total energy of the
material; the obtained values of EF energy are tabulated in
Table 3. The negative EF energy values obtained for all
compounds (Table 3) strongly conrm that these materials are
stable in their perovskite crystal structure.

3.1.4. Dynamic stability. The computed phonon dispersion
curves of the studied X2CuVCl6 (X = K and Rb) materials are
depicted in Fig. 3 along the R–G–X–Z–M–G path in the three-
dimensional (3D) Brillouin zone. It can be seen that the imag-
inary frequency modes (frequencies with a negative sign) are
absent in the phonon dispersion curves of both compounds,
which conrms their dynamic stability.
3.2. Elastic properties

The elasticity tensor of a cubic system is dened by three
independent elastic constants, namely C11, C12 and C44. The
Fig. 3 Phonon dispersion of (a) K2CuVCl6 and (b) Rb2CuVCl6 double
perovskite materials along the R–G–X–Z–M–G path.

17688 | RSC Adv., 2025, 15, 17685–17694
elastic constants (C11, C12 and C44) of the X2CuVCl6 (X = K and
Rb) materials were computed using the IRelast program47

implemented in theWIEN2k package,23 and the values obtained
by the GGA approximation are shown in Table 4. The Born's
criteria48,49 for assessing the mechanical stability of materials
that crystallize in the cubic system are as follows:48,49

8>>>>>>>><
>>>>>>>>:

ðC11 � C12Þ. 0
ðC11 þ 2C12Þ. 0

C11 . 0

C44 . 0

C12\B\C11

(3)

Therefore, the GGA results conrm that the studied
X2CuVCl6 (X = K and Rb) compounds are mechanically stable.

The shear modulus (G) is dened as a parameter for evalu-
ating the resistance of amaterial to plastic strain; it is calculated
as the average of the Voigt50 and Reuss51 approaches, and it is
reformulated according to the Hill's approach:52

G ¼ GV þ GR

2
(4)

where
8>>><
>>>:

GV ¼ C11 � C12 þ 3C44

5

GR ¼ 5C44ðC11 � C12Þ
4C44 þ 3ðC11 � C12Þ

(5)

Bulk modulus (B0) is the factor that determines the resis-
tance to fracture.53 Moreover, Pugh's ratio (B0/G) is another
parameter that identies the brittleness and ductility of
Table 4 Elastic constants Cij (in GPa), bulk modulus B0 (in GPa), shear
modulus G and Pugh's ratio B0/G of the equilibrium X6CuVCl6 (X = K
and Rb) double perovskite materials in their stable ferromagnetic
ground state calculated using the GGA approximation. The results are
compared with those of the K2ScCuCl6 and Rb2ScCuCl6 double
perovskite compounds

Material C11 C12 C44 B0 G B0/G

K2CuVCl6 69.512 23.012 7.561 38.512 12.096 3.184
Rb2CuVCl6 91.473 11.110 11.242 37.898 19.304 1.963
K2ScCuCl6 (ref. 44) 68.63 16.76 6.83 34.15 11.75 2.91
Rb2ScCuCl6 (ref. 44) 89.74 28.43 10.27 48.87 16.01 3.05

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Spin-polarized electronic structure of the equilibrium double perovskite K2CuVCl6 calculated using (a) PBE–GGA and (b) TB-mBJ–GGA
functionals.
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materials.54,55 The material becomes brittle when the B0/G
parameter is less than 1.75; when the value is higher (B0/G >
1.75), the material will have a ductile nature. According to the
© 2025 The Author(s). Published by the Royal Society of Chemistry
Pugh ratios reported in Table 4, the present materials are
ductile materials. Therefore, the two studied materials are held
in their form by metallic bonding.
RSC Adv., 2025, 15, 17685–17694 | 17689
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Fig. 5 Spin-polarized electronic structure of the equilibrium double perovskite Rb2CuVCl6 calculated using (a) PBE–GGA and (b) TB-mBJ–GGA
functionals.

17690 | RSC Adv., 2025, 15, 17685–17694 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Spin-polarized partial density of states (PDOS) of the equilib-
rium double perovskite K2CuVCl6 calculated using (a) PBE–GGA and
(b) TB-mBJ–GGA approximations.
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3.3. Electronic properties

In this work, the electronic band structures and density of states
of the double perovskite materials K2CuVCl6 and Rb2CuVCl6
were predicted using both GGA and TB-mBJ–GGA functionals,
aiming to explore their electronic properties and assess their
potential for practical applications.

3.3.1. Spin-polarized electronic band structures. The spin-
polarized electronic band structures of the equilibrium
K2CuVCl6 and Rb2CuVCl6 compounds were evaluated along the
high-symmetry directions and are presented in Fig. 4 and 5,
respectively. The differences observed between the GGA and TB-
mBJ–GGA results highlight a pronounced exchange splitting
between the spin-up and spin-down channels. Specically, the
spin-up band structures of both compounds exhibit metallic
behavior, as evidenced by the overlap between the valence and
conduction bands. In contrast, the spin-down band structures
display semiconducting characteristics, with the Fermi level
positioned within a distinct energy gap. Therefore, the studied
double perovskite materials strongly exhibit a complete half-
metallic nature in the cubic structure. Moreover, the half-
metallic gap (EHM) of each equilibrium material was evaluated
in order to determine the Curie temperature. First, the EHM gap
energy is dened as the minimum between the lowest energies
of the minority-spin and majority-spin conduction bands with
respect to the Fermi level, and the absolute values of the highest
energies of minority-spin and majority-spin valence bands.56,57

The computed EHM gap energies of both K2CuVCl6 and Rb2-
CuVCl6 materials are listed in Table 5. The EHM energies ob-
tained using the TB-mBJ–GGA approximation are increasingly
higher. Therefore, the TB-mBJ–GGA results conrm the high
Curie temperatures of the studied double perovskite materials,
making them suitable for application in spintronic and opto-
electronic devices.

3.3.2. Electronic density of states. It is essential to investi-
gate the electron density of states (DOS) projections for each
studied material in order to know the electronic details of their
electronic structures. The partial density of state (PDOS)
calculations were performed by employing both GGA and TB-
mBJ–GGA approximations; the PDOS curves of the equilibrium
K2CuVCl6 and Rb2CuVCl6 compounds are shown in Fig. 6 and 7,
respectively.

For the K2CuVCl6 material (Fig. 6), the PDOS curves deter-
mined by the TB-mBJ–GGA scheme reveal the following: the 4s-
Table 5 Computed spin-down band gap energy Eg (in eV), half-
metallic gap energy EHM (in eV), and 3d-V exchange-splitting D(d) (in
eV) of the equilibrium X6CuVCl6 (X = K and Rb) double perovskite
materials; the results obtained using the TB-mBJ–GGA scheme are
shown in parentheses

Material Eg EHM D(d)

K2CuVCl6 1.7143 (3.8368) 0.0997 (1.1188) 2.0228 (3.4822)
Rb2CuVCl6 1.6055 (3.7552) 0.0333 (1.0880) 1.9438 (3.3804)
K2ScCuCl6 (ref. 44) — (1.55) — —
Rb2ScCuCl6 (ref. 44) — (1.43) — —

© 2025 The Author(s). Published by the Royal Society of Chemistry
Cu electrons in the spin-up and spin-down states appear in the
energy spectra from −6 to −5 eV and from 4.5 to 8 eV, respec-
tively; energy bands of the 4p-Cu spin-up and spin-down elec-
trons are spotted in the energy range from −4.50 to −4 eV; the
spin-up 3d-V electrons are located in the energy zones between
−4.50 and −2 eV, around the Fermi level (EF), and between 2.75
and 3.80 eV, while the spin-down 3d-V electrons are spotted in
the energy regions between −4.50 and −2 eV and between 2.80
and 3.75 eV; moreover, the energy bands of the 3s-Cl spin-down
electrons are located in the energy spectrum between−3.40 and
−3 eV. Therefore, the PDOS of the K2CuVCl6 compound is
mainly contributed by the 3d electrons of V atoms, where they
are at the origin of the half-metallic aspect of the material. In
addition, strong hybridization is also observed between the 3d-
V states and the 4p-Cu states in the energy spectrum between
−4.50 and −4 eV.

For the Rb2CuVCl6 material, Fig. 7 depicts that the bands in
the energy ranges from −5.90 to −5 eV and 4.50 to 7 eV belong
to the spin-up and spin-down 4s-Cu states, respectively; the
energy bands between −4.50 and −3.75 eV and between 7 and
11 eV arise from the 4p-Cu spin-up and spin-down components;
the spin-up and spin-down energy bands observed at around
−10 eV and from 7 to 11 eV belong to the 3p states of the Cl
atoms; on the other hand, the 3d-V states occupy the spin-up
RSC Adv., 2025, 15, 17685–17694 | 17691
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Fig. 7 Spin-polarized partial density of states (PDOS) of the equilib-
rium double perovskite Rb2CuVCl6 calculated using (a) PBE–GGA and
(b) TB-mBJ–GGA approximations.
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energy bands located in the energy regions from−4.25 to−2 eV,
around the Fermi level (EF), and from 2.30 to 3.50 eV; whereas,
the spin-down 3d-V states lead to bands in the energy regions
from −4.25 to −2 eV and 2.40 to 3.55 eV. We can conclude that
the 3d-V states are responsible for the half-metallicity of the
equilibrium Rb2CuVCl6 double perovskite as they produce an
energy gap in the spin-down direction and metallic behavior in
the spin-up direction around the Fermi level. Furthermore, the
hybridization of the 3d-V states and the 4p-Cu states is observed
in the energy range of −4.50 to −3.75 eV.

In the X2CuVCl6 (X = K and Rb) halide double perovskites,
the 3d-V states inuence the electronic structure by introducing
Table 6 Magnetic moments M (in mB) and Curie temperature TC (in K)
computed using the PBE–GGA and TB-mBJ–GGA functionals; the T
parentheses

Material

Magnetic moment
(mB)

MTot M (interstitial) M (X) M (Cu)

K2CuVCl6 2.1082 (2.0000) 0.2402 (0.2454) 0.0006 (0.0002) −0.013
Rb2CuVCl6 1.9748 (2.0004) 0.2353 (0.2321) 0.0007 (0.0002) −0.133

17692 | RSC Adv., 2025, 15, 17685–17694
an exchange and splitting process (D(d)), where D(d) energy is
dened as the energy difference between the highest d-orbital
peaks of the corresponding spin-down and spin-up states.58 It
is expressed as follows:

D(d) = Ed(Y) − Ed([) (6)

The computed D(d) energy values of the studied K2CuVCl6
and Rb2CuVCl6 compounds are reported in Table 5. The TB-
mBJ–GGA results are considered relatively improved owing to
the high D(d) energy observed for the studied compounds
(Table 5).
3.4. Magnetic properties

3.4.1. Computed magnetic moments. The total, interstitial
and atomic moments of the equilibrium X2CuVCl6 (X = K and
Rb) halide double perovskites were calculated by applying the
FP-L/APW + lo method, and the results obtained using GGA
and TB-mBJ–GGA approximations are reported in Table 6.
Notably, the calculated total magnetic moments (MTot) of both
materials are mainly contributed by the atomic magnetic
moment of V atoms, whereas feeble contributions arise from
the interstitial zone. TheMTot value was found to be an integer
value of 2 mB for both K2CuVCl6 and Rb2CuVCl6, conrming
the half-metallic property of these materials. The atomic
magnetic moment of the V atom is decreased compared to its
free space charge of 3 mB, and small magnetic moments are
brought into the nonmagnetic X, Cu, and Cl sites; this
phenomenon is mostly due to strong p–d hybridization
between the 3d-V and 4p-Cu states during the exchange and
splitting process. Notably, an opposition of signs between the
magnetic moments of V and Cu atoms can be seen; this means
that the valence electrons of V and Cu atoms interact in an
antiferromagnetic manner. Moreover, the results obtained
using the framework of TB-mBJ–GGA approximation are
increasingly improved.

3.4.2. Computed curie temperature. The Curie tempera-
ture (TC) is dened in magnetic materials as the point of
separation between paramagnetic and ferromagnetic congu-
rations. We evaluated the TC temperature according to the
following equation based on the Heisenberg model:59

KBTC ¼ 2

3

X
isj

Jij (7)
of the equilibrium X6CuVCl6 (X = K and Rb) halide double perovskites
B-mBJ–GGA-estimated values of magnetic moments are shown in

Curie temperature
(K)

M (V) M (Cl) TC

3 (−0.4792) 1.9546 (2.3109) −0.0124 (−0.0129) 814.0870
7 (−0.4792) 1.9543 (2.3223) −0.0137 (−0.0125) 898.1217

© 2025 The Author(s). Published by the Royal Society of Chemistry
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where Jij is the exchange interaction parameter estimated
according to the following formula:

Jij ¼ jEFM � EAFMj
2

(8)

The calculated TC temperatures of the equilibrium X2CuVCl6
(X = K and Rb) halide double perovskites using the TB-mBJ–
GGA scheme are listed in Table 6. Notably, the TC values of both
compounds are high.
4. Conclusions

In summary, the FP-LAPW + lo method was applied in this work
to evaluate the structural, elastic, electronic and magnetic
properties of X2CuVCl6 (X = K and Rb) halide double perovskite
compounds at equilibrium. The main conclusions of this
prediction model are summarized below:

(i) Analyses of the structural properties of both compounds
show that the ferromagnetic state is the stable ground phase.

(ii) The optimized structural parameters (a0, B0, B0 and E0) of
the compounds are reported in this study.

(iii) The calculated elastic constants of both materials
conrm their mechanical stability and ductility.

(iv) The calculated electronic properties of the compounds
using both GGA and TB-mBJ–GGA parameterizations prove that
they are entirely half-metals with a large half-metallic gap.

(v) The half-metallic gaps corresponding to the two halide
double perovskites are calculated using GGA and TB-mBJ–GGA
functionals.

(vi) The 3d-V exchange-splitting energy (D(d)) calculated
using this approach was found to be large for both studied
compounds.

(vii) The estimated magnetic properties of the two
compounds reveal that:

(1) The atomic magnetic moment of the V atom contributes
mainly to the total magnetic moment.

(2) The opposite signs of the atomic magnetic moments of V
and Cu atoms reveal that the valence electrons of V and Cu
atoms interact in an antiparallel manner during the exchange
and splitting process.

(3) The hybridization between 3d-V and 4p-Cu electrons
reduces the magnetic moment of the V atom from its free space
charge and produces weak magnetic moments at the non-
magnetic X, Cu and Cl sites.
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