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The non-toxic nature of lead-free materials with cubic perovskite structure has attracted the researcher's
attention, and huge work is ongoing for the search of such materials. Furthermore, due to demand for
their utilization in diverse applications, such as photovoltaic and optoelectronics, these inorganic-halide
materials have become more enchanting for engineers. In the present work, all the key properties,
including structural, electronic, optical, and mechanical, of rubidium based RbVXz (where X is chlorine,
bromine, and iodine) materials were extensively studied via first-principle density functional theory (DFT).
The study reveals the half-metallic nature of the currently studied materials. For the mechanical stability
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Accepted 10th July 2023 of RbVX3 compounds, all three independent elastic coefficients (Cj) were determined, from which it was
concluded that these materials are mechanically stable. Moreover, from the Poison and Pugh's ratios, it

DOI: 10.1039/d3ra03615d was found that the RbVCls and RbVBrsz materials have ductile nature, while RbVIs has brittle nature upon
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Introduction

Materials scientists are doing their best to facilitate human
society in many aspects of life. Many types of materials have
been studied and utilized in different types of applications.
Among these varieties of materials, ABX; type (where A and B
are cations having larger and smaller ionic radii, respectively,
and X is the non-metallic element) materials got special atten-
tion due to their employment in a broad range of practical
applications such as energy storage, light emitting nano-
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antennas, wireless-communications, light emitting diodes,
fuel cells, superconductors, batteries, photovoltaic electrodes,
lasers, and sensing materials.”® During the last few decades,
a lot of such materials have been studied and reported by
various researchers either computationally or experimentally
for the above-said applications.

These ABX; materials for various types of devices display
various combinations of properties depending on the treatment
process by the material scientists in the laboratory during their
synthesis. There are some ABX; materials exhibiting perovskite
structures but their unique nature of behaving like semi-
conductors in one spin while metallic in the opposite spin
makes them ideal for applications such as piezo-electricity,
superconductors at high temperature, colossal magneto-
resistivity, photo-luminescence, vehicle energy devices, lenses
applications, and photovoltaics.”"” In 2002, a research group
also investigated computationally such types of materials
having dual nature in their spins. The authors reported that
both the MTiF; (where M stands for Rb and Cs) materials have
metallic nature in their spin-up, while in the spin-down
configuration, they showed semiconducting behavior. The
authors claimed that both the aforesaid materials are elastically
stable and have attractive optical properties.”® A lot of other
materials have been studied by different research groups using
DFT calculations in order to help experimentalists with
producing cost effective, easy, and more suitable materials than
the existing materials for practical applications.'*°

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Our research study was also focused on the above-discussed
aim, and for that purpose, the structural, electronic, optical,
and mechanical properties of the new RbVX; materials have
been studied in detail via the DFT approach.

Computational model

In the recent research study, the potentials of TB-mB] along
with the combination of GGA were adopted for various calcu-
lations. These potentials are applied in the WIEN2K code and
installed with the DFT.** All the important properties, such as
structural, electronic, optical and elastic, were studied in the
present work. For the aforementioned properties, the k-points
chosen were 2000. From the optimized energy vs. unit cell
volume, the basic lattice parameter for the structures was
calculated using the well-known Birch-Murnaghan equation of
state.” The WIEN2K interface package IRelast was used for
calculating the elastic properties of the studied material.*® For
the optical properties of the presently studied materials, the
essential parameters, such as dielectric function, absorption
coefficient, optical conductivity, and refractive index, were
determined. Some other well-known software like Origin,
Xcrysden, and Xmgrace were also used for the plotting purpose
in this study. In order to avoid the charge outflow from the
atomic spheres, the energy gap between the core and valence
electrons was selected as —6 Ry, and also a value of 7 was
selected for the RMT X Kpax, Which is needed for the
phenomena of convergence.

Structural properties

From the structural study, it was concluded that the RbVX;
(where X represents Br, Cl, I) material had a cubic crystal
structure and is included in the space group of Fm3m (no. 221).
Moreover, from this study, it became clear that a total 5 atoms
take part in the unit cell of the investigated RbVX; materials, as
presented in Fig. 1. The first atom “Rb” take all the corner

Fig. 1 The unit cell structure of RbVBrs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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positions in the cubic unit cell at coordinates (0, 0, 0), and the
second atom is vanadium at the B-site, which is at the centered
position in the unit cell at coordinates of (0.5, 0.5, 0.5), while the
nonmetal X (Br, Cl, I) had the positions of face-centered at
coordinates (0, 0.5, 0.5).

The following well known formula of the Goldsmith's toler-
ance factor was followed to find the RbVX; materials structure
and thermodynamic endurance (Fig. 2).>*

. ra +rx
- V2(rg +1rx) )

In the above equation, r,, s, and rx show the ionic radii of
Rb, V, and nonmetal atoms Br/Cl/I, respectively. The calculated
t values are listed in Table 1 for the RbVX; materials and found
in the range of 0.94-0.98, which are needed for the stable
perovskite materials, as suggested by Goldsmith.

From Table 1, it is clear that the optimized cell volumes and
lattice constants of the RbVX; materials calculated from the
energy-volume optimization curves show variation by replacing
the halogen atoms at the X position. Moreover, the unit cell
volume and lattice parameters move towards higher values with
the replacement of the halogen atom having smaller ionic radii
by another halogen atom having relatively larger ionic radii.
Among the studied RbVX; materials, the RbVCl; material
possesses the smallest lattice constant of 4.917 A because of the
smaller ionic radii of chlorine. However, the lattice constant of
the unit cell was recorded as 5.2224 A for the RbVBr; materials,
which is due to the higher ionic radii of Br than Cl. The place-
ment of iodine at position X surges the lattice constant to 5.653
A, which is due to the higher ionic radii of iodine than chlorine
and bromine.>® Moreover, the unit cell volumes of the RbVX;
materials also showed the same trend of variation as that of the
lattice constant with the replacement of the halogen atom at
position X. The formation energy of compounds determines the
formation and thermodynamic stability of the compounds. The
RbVCI; material was found to be more stable due to having the
lowest formation energy. The calculated values of formation
energy for all the investigated materials are listed in Table 1.
The negative values of these compounds show that they are
thermodynamically stable and can be synthesized in the
laboratory.

Phonopy

The phonon study of any material is essential because phonons
are known as the main factor of the thermal characteristics of
any material and their dynamic behavior.>**” In the present
study of the RbVCl;, RbVBr;, and RbVI; compounds, the
dispersion band structures of phonon were examined with the
help of the WIEN2K package, and their results are presented in
Fig. 3. From Fig. 3, it is clear that the curves of the phonon
dispersion of all the presently studied materials have positive
values, and no values of phonon dispersion curves were detec-
ted as negative (i.e., imaginary phonon frequencies), and these
values of the phonon dispersion for the investigated materials
authenticate the dynamical stability of phonon of all the

RSC Adv, 2023, 13, 22958-22965 | 22959
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Fig. 2 The obtained optimized curves for RbVXz (X = Cl, Br, 1) materials.
Table 1 The structural parameters of RbVXz (X = CL, Br, 1)
Structural parameters RbVCl; RbVBr; RbVI;
Lattice constant (a,) (A) 4.917 5.2224 5.653
Bulk modulus (B,) (GPa) 42.01 34.11 25.47
Volume at ground state (V,) (a.u.)? 802.351 961.1767 1219.447
Bulk modulus derivative (B 5.0 5.00 5.000
Ground state energy (Ry) —10631.0455 —23501.786 —50576.158
Tolerance factor 0.98 0.97 0.94
Formation energy (eV per atom) -1.8 -1.5 -1.6

materials. The same result was also seen for BaAgCl; and
BaCuCl; materials in a computational study.®

Electronic properties

The first step to knowing about any material is to study its
electronic properties since all the properties of any material are
a function of the electronic state and its behavior. In this study,
the electronic properties of the studied RbVX; (where X repre-
sents Br, Cl, I) materials were mainly analyzed using the Bril-
louin zone with high symmetry directions. Using the PBE
functional while adopting the Th-mB]J approximation, the band
structures and the respective density of states (DOS) profiles of
the RbVX; (where X represents Br, Cl, I) materials were calcu-
lated. Fig. 4(a)—(f) illustrates the respective band structures for
both the spins of all the three RbVX; (where X represents Br, Cl,
I) compounds with the Fermi energy at zero point and the
energy band ranges between 8 €V to 6 eV. From the results of the

22960 | RSC Adv, 2023, 13, 22958-22965

band structures shown in Fig. 4(a)-(f), all the studied
compounds showed their metallic nature for the spin-up
calculations since the band curves overlap the Fermi level,
which is at zero point. But the results for the down-spin calcu-
lations for the RbVX; (where X represents Br, Cl, I) compounds
were entirely different from the spin-up calculations since none
of the band structure curves of the materials cross the Fermi
level. The spin-down configuration results of all the presently
studied RbVX; (where X represents Br, Cl, I) compounds
authenticate their semiconducting nature due to having large
band gaps between their valence and conduction bands, as
shown in Fig. 4(a)-(f). The TDOS and PDOS patterns of all three
studied compounds were also calculated and are presented in
Fig. 4(a)-(f). From these results, it is clear that the TDOS and
PDOS of “V” in all the RbVX; compounds overlap the zero level
for spin-up calculations; however, none of the TDOS and PDOS
cross or overlap the zero level for the spin-down configuration.
Furthermore, the total and partial density of state outcome

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Calculated phonon dispersion curves of (a) RbVBrs, (b) RoVCls, and (c) RbVls.

strengthens the results of the band structure of the studied
materials.

Mechanical properties

All three independent elastic constants, which comprise all the
data regarding the dynamical, thermodynamic, and mechanical
activity that also assure the structural stability under strain of
all the three RbVX; (X = Br, Cl, I) materials were calculated.
These three (Cq;, C1,, & C44) elastic constants were evaluated for
the RbVX; (X = Br, Cl, I) compounds and their respective
calculated values are listed in Table 2. From the values
mentioned in Table 2, it is clear that the RbVX; (X = Br, Cl, I)
compounds have positive values of elastic constants and
authenticate the conditions of stability that are needed for the
perovskite structures as suggested by Spinodal shear and Born
criteria (i.e., C;; & Cy4y must be greater than 0, the difference
between Cy, & Cy, must be greater than 0, and C;; + 2C;, should
be greater than 0 for materials having perovskite structures).>
Moreover, the Cauchy pressure values were also calculated for
the RbVX; (X = Br, Cl, I) compounds while using the elastic
constant C;, and Cyy. The values of Cauchy pressure enable us
to know about the ductility and brittleness of the materials.*® It
is clear from Table 2 that the values of the Cauchy pressure
calculated for the RbVX; (X = Br, Cl, I) compounds are all
positive, hence confirming the ductile nature of all the studied
materials. With the utilization of single-crystal elastic
constants, the two important moduli, shear modulus G and
bulk modulus B, of the poly-crystalline materials were calcu-
lated adopting the Hill approximations. Moreover, for the

© 2023 The Author(s). Published by the Royal Society of Chemistry

calculation of Pugh's ratio (B/G), anisotropy factor, and Young's
modulus, the following formulas were employed.*

B— Ci +2Cpp 2)
3
9BG
"~ 3B+G (3)
Gy = Cii —Cia+3Cy )
5
= 5Cu(Ci — Ci2) (5)
4Cyy + 3(Cy — Cp)
G — Gy + Gr ©)
2
2Cy
A= 4 7
Ch—Cn @)

The bulk modulus values calculated for all the three RbVXj;
(X = Br, Cl, I) compounds were in the range of 26 to 42 GPa,
which confirms the soften and non-rigid nature of all the
studied materials. Moreover, it is clear from the table that the
bulk modulus value of the material having a non-metallic atom
with smaller ionic radii at the X position is greater than the
other materials having a larger ionic radii non-metallic atom at
the X position; the value of bulk modulus moves towards
smaller value as the chlorine is replaced by another X atom
having comparatively larger ionic radii. Finally, on the basis of
the bulk modulus, these materials are best to be utilized in

RSC Adv, 2023, 13, 22958-22965 | 22961


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra03615d

Open Access Article. Published on 28 July 2023. Downloaded on 3/11/2026 6:00:28 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

b
1

 Energy (eV)
ko

P08 Kb
e PN 0V
D05 el B

=
i

 Energy (¢V)
¥
r

—TooS ey,

e FDCS ol B
e PO 0 1
p==FDCS ol Br

.............. | P ath SEGRECTETEREERTEE 8
24 24
4
rs
[}
R r ¥ M To1 23 4356
DOS (StateseV)
(d) - Band Structure Density of States

(==
e PO 0 B
—FD0sH Y
—rD0SH (1

o B
- 24 - 14
E gy X m‘cx,J‘
[ T o A0 O S SR " * M i ook S S AU SO
NN B L &
& &
24 24
4 44
64 .
[} [}
R T X M I ! 4 6 % w R T X M T0 2 § 6 & 1
DOS (States'eV) DOS (States'eV)
Band Structure Density of States ;
84 §m
© — T (0
| FDOS S b
6 - P >
PO o1 - T

o

 Energy (V)
s

-
1

r
L

free PO 8 BB

e PO 8
PDOSSL 1

m 2 4 6

§ 10 12 14
DOS (StateseV)

L] L] L) L LA L
1 34 587
DOS (States'eV)

View Article Online

Paper

Fig. 4 The electronic band structures with the predicted TDOS and PDOS for (a) and (b) RbVBrs, (c) and (d) RbVCls and (e) and (f) RbVIs

compounds.

bendable devices because of their softness and flexible nature.
Furthermore, the anisotropy factor (A) for investigated
compounds was calculated and is listed in Table 2. For none of
the materials, the anisotropy factor value was seen to be one,

22962 | RSC Adv, 2023, 13, 22958-22965

which is needed for any material to have isotropic nature, and
this validates the anisotropic nature of all the three studied
RbVX; (X = Br, Cl, I) materials. The shear modulus G values
were calculated and found to be the lowest at 0.6 for the RbVBr;

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra03615d

Open Access Article. Published on 28 July 2023. Downloaded on 3/11/2026 6:00:28 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Table 2 The elastic parameters of RobVXs (X = Cl, Br, 1) materials
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Compounds Ci1 Cio Cys B A G E 14 B/G
RbVCl; 49.85 37.81 17.43 41.8 2.8 1.4 4.3 0.71 29.8
RDbVBr; 63.18 19.46 25.27 34.03 1.15 0.6 0.1 0.74 56.72
RbVI; 13.37 32.44 22.016 26 —2.3 38.7 77.7 0.004 0.67

material while highest for the RbVI; material. Thus, the RbVI; is
more resistive to transverse deformation than the RbVCl; &
RbVBr;.

Among the three studied materials, RbVCl; and RbVBr; have
a greater value of Poisson ratio than 0.33 and confirms their
ductile nature, while the RbVI; was found to have brittle nature
rather than ductile because it has a Poisson ratio value of
0.004.*> The ratio of B/G as suggested by Pugh's was also
calculated and is represented in Table 2. The calculated B/G
ratio values of RbVCl; and RbVBr; are found to be greater than
1.75, while the RbVI; had a lower value of 0.67. So, the Pugh's
ratio values of the studied materials also confirm the brittle
nature of RbVI; material and ductile nature of the remaining
two (RbVCl; and RbVBr;) materials.*

Optical properties

For any material to be implemented in optoelectronic applica-
tions, it is necessary to study the optical response of that
material in the numerous electromagnetic energy ranges. The
dielectric function that is composed of two main parts (i.e., real
¢1(w) and imaginary ¢,(w) part) of the recently studied RbVX; (X
= Br, Cl, I) compounds are presented in Fig. 5. The dielectric
function is frequency dependent, and its two parts are related to
each other by eqn (8).

&(w) = &1(w) + j(e2(w)) (8)

The ¢(w) parts of the dielectric functions for the recently
investigated RbVX; materials in the energy range of 0-40 eV of
photons are plotted in Fig. 5(a), and this part explains the
polarizability of any material. The static values of the real parts
of the RbVX; materials were found as 73 for RbVI;, 24 for

RbVBr;, and 17 for RbVCl;, and these curves showed a sudden
decline in their values with a very little increment in the photon
energy. However, for the further increment in the photon energy
than 1.5 eV, the ¢ (w) curves of all the materials showed nearly
the same manner of variation, and finally, the RbVI; first ach-
ieved the negative value at about 8 eV, which confirms that this
material reflects all the incident photons of having energies in
this range and behaved like metal.*>* For the energies of photons
greater than 20 eV, all the investigated materials showed no
countable variation. The optical band gap and absorption
information of any material can be gathered from the imaginary
part of the dielectric function. The static value of RbVI; was
found to be much higher than the other two studied materials;
however, the RbVCl; and RbVBr; had almost similar static
values, as shown in Fig. 5(b). All three materials showed a fluc-
tuating manner of increasing and decreasing values in the
energy range of 2-22 eV, which indicates the good absorption
behavior of these materials in this range. However, for a higher
range of photon energy, all three materials showed small peaks
of &,(w), which means that these materials have less absorption
ability in the higher energies of incident photons.

The refractive index patterns against the energy values of
photons in the range of 0-40 eV of the studied RbVX; (X = Br,
Cl, I) materials are presented in Fig. 6(a). The phenomena of
dispersion of the photons that are incident on any material can
be described by the respective refractive index of that material.
The variation in the refractive index curves with varied photon
energies was exactly in the same manner as that of the real parts
of the dielectric functions of these materials with the photon
energies. Moreover, the static values of the refractive index and
that of the real parts of the investigated materials fulfilled their
well-known relation of ¢,(0) = n*(0).** From the figure, it is clear
that the n(w) showed greater variation in its values for the

m T0.
~——RbVBr, ———RbVBr,
] (a) ——RbVCl, 60+ (b) —RbVCl,
60 a=—RbVI, ——RbVI,
: 5o
50
2 2 40
& &
@
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0
T T T 0+
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Fig. 5 The dielectric function of (a) real part and (b) imaginary part for RoVXs (X = Br, CL, I).
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Fig. 6 The optical parameters of (a) refractive index (b) absorption coefficient (c) optical conductivity, and (d) reflectivity for RoVXz (X = Br, CL, I).

photons having energies in the range of 2-25 eV but almost
negligible variation for the photons having energies greater
than 25 eV.

Fig. 6(b) and (c) represents the absorption coefficient and the
optical conductivity of the presently investigated RbVX; (X = Br,
Cl, I) materials in the energy range of 0-40 eV. It is clear from
the figure that the curves of both the optical conductivity and
absorption coefficient had the same way of improvement and
decline in their values with the photon energy variation. For
lower values of photon energy, the absorption curves showed
small peaks, and as a result, the optical conductivity values were
also smaller at these lower ranges of photon energy. However, as
the photon energy crosses the limit of 5 eV, the absorption
ability of all the materials is enhanced, and as a result, the
optical conductivity of the materials is also increased. It was
concluded from the patterns of absorption coefficient that the
investigated materials had excellent ability of absorption of the
incident photons in the energy range of 16-20 eV, and as
a result, all the materials showed excess of photo-electrons in
these UV energy ranges of incident photons. Moreover, the
RbVCI; material showed good ability of the incident photon
absorption as well as the emission of photo-electrons in the
studied energy range of photons. From the peaks of the
absorption coefficient and optical conductivity of the investi-
gated RbVX; (X = Br, Cl, I) materials, it can be concluded that
the non-metal having smaller ionic radii at the X position can
cause a greater value of absorption coefficient and optical
conductivity than the non-metal having greater ionic radii for
the same range of incident photons. The highest values of

22964 | RSC Adv, 2023, 13, 22958-22965

optical conductivity were noted as 7000 unit, 6500 unit, and
5800 unit for the RbVCl;, RbVBr3;, and RbVI;, respectively, for
the incident UV photon energy range of 5-20 eV. All three
materials showed a decline in their values of absorption coef-
ficient and optical conductivity for higher values of incident
photon energy, which makes these materials as a reflector for
these range of incident photons. The greater values of the
optical conductivities and large energy range of absorption of
the studied halide materials make them suitable for their use in
numerous practical opto-electronic devices.

For the presently investigated RbVX; (X = Br, Cl, I) materials,
the reflectivity phenomena against the incident photon energy
were also determined in order to know about the surface
characteristics of the materials. From Fig. 6(d), it is clear that
the peaks of reflectivity show a resemblance with the optical
conductivity of the investigated materials; however, the peaks of
reflectivity of the investigated materials were not that much
sharp like that of the observed peaks of optical conductivity.
Since the reflectivity is usually caused by the free electrons at the
surface of the materials and increase in the optical conductivity
means the generation of excess photo-electrons in the mate-
rials, which causes an enhancement in reflectivity from the
surface of the materials.

Conclusion

We reported theoretical results on the structural, electronic,
optical as well as elastic properties of RbVCl;, RbVBr;, and
RbVI; by density functional theory using WIEN2K software.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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These compounds were found stable in a cubic structure. The
electronic properties of these compounds indicate that these
materials possess dual nature in their spin-up and spin-down
configurations. The mechanical properties show that these
compounds are mechanically stable. Furthermore, Poisson
ratio values deduced from the elastic constants indicate that the
compounds RbVCl; and RbVBr; are ductile, while RbVI; is
brittle. The greater values of the optical conductivities and large
energy range of absorption of the studied halide materials make
them suitable for their use in numerous practical opto-
electronic devices.
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