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sight into the structural,
electronic, elastic and optical properties of Cs-
based double perovskites Cs2XCrCl6 (X = K, Na)

Jehan Y. Al-Humaidi, a Abd Ullah,*b Naimat Ullah Khan,c Javed Iqbal,d Sajid Khan,e

Ali Algahtani,fg Vineet Tirth, fg Tawfiq Al-Mughanam,h Moamen S. Refati

and Abid Zaman *j

This study communicates the theoretical investigations on the cubic double perovskite compounds

Cs2XCrCl6 (X = K or Na). Density functional theory (DFT) calculations were carried out using the TB-mBJ

approximation. These compounds were found to be stable in the cubic perovskite structure having

lattice constants in the range of 10.58–10.20. The stability of the investigated materials was assessed by

the Gold-Schmidt tolerance method, which resulted in the tolerance factor values of 0.891 and 0.951 for

Cs2KCrCl6 and Cs2NaCrCl6, respectively. The calculated values of the elastic constants C11, C12, and C44

of the cubic compounds studied by our research team confirm the elastic stability. The values of the

formation energies were also calculated for both the compounds and were found in the range from −2.1

to −2.3. The electronic behavior of the presently investigated materials was examined by inspecting their

band structures and the density of states. It was observed that both the materials have half-metallic

nature. To check the suitability of the studied compounds in optical applications, we determined the real

and imaginary parts of their respective dielectric functions, absorption coefficients, optical conductivities,

refractive index, and reflectivity as a function of a wide range of incident photon energies up to 40 eV.
Introduction

More than 50% of the energy from primary energy sources is
lost during their consumption, which has badly affected the
GDP of the world and has brought enormous economic divi-
dend. On the other hand, the increasing demand of fossil fuels
has remarkably created environmental concerns, global warm-
ing being one of them. Therefore, researchers across the world
have focussed on the discovery of clean, non-polluting, and
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renewable energy resources. The sun is the main source of clean
and renewable energy, which has a great potential to replace the
traditional fossil fuels in order to avoid the associated envi-
ronmental problems and economic dividend. In fact, the hot-
spot of current research across the globe is the discovery of
materials, which efficiently utilize solar energy.

Silicon-based materials exhibit high photoelectric conver-
sion efficiency (PCE); however, owing to their large volume and
clumsy nature, scientists have diverted their attention to the
development of thin and light perovskite solar cells (PSCs).1

Presently, hybrid halide perovskites owing to their very low cost,
exibility, and their thin-lm formation, have proven to be
promising materials as PSCs.2,3 The technology employed for
the manufacturing of PSCs is simple, therefore, PSCs can be
fabricated easily on a commercial-scale.4–6 Initially, the photo-
electric conversion efficiency of PSCs was reported to be only
3.8%,7 however, in recent years it has been increased to 26.4%.8

Thus, owing to their cheap cost and high efficiency, these
materials have attracted great attention for technological
applications.9–12 Amongst the hybrid halide perovskites,
considerable attention has been paid to CH3NH3PbI3 for its
efficient solar cell applications.13,14 However, in spite of its high
PEC, it is associated with many issues, such as toxicity and
environmental problems. Perovskite CH3NH3PbI3 consists of
lead, which is declared toxic and lethal for the health of human
beings. In addition, it is very easily decomposed in humid
© 2023 The Author(s). Published by the Royal Society of Chemistry
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environments, light, and heat, which limits its use on a large-
scale.15,16 Hence, it is highly desired to nd lead-free
compounds, which have both high photoelectric conversion
efficiency and good stability. For this purpose double perov-
skites with the general formula, A2M

+M3+X6, have been inves-
tigated and found to be promising materials for solar cell
applications, owing to their good photovoltaic properties and
environmental stability.17–19 Among this family of perovskites,
Cs2AgBiBr6 and Cs2AgBiCl6 were predicted to have good
photovoltaic properties along with excellent stability.20,21 Xiao
et al. investigated In1+-based CsInBiCl6 and CsInSbCl6 and
found they have good photoelectric response on account of
their small band gap nature, 1.02 eV and 0.91 eV, respectively.22

Volonakis and co-workers studied CsInAgCl6 for photoelectric
applications. They reported that the understudy compound had
a direct band gap of a semiconductor exhibiting good
Fig. 1 The crystallographic structure of Cs2KCrCl6.

Table 1 Computed structural parameters of Cs2KCrCl6 and Cs2NaCrCl6

Structural parameters Lattice constant Bulk modulus
Ground
volume

Cs2KCrCl6 10.58 25.00 2000.20
Cs2NaCrCl6 10.20 30.9 1793.07

Fig. 2 The obtained optimization curves for Cs2NaCrCl6 and Cs2KCrCl6

© 2023 The Author(s). Published by the Royal Society of Chemistry
photoelectric conversion efficiency.23 Moreover, a literature
study revealed that many researchers have also investigated
materials of this nature for technological applications under the
framework of density functional theory (DFT).24–27 Research of
this kind has made it easy to lter materials with excellent
photoelectric response for numerous optical devices.

Along with computational studies, recently, scientists have
succeeded in synthesising Cs2AgSbBr6 and Cs2AgSbCl6 in the
laboratory.28,29 Moreover, Lv et al. put forward the low dimen-
sional study of Cs2AgSbBr/Cl6 and successfully fabricated their
quantum dots using a surfactant-assisted approach.30 The
electronic and optical properties of double perovskites Cs2PtX6

(X = Cl, Br, or I) were studied based on density functional
theory. The calculated results reveal that Cs2PtI6 is a potential
material for perovskite solar cells owing to the ideal band gap
and high optical absorption.31

To the best of our literature review, there is no theoretical
study available on lead-free double perovskite compounds
Cs2XCrCl6 (X = K or Na). Therefore, in this study, we investi-
gated the structural, electronic, and optical properties of Cs2-
XCrCl6 (X = K or Na) using rst-principles calculations to
discover potential materials for perovskite optoelectronics
devices. It is expected that our study will enhance the compre-
hension of photoelectric properties and contribute to the
optoelectronic application industries and also provide guide-
lines for the experimentalists.
Computational model

To accomplish the present study, all calculations were per-
formed using Wien2k Soware, which is based on full potential
approach.32 In this method the Kohn–Sham equation is solved
for electron–ion interaction with full-potential linearized
perovskites

state Ground state
energy

Bulk modulus
derivative

Tolerance
factor

Formation
energy

−40005.90 4.9 0.891 −2.11
−39126.78 5.1 0.951 −2.23

.
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augmented plane wave (FPLAPW) method.33 To address the
exchange–correlation energy (Exc) (which is electron–electron
interaction energy) in the Kohn–Shame equation, we have
utilized the Tran–Blaha modied Becke–Johnson potential
abbreviated as TB-mBJ. This method in general is useful in
achieving a precise band gap. Moreover, for the optimization of
structure, a cut-off energy of−6 Ry and k-point 2000 in Brillouin
zone were selected. Furthermore, themuffin-tin radii (RMT) of 5
for both the Cs2KCrCl6 and Cs2NaCrCl6 was taken in-order to
avoid the leakage current from the core. The parameters, RMT
Kmax was considered as 7, the Gaussian-factor (Gmax) was
retained at 12, while the expansion of wave function in the
interstitial region was kept up to Imax = 10.
Fig. 3 The computed band structure for Cs2KCrCl6 and Cs2NaCrCl6.

20968 | RSC Adv., 2023, 13, 20966–20974
Structural properties

The structural properties and geometries of Cs-based double
perovskites, Cs2KCrCl6 and Cs2NaCrCl6, were analyzed by
utilizing the Birch–Murnaghan equation of state (Fig. 1). Both
materials possess cubic structures with space group Fm�43 (no.
225). The optimized lattice constants were obtained from the
optimization of the unit cell for the ground state stable atomic
conguration and presented in Table 1. The obtained optimi-
zation curves of the unit cells presented in Fig. 2 indicate the
stability of the materials.

In order to predict the stability of the perovskite materials,

the Gold-Schmidt tolerance factor
�
t ¼ rA þ rXffiffiffi

2
p ðrB þ rXÞ

�
and the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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octahedral factor (m = rA/rB) were typically calculated.34 In the
case of double perovskite the average value of X (K or Na) and Cr
were taken for rB.35 The calculated values of tolerance factor and
octahedral factor are displayed in Table 1, indicating stable
perovskite structures for both materials.36

In order to determine the possibility of synthesizing these
materials, their formation energies were computed using the
formula:

EFE = ECsXCrCl6
− (ECs + EX + ECr + 6ECl)

The calculated values are presented in Table 1. The negative
values of the formation energies show that these materials can
be synthesized.37
Electronic properties

The electronic properties of the studied compounds are
described in terms of their electronic band structure and the
density of states. Fig. 3 shows the band structure proles of
Cs2XCrCl6 (X = K and Na) compounds. It is clear from Fig. 3 that
both the investigated materials showed a dual nature of
conductivity in their respective spin up and spin down congu-
rations. The band curves of both the materials were found to
overlap the Fermi level (i.e., zero level) in their spin up congu-
ration and this nature of the two Cs2XCrCl6 (X = K or Na)
materials authenticates their conducting behavior for the spin up
conguration. However, for the spin down conguration it was
deduced that they have the opposite behavior of conductivity
compared to the spin up conguration. From the results of the
band structures of the Cs2XCrCl6 (X=K orNa) compounds, it was
concluded that both the studied materials have half-metallic
nature. The density of state proles gives us further insight into
the distribution of electronic states. These states are contributed
by various elements and their sub-shells as presented in Fig. 4.
As, enough energy is provided to electrons, they make transitions
from the valence to the conduction band. For complete under-
standing of these transitions, information regarding the contri-
bution of individual states from various elements is desired.
Especially, the states those are present at the top of the valence
band and below the conduction band should be known. It is clear
from Fig. 4 that the top of the valence band of both compounds is
populatedmainly by Cr-states. However, a small number of states
due to Cl atom are also present. A similar behavior can be
observed in the bottom portion of the conduction band with
a slight difference. In addition to the Cr and Cl states in the lower
portion of the conduction band, K states appeared in Cs2KCrCl6
while Na states were found for Cs2NaCrCl6.
Optical properties

The frequency dependent dielectric function 3(u) is a useful tool
for describing the complex responses of the materials to elec-
tromagnetic radiation and this dielectric function can be rep-
resented mathematically as:

3(u) = 31(u) + i32(u) (1)
© 2023 The Author(s). Published by the Royal Society of Chemistry
where 31(u) and 32(u) denote the real and imaginary parts of
function, respectively. The real part, which represents the
dispersion of light from the surface of a material when exposed
to light, can be found by the Kramers–Kronig dispersion rela-
tion.38 However, the imaginary portion, which represents the
absorption of material when exposed to light, can be estimated
from momentum matrix elements between the occupied and
unoccupied states.39

Fig. 5(a) shows a plot of the real part of the complex dielectric
function 31(u). An important parameter known as the static
dielectric constant, represented by the symbol 31(0), is the value
of the dielectric constant of a compound at zero frequency.
Starting from the zero frequency limit, the real portion 31(u) of
the examined chemicals attained its maximum value, then
began to decline; and at a particular frequency range it fell
below zero. When these materials were exposed to light having
an energy of 2 eV or 6 eV, they show a metallic nature and the
31(u) values become negative. The peaks of the 31,max spectra are
observed for Cs2KCrCl6 at 6.2 (8 eV) and Cs2NaCrCl6 at 6.5 (9.5
eV). The peak values for Cs2KCrCl6 and Cs2NaCrCl6 were found
to be 5.8 (14 eV) and 5.4 (13 eV), respectively, and can be
conrmed in the imaginary part of the dielectric function 32(u)
as shown in Fig. 5(b). Both compounds showed a broad range of
absorption spectra, making them suitable for multiple optical
applications.

Refractive index n(u)

An important optical parameter to consider when investigating
the possible uses of a material in the realm of optical and
photonic devices is its refractive index n(u).40 Mathematically
refractive index can be expressed as:

nðuÞ ¼
2
4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
312ðuÞ þ 322ðuÞ

p
2

þ 31ðuÞ
2

3
5

1=2

(2)

Fig. 6(a) displays the refractive index n(u) spectra of Cs2-
KCrCl6 and Cs2NaCrCl6. The zero frequency refractive index n(0)
for Cs2KCrCl6 and Cs2NaCrCl6 were determined to be 6.2 and
9.3, respectively. Beyond the zero frequency, the curves attained
their highest values for Cs2KCrCl6 and Cs2NaCrCl6 at 8 eV and
9 eV, respectively. The fact that the values exceed unity, indi-
cates that the photon slows down as a result of its interaction
with the surface electrons in the materials.

Absorption coefficient I(u)

An important optical indicator that provides insightful data on
the absorption of optical energy per unit length is the absorp-
tion coefficient.41 It is possible to determine the absorption
coefficient using the imaginary and real components of the
dielectric function. The following relation may be used to get
the absorption coefficient:

IðuÞ ¼
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

312ðuÞ þ 322ðuÞ
p

� 31ðuÞ
�1=2

(3)
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Fig. 4 The computed density of states for Cs2KCrCl6 and Cs2NaCrCl6.
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The band gap and molecular shape of the crystal affect the
absorption values. When, an incoming frequency of photons
resonates with the transition frequency of the atom, optical
20970 | RSC Adv., 2023, 13, 20966–20974
absorption occurs. Due to the frequency dependence of the
absorption coefficient, certain frequency photons can only be
absorbed by certain materials. The transition of electrons from
© 2023 The Author(s). Published by the Royal Society of Chemistry



Fig. 5 Calculated plots of the (a) real part and (b) imaginary part of dielectric function versus the energy of Cs2KCrCl6 and Cs2NaCrCl6
perovskites.
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the occupied states in the higher valence band to the accessible
unoccupied levels in the lower conduction band causes the
optical absorption.

The absorption coefficient curves are shown in Fig. 6(b). It
can be seen, that the steps of the imaginary parts of the
dielectric function are followed by the absorption curves. For
Fig. 6 Calculated plots of (a) refractive index, (b) absorption coefficient,
and Cs2NaCrCl6 perovskites.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Cs2KCrCl6 and Cs2NaCrCl6 compounds, the absorption coeffi-
cient displays small values up to 7.5 eV. However, as shown in
Fig. 6(b) the maximum absorption coefficient values for Cs2-
KCrCl6 and Cs2NaCrCl6 are 245 at 15 eV and 280 at 16 eV,
respectively.
(c) optical conductivity, and (d) reflectivity versus energy for Cs2KCrCl6

RSC Adv., 2023, 13, 20966–20974 | 20971
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Optical conductivity s(u)

The quantity of free electrons in a substance determines its
optical conductivity. The optical conductivity increases as the
free electron number increases.40 The optical conductivity is
denoted by s(u) and is measured in units of (U m)−1. The
following equation gives the mathematical expression for
optical conductivity.42

sðuÞ ¼ u

4p
ð32ðuÞÞ (4)

The above-mentioned eqn (4), demonstrates that the optical
conductivity and optical absorption are directly related. Fig. 6(c)
displays the optical conductivity graph for Cs2KCrCl6 and Cs2-
NaCrCl6. The optical spectra curves reveal that both materials
exhibit a wide range of optical conductivity in the spectral
region of 7–24 eV. For Cs2KCrCl6 and Cs2NaCrCl6, the highest
optical conductivity was seen to be 9000 (U cm)−1 at 14 eV and
11 000 (U cm)−1 at 14.5 eV, respectively.
Reectivity R(u)

The surface behavior of any crystal is described by its reectiv-
ity. The following relation can be utilized to calculate the
reectivity of a material:

RðuÞ ¼ ð1� nÞ2 þ k2

ð1þ nÞ2 þ k2
(5)

where n is the real component and k is its imaginary component
of the refractive index. The optical conductivities of the pres-
ently investigated materials are presented in Fig. 6(d), which
illustrates how the optical values of Cs2KCrCl6 and Cs2NaCrCl6
begin at 0.48 and 0.81 at zero frequency, uctuate, and subse-
quently disappear. At 16 eV and 17 eV, the optimal values for
Cs2KCrCl6 and Cs2NaCrCl6 are 0.43 and 0.49, respectively.
Elastic properties

The elastic properties of materials should be studied before
their use in practical applications because many features of
devices are the functions of the elastic properties of materials
that are used in their manufacturing. Therefore, materials,
which exhibit best elastic properties, are of great importance for
their implementation in numerous devices. The elastic constant
links mathematically the mechanical and dynamical charac-
teristics of materials, and takes a crucial role in shaping the
properties of any material and shows their reaction to external
applied forces. For the complete description of the mechanical
properties of any material, the three elastic constants C11, C12,
and C44 are sufficient. We computed the elastic constants and
Table 2 Computed elastic constants and different elastic parameters

Compounds C11 C12 C44 B

Cs2NaCrCl6 47 17.23 18.2 27.15
Cs2KCrCl6 52.17 19.16 19.35 30.16

20972 | RSC Adv., 2023, 13, 20966–20974
correlated them with literature. The calculated values of all the
elastic parameters are listed in Table 2.

To ensure the mechanical stability of cubic compounds, the
Burn-Haun criteria C11 > 0, C44 > 0, (C11 − C12) > 0, (C11 + 2C12) >
0, and C12 < B > C11 are checked for the determined elastic
constant of the presently investigated materials and are pre-
sented in the Table 2. The fulllment of the above criterion by
both the compounds manifests their stability.43 Specic
mechanical properties, such as bulk modulus, young modulus,
anisotropy factor, and shear modulus, can be estimated by
using the following relations:

B ¼ C11 þ 2C12

3
(i)

E ¼ 9BG

3Bþ G
(ii)

GV ¼ C11 � C12 þ 3C44

5
(iii)

GR ¼ 5C44ðC11 � C12Þ
4C44 þ 3ðC11 � C12Þ (iv)

G ¼ GV þ GR

2
(v)

V ¼ 3B� 2G

2ð2Bþ GÞ (vi)

A ¼ 2C44

C11 � C12

(vii)

The computed results presented in the Table 2, show that the
value of the bulk modulus (B) for Cs2KCrCl6 (30.16) is greater
than that calculated for Cs2NaCrCl6 (27.15); from this it was
concluded that, when both compounds are compressed from all
sides then Cs2KCrCl6 will resist more to the changes in its
volume than Cs2NaCrCl6. Thus, Cs2KCrCl6 is more incom-
pressible to external applied forces as compared to Cs2NaCrCl6.

The shear modulus (G) represents the toughness of any
material. From the calculated values of the shear modulus it
became evident that the value of G for Cs2NaCrCl6 (0.081) is
greater than that of Cs2KCrCl6 (0.054) and the results of G
conclude that Cs2NaCrCl6 is harder than Cs2KCrCl6. Thus,
Cs2NaCrCl6 will show more resistance to the deformation in its
shape than the Cs2KCrCl6 compound.

Young modulus (E) represents the stiffness of a material.
From Table 2, it is evident that the value of E is greater for
Cs2NaCrCl6 (0.24) than the Cs2KCrCl6 (0.16), which make Cs2-
NaCrCl6 more stiff than Cs2NaCrCl6.
A G E V GV GR

1.22 0.081 0.24 0.74 16.87 15.71
1.17 0.054 0.16 0.78 18.21 17.10

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



Fig. 7 Calculated phonon dispersion curves of Cs2NaCrCl6 and Cs2KCrCl6.
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The Poison ratio (V) enables researchers to know about the
ductility and brittleness of a material. Materials having V > 0.33
are labeled as ductile, whereas those having V < 0.33 will be
brittle. Herein, V was found to be greater than 0.33 for both the
compounds and these results of V conrm that the investigated
materials have a ductile nature.

The micro cracks in a material can be calculated from the
anisotropic factor of any material. Anisotropy factor (A) is the
parameter that indicates whether or not the structural proper-
ties of a material remain the same in all directions. For the
medium to be isotropic, it must have A= 1, and A is not equal to
1 when the material is anisotropic. From the computed values
of A shown in Table 2 for the recently studied materials, it
became obvious that both materials are anisotropic in nature as
they exhibit a value of A greater than 1.
Phonopy spectra

Phonons are a crucial component of dynamic behaviors and
thermal characteristics, which are the main aspects of the
fundamental problems of materials science.44,45 The phonon
dispersion band structure of cubic double perovskites Cs2-
KCrCl6 and Cs2NaCrCl6 was investigated using the WIEN2K
package as depicted in Fig. 7. It can be seen from Fig. 7 that the
phonon dispersion curves for both materials are positive and
there are no negative values of dispersion curves (imaginary
phonon frequencies). The positive dispersion curves conrm
the phonon dynamic stability of these compounds.46
Conclusion

We reported theoretical results on the structural, elastic, elec-
tronic, and optical properties of Cs2KCrCl6 and Cs2NaCrCl6
compounds by density functional theory using Wien2K so-
ware. The obtained values of the tolerance factor manifest that
these compounds possess stability in the cubic structure. The
values of the Poisson ratio deduced from the elastic constants
indicate that both compounds are ductile in nature. In the top
valence band region, Cr makes the major contribution to the
electronic states. However, in the lower conduction band
region, K and Na states for Cs2KCrCl6 and Cs2NaCrCl6,
© 2023 The Author(s). Published by the Royal Society of Chemistry
respectively, make their appearance along with Cr and Cl states.
Optical parameters were calculated as a function of energy in
the energy range of 0–40 eV. The behavior of the imaginary part
of the dielectric function was found consistent with the optical
conductivity curves of both investigated compounds. It was
observed during the optical study of the presently studied
materials that both exhibit a wide range of optical conductivity
in the spectral region of 7–24 eV. The calculated properties of
the studied materials make them attractive for implementation
in various detectors and optoelectronic applications.
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