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In our pursuit of enhancing material performance, our focus is centered on the investigation of sodium-
based halide perovskites, specifically NaXCls (where X = Be & Mg). We are utilizing first-principles
methods based on density functional theory (DFT) to delve into these materials' properties and potential
improvements. This investigation is executed using the WIEN2K code, aiming to uncover a deeper
understanding of these materials’ properties and potential enhancements. In this study, we utilize the Full
Potential Linear Augmented Plane Wave (FP-LAPW) approach to analyze the structural, mechanical,
electronic, and optical properties of cubic perovskite materials NaXCls (X = Be, Mg). We employ the
Birch—Murnaghan fitting curve to assess the structural stability of these compounds, and in each case,
the compound demonstrates structural stability in its optimal or ground state. The existence of real
frequencies serves as confirmation of the phonon stability for both compounds. To determine the elastic
characteristics, the IRelast Package is used. This involves calculating the elastic constants, which
demonstrates that the compounds have anisotropic, ductile properties and demonstrate mechanical
stability. We investigate the electronic properties by analyzing the density of states and the band
structure. Both compounds exhibit an indirect band gap energy of 4.15 eV for NaBeCls and 4.16 eV for
NaMgCls. We analyze both the total and partial density of states to gain insight into the contributions of
different electronic states to the band structure. Furthermore, optical characteristics, including the
dielectric function, absorption coefficient, refractive index, and reflectivity, are investigated across an
energy spectrum ranging from O to 15 eV. These findings can offer a comprehensive insight into the
development of advanced electronic devices with improved efficiency and enhanced capabilities.
Furthermore, they have the capacity to inspire experimental researchers to delve further into this field for
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positions of cationic atoms, while X signifies the arrangement
of anionic atoms. In perovskite compounds, the X site is typi-

1. Introduction

Within the domain of science and technology, the focus of
researchers has shifted towards a category of compounds
referred to as perovskites, encompassing a broad spectrum of
chemical compositions. These compounds exhibit a crystalline
structure similar to that of CaTiO;, a mineral discovered by
a Russian mineralogist named Provski. To encompass the
diverse array of compounds in this group, a universal formula,
ABXj, is currently employed. Here, “A” and “B” denote the
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cally occupied by either oxide or halide ions." Perovskites are
a category of compounds known for their distinct crystal
structure and remarkable physical and chemical properties.*®
These materials have attracted significant attention from
researchers due to their flexible structure and exceptional
electromagnetic, elastic, thermal, and electrical behaviors.®”
Among the properties exhibited by perovskite materials are
thermoelectricity, dielectricity, superconductivity, ferroelec-
tricity, optical properties, and various other distinctive
characteristics.*"® A particular class of perovskites, recognized
as chloroperovskites or metal halide perovskites, involve the
replacement of the X-anion with a halogen element, commonly
chlorine (Cl). Chloroperovskites, which are widely found in
perovskite structures, are represented by the formula ABCl;,
where “A” and “B” can represent alkali metals, alkaline earth
metals, transition metals, and “Cl” represents chlorine. Exten-
sive research has been conducted on various compositions and
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structures of cubic perovskite compounds due to their potential
advantages in various industrial applications.”™ Recent
investigations have highlighted the exceptional photo-physical
properties of perovskites, including strong absorption coeffi-
cients, prolonged carrier lifetimes, and robust photo-
luminescence quantum yields.**” These unique characteristics
make them highly desirable for applications in optoelectronics
such as LEDs, solar cells, and other photonic devices."®>"
Furthermore, chloroperovskites have gained attention as scin-
tillating materials due to their high band gaps, remarkable
absorption coefficients, and cost-effective manufacturing.”***
The utilization of scintillating materials and scintillators with
high intensity, directional emission, and high-energy properties
finds numerous applications.”®** Chloroperovskites demon-
strate exceptional adaptability for diverse optoelectronic uses,
owing to the facile adjustability of their bandgap through
manipulation of the halogen content.**?” Additionally, their
strong photocatalytic activity in visible light has prompted
investigations into their use for photocatalytic reactions.?®
Density functional theory (DFT) stands as extensively
employed computational approach for predicting the structural
and electronic properties of materials. Several researchers have
employed DFT to explore the properties of chloroperovskites.
Wau et al. utilized DFT approach to analyze the electronic and
optical properties of perovskites CsPbX; (X = Cl, Br, I). Their
observations unveiled a substantial reduction in the bandgap
energy upon chlorine substitution. This phenomenon was
ascribed to the existence of localized defect states.”® In a study
carried out by Li et al. in 2019, they synthesized and charac-
terized CsPbCl; chloroperovskite crystals, employing X-ray
diffraction and UV-Vis spectroscopy techniques. The research
encompassed an examination of the crystal structure and
optical properties of these chloroperovskite crystals. Their
outcomes unveiled robust UV-Vis range absorption in the crys-
tals, which was associated with the existence of an optical band
gap.*® Zhou et al. conducted an extensive review of the most
recent progress in the synthesis and characteristics of chlor-
operovskites. They discussed various synthesis methods
employed for chloroperovskite production, as well as delved
into the analysis of their structural, electrical, and optical
features.*** In a study led by M. Hussain et al., a comprehen-
sive investigation was undertaken to explore the optical attri-
butes of BaMCl; (M = Ag, Cu) compounds, delving into their
structural features, electronic properties, and elasticity. The
findings of the research unveiled the semiconductor nature of
these compounds. The study demonstrated that these perov-
skite compounds display anisotropic properties, are ductile,
and possess mechanical stability.** A. A. Mubarak et al. inves-
tigated the electrical and optical properties of perovskite BaXF;
(X = Li, Na, K, and Rb). The study revealed that these materials
exhibit a direct band gap, classifying them as semiconductors.
The researchers also anticipated the potential use of these
compounds as metals under high-energy photon exposure.*
The motivation of the given work is to enhance material
performance, our focus is on investigating sodium-based halide
perovskites NaXCl; (where X = Be and Mg) by utilizing first-
principles techniques. This exploration is conducted using the
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WIEN2K code, with the intention of gaining a more profound
insight into the properties of these materials and identifying
possibilities for improvements. The structural features of both
materials are determined through optimization curves. The
electronic properties are evaluated by analyzing the band gap
and density of states (DOS). Mechanical stability is determined
based on the elastic constants. Additionally, the optical prop-
erties, including refractive index, reflectivity, absorption coeffi-
cient, optical conductivity, and extinction coefficient, are
investigated using the FP-LAPW approach.

2. Computational methodology

First-principle calculations offer a remarkable level of accuracy,
enabling researchers to conduct precise analyses and unveil
material characteristics at the atomic or electronic level with
increasing precision. To investigate the structural, electrical,
elastic, and optical properties of NaXCl; (X = Be, Mg), the
FPLAPW approach,*® based on Density Functional Theory
(DFT)*”*® is employed. This approach allows for a comprehen-
sive exploration of these characteristics, leveraging the princi-
ples of electronic structure calculations. The simulation code
from WIEN2K is used to do the computations.*® The electron
exchange and correlation potential for structural and elastic
characteristics are calculated using the generalized gradient
approximation.* Wien2k is a versatile software program that
can effectively handle various types of materials, including
insulators, metals, and semiconductors. It is particularly useful
when dealing with materials for which experimental data is
unavailable. In these cases, WIEN2K can calculate the forces on
atoms and determine optimized structural parameters, even
when the atom positions are constrained by crystal symmetry.
The structural properties are find out by using Birch-Muna-
ghan*' equation of state. A lattice constant of NaXCl; (X = Be,
Mg) that has been optimised is used to assess the density of
states (DOS) and band energy utilizing the FP-LAPW approach
as implemented inside WIEN2K program. The IRelast package
is used in this study to compute mechanical characteristics.”
The RMT value is set to “5” for the analysis of these compounds,
and the first Brillouin zone in reciprocal space is sampled using
2000 K-points.** The —6 Ry cut-off energy is used for both
molecules. Understanding how well the material under
consideration performs optically depends on its dielectric
function ¢(w), because it has connections with the electrical
structure's band gap. Additionally, it is necessary to derive
relationships for the following parameters: refractive index
n(w), energy loss function L(w), absorption coefficient I(w),
extinction coefficient K(w), optical conductivity «(w), and
reflectivity R(w). Real &;(w) and imaginary ¢,(w) portions make
up the dielectric function, given as ¢(w) = &(w) + iey(w).** The
surface of the material is utilized to depict how light is absorbed
using the imaginary section of the dielectric function, and real
portion describes how the material's surface disperses.*>*® The
programs used in research for graphing are xmgrace,*” xcrys-
den,* and origin.* For the first-time, the physical properties of
ternary NaXCl; (X = Be, Mg) choloroperovskites are revealed by
the use of the computational method indicated above.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

The structural, electrical, elastic and optical characteristics of
perovskites NaXCl; (X = Be, Mg) will be discussed thoroughly in
the next part, by utilizing the techniques mentioned above.

3.1. Structural properties

The perovskite structures of NaXCl; (X = Be, Mg) were initially
constructed, and their entire structures were optimized. Fig. 1
presents the optimized and relaxed structures of both
compounds. Both structures belong to the pm3m (221) space
group and exhibit cubic geometry. The Wyckoff positions for
Na, X, and Cl atoms are (0, 0, 0), (0.5, 0.5, 0.5), and (0, 0.5, 0.5),
respectively. The crystallographic structures for both
compounds are depicted in Fig. 1.

To minimize the total energy of the unit cell relative to its
volume, volume optimization is performed for each substance.
This process helps stabilize the entire system and is incorporated
into the Birch-Murnaghan equation of state. These optimized
values are then utilized in the Murnaghan equation of state to
determine the volume density and bulk modulus under varying
pressure conditions. The optimization procedure takes into
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account exchange and correlation effects using the GGA
approximation. As shown in Fig. 1, the initial energy of the unit
cell decreases during the optimization process. It is observed that
the investigated compounds exhibit similar behavior. The system
reaches its lowest energy state as it approaches the ground state
energy E,. The volume at this lowest energy state is referred to as
the ground state volume. The graph depicts a pattern where, up
to a certain volume (V,), the energy of the unit cell decreases as
the volume increases. Beyond this point, however, as the volume
continues to expand, the system's energy starts to rise, suggesting
an unstable condition. In first principle computations, the
structural parameters are derived from the unit cell's most stable
state, which aligns with the state of minimum energy (Fig. 2).

Table 1 presents the specific values for various structural
parameters of NaXCl; (X = Be, Mg), including lattice constants
ay, bulk moduli at zero pressure B, B’ which represents their
pressure derivatives, as well as the ground state volume V, and
ground state energy E,. Despite the absence of experimental or
sufficient theoretical data, our results are in agreement with the
available information from AFLOW.*°

The provided equation is employed to calculate the formation
energies of cubic-phase NaXCl; ternary compound halide
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(a) Optimization curve of NaBeCls, (b) optimization curve of NaMgCls.
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Table 1 Computed optimized structural properties of NaXClz (X = Be, Mg) including optimized lattice constant ag, bulk modulus B, pressure
derivative of bulk modulus B’, energy at ground state Eg, and ground state volume V,

Our work Other work Aflow°
Structural parameters NaBeCl; NaMgCl; NaBeCl; NaMgCl;
a, 4.55 A 4.94 4.52 4.89
B 44.35 GPa 32.16 41.45 30.09
B 4.16 GPa 5.08 4.45 4.98
Energy at ground state, E, —3123.86 Ry —3495.17 E, =417 E;=4.18
Ground state volume, V, 660.73 au® 831.89 663.43 826.13

perovskites, where “X” represents either Be or Mg. This calcula-
tion demonstrate the chemical stability of these complex
compounds. To determine the chemical potential of each atom in
compounds like NaBeCl; and NaMgCl;, you would typically use
computational methods, such as density functional theory (DFT)
calculations or other quantum chemical simulations. These
methods allow to calculate the electronic structure and properties
of molecules and solids, including the chemical potential of
individual atoms within the compounds. By optimizing the
geometry of the compounds, which involves finding the most
stable arrangement of atoms by minimizing the total energy of the
system. After optimizing the geometry, electronic structure is
calculated. This results in yielding the electronic energy, elec-
tronic density, and wavefunction of the system. The total energy of
the compound is then calculated using the optimized geometry
and electronic structure. The total energy accounts for both the
kinetic and potential energy of all electrons and nuclei in the
system.

The negative formation of energy is calculated as following™*

Er = (Eoral — npas — mito)/(n + m) (1)

The chemical potential (1) of each atom in the compound
can be calculated using the formula:

w = E_total(N + 1) — E_total(N)

where: E_total(N + 1) is the total energy of the compound with
one extra atom of the same type (Na, Be, Mg, or Cl) and
E_total(N) is the total energy of the original compound with N
atoms of that type. The resulting formation energies are
—1.02345 eV for NaBeCl; and —0.92345 eV for NaMgCl;. The
presence of negative formation energy values validates the
formation of both compounds.

3.2. Mechanical properties

The mechanical properties of solids offer insights into how
interatomic potentials respond to external forces and play
a crucial role in various fundamental phenomena in solid-state
materials, including stability, strength, ductility, brittleness,
and other characteristics. These properties encompass parame-
ters such as Young's modulus (Y), bulk modulus (B), shear
modulus (G), anisotropy factor, and other elastic parameters,
which provide valuable information about the material's
behavior under different conditions. Materials used in research,

28398 | RSC Adv, 2023, 13, 28395-28406

medicine, and engineering need to possess specific elastic
properties. In the case of cubic materials, only three fundamental
elastic constants, namely C;;, C;,, and C,4, are required to
determine all the aforementioned properties. These constants
allow for the calculation of various mechanical properties and
phenomena associated with the material, providing a concise
and efficient approach for characterizing its behavior. Addi-
tionally, elastic constants establish a connection between the
mechanical and dynamic characteristics of crystals.>

Since our compounds exhibit a cubic crystal structure, their
mechanical properties, such as structural stability and other
relevant parameters, can be effectively described by three
specific elastic constants: C;4, Cy5, and C,4. The mechanical
stability of compounds with a cubic crystal structure can be
ensured if the prescribed limitation formulas are met.>

Cas > 0 )

Cy — @>0 (3)
2

C, < B<C(y (4)

@ty (5)

Our current results demonstrate that all the analyzed
compounds, NaXCl; (X = Be, Mg), satisfy the listed criteria for
mechanical stability, indicating that our compounds are
mechanically stable. The mechanical properties of NaXCl; (X =
Be, Mg) are presented in Table 2.

In order to study mechanical properties, the cubic ECs of
crystals with various symmetries are computed using the IRelast

Table 2 Simulated mechanical parameters of NaXCls (X = Be, Mg)

Parameters NaBeCl; NaMgCl;
Ci, (GPa) 62.17 56.63
Ci, (GPa) 45.53 25.01
Cy4 (GPa) 30.47 10.69

B (GPa) 20.56 20.59

A 3.6 0.6

G (GPa) 18.18 12.45

E (GPa) 47.98 33.08

Y 0.31 0.43
B/G 2.43 2.58

© 2023 The Author(s). Published by the Royal Society of Chemistry
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program. The elasto-cubic constants C;;, Cy5, and C,4, the
letters “B” stand for the bulk modulus, “A” for anisotropy, “G”
shear modulus, “E” young's modulus, “»” the Poisson ratio, and
“B/G” Pugh ratio are calculated by using the expressions given
below:**

2Cy
A= 6
Cll - CIZ ( )
9GB+ G
E=""_— 7
3B 7)
,_ 3B-2G @)
"~ 2(3B+G)
1
G, = g(cn — Cip+3Cu) 9)
5Cyu(Cry — Cio)
= 10
87 40, +3(Cy - C) (10)
1
G = 5(Gy— Gr) (11)

The shear modulus (G) serves as an indicator of the system's
resilience. From the computed values in Table 2, NaBeCl;
exhibits a shear modulus of 18.18, whereas NaMgCl; has a shear
modulus of 12.45. This implies that NaBeCl; is harder than
NaMgCl;, indicating a greater resistance to material deforma-
tion in the former. On the other hand, Young's modulus (E) is
employed to quantify the stiffness of a material.>® The NaBeCl;
compound has a Young's modulus (E) of 47.98 GPa, while
NaMgCl; has a value of 33.08 GPa. The higher value of “E” for
NaBeCl; signifies its greater stiffness in comparison to
NaMgCl;. In engineering, the ductility of a material is a critical
consideration, and it can be evaluated using the B/G Pugh ratio.
According to specifications, ductile materials should have a B/G
ratio greater than 1.75, whereas brittle materials typically have
a B/G ratio lower than 1.75.%° The analysis reveals that all of the
studied chemicals exhibited B/G ratios exceeding 1.75, which
indicates their ductile behavior. Additionally, the Poisson ratio
(v) serves as another characterization parameter for ductility
and brittleness, with a threshold value of 0.26. When the Pois-
son ratio is above 0.26, it indicates ductility, whereas values
below 0.26 suggest inherent brittleness. In this study, all the
examined chemicals displayed Poisson ratios higher than 0.26,
affirming their ductile nature. The Cauchy pressure (CP) symbol
is often used to represent the elasticity of a material, where
a positive CP value signifies ductility, while a negative value
indicates brittleness.

Cp=Cp — Cyy (12)

From Table 2, it is evident that all the materials exhibit
positive values for the Cauchy pressure (CP), indicating the
presence of ductile properties. To assess whether a material's
structural properties are consistent in all directions, the
anisotropy factor (A) is considered. An isotropic material has an

© 2023 The Author(s). Published by the Royal Society of Chemistry
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“A” value of 1, while materials with “A” values different from 1
are referred to as anisotropic media.>”

3.3. Electronic properties

Studying energy band structure and the accompanying density
of states is mostly necessary for understanding electronic
characteristics. These findings shed light on the crystal's
metallic, insulator, or semiconductor nature as well as the
creation of the electron distribution in the valence states. The
magnetic, optical, and thermal response of the unit cells may be
explored further owing to an electronic study. It was easier to
understand the orbital and spin character in detail after simu-
lation of the total and partial density of states (TDOS, PDOS).

3.3.1. Band structure. When analyzing different
compounds in solid state physics, the electronic band structure
is of primary importance. It illustrates how the energy levels
that are available at different symmetric locations function.
Compounds are either semiconductors or insulators if they lie
between the conduction band and the valence band, contrary,
they are said to be of a metallic character. In accordance with
these concepts, we assessed the electron band structure using
the Tb-mB]J potential using 3000 k-points from mesh to look for
the effects of exchange and correlation. According to calcula-
tions made in the first Brillion zone at equilibrium volume for
NaXCl; (X = Be, Mg) compounds, the band structures and
density of states and high symmetry direction are displayed in
Fig. 3a and b. The Fermi level represented by Ey placement has
a considerable impact on a material's properties. The figures
depict that the valence band (VB) maxima occurs at “I” and
conduction band (CB) minima of the compounds are located on
R-symmetry. As a result, these halide perovskites exhibit
a semiconducting character in the cubic system and have an
indirect (R-I') energy gap of 4.15 eV for NaBeCl; and 4.16 eV for
NaMgCl;.

The accessible states for electrons inside a system's structure
will be discussed and explored in this section. A very detailed
representation of the material is displayed by DOS, together with
an overview of the states’ main and minor contributions to the
valence band and conduction band. This provides information
on the structure of VB and CB, describes the arrangement of
states, and suggests that what the states of the valence band and
the conduction band are comprised off.® Fig. 3 depicts the
partial density of states (PDOS) and total density of states (TDOS)
of the NaXCl; (X = Be, Mg) compounds. From Fig. 3a it is clear
that in the VB of NaBeCls, Be-s, Be-p, Cl-p, Cl-d, and Cl-f are
participating. In the CB, Be-s, Be-p and Cl-d are contributing.
Fig. 3b shows that in the VB of NaMgCl; there is the participation
from Mg-s, Mg-p, Cl-p, Cl-d and CI-f states. While in the CB, Na-s
state, Mg-s and Cl-d states are participating but have little
contribution from Mg-p state and CI-f state.

3.4. Optical properties

To enhance our understanding of the electronic properties of
NaXCl; (X= Be, Mg), it is crucial to examine the optical char-
acteristics of these compounds. Investigating the optical prop-
erties provides valuable insights into how the compounds

RSC Adv, 2023, 13, 28395-28406 | 28399
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interact with light, thereby contributing to a comprehensive
understanding of their behavior. Therefore, in order to use
a compound effectively in optoelectronic devices i.e. solar cells,

diodes, lasers etc., one must have a thorough understanding of

the optical characteristics. There has been limited research
conducted on the optical properties of the chemical compo-
nents comprising perovskites.* By utilizing the FP-LAPW tech-
nique within the context of density functional theory, the
optical characteristics of the NaXCl; (X = Be, Mg) are thoroughly
elucidated in this paper.
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Dielectric function. The information of the complex

dielectric function might be helpful to determine the optical
features of materials, given by:

&(w) = e1(w) + iex(w)

(13)

The real and imaginary components of the dielectric func-
tion are denoted by ¢;(w) and ¢,(w). A material's storage capacity
is represented by the real component, which specifies polari-
zation. The measured light absorption in the imaginary section

7
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Fig. 4 Dielectric function of NaXClz (X = Be, Mq) (a) real part (b) imaginary part.
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represents the optical transitions within the energy bands. The
electrical component of the ¢;(w) limit at zero frequency is
included in the &,(0) limit, which is 2.52 for NaBeCl; and 2.684
for NaMgCl; as depicted in the Fig. 3. The ¢,(w) spectra for each
of the compounds studied begin to rise to their major
maximum point after ¢,(0). The peak of &;(w) for NaBeCl; is 5.37
at 8.2 eV and 4.9 for NaMgCl; at 7.2 eV. NaBeCl; and NaMgCl;
both revealed maximum values of 5.8 at 11.5 eV and 6.1 at
9.4 eV, respectively, as demonstrated by the ¢,(w) spectra in the
Fig. 4.

Numerous optical parameters, including refractive index,
absorption coefficient, extinction coefficient, optical conduc-
tivity, and reflectivity, are calculated from the real and imagi-
nary parts of dielectric functions. Some of these optical
properties are investigated for NaXCl; (X = Be, Mg) below.

3.4.2. Absorption coefficient. The absorption coefficient
I(w) of a substance reflects its ability to capture photons with
specific energies, offering insights into how these compounds
interact with radiation. By considering both components of the
dielectric function, the absorption coefficient provides crucial
information about the material's behavior towards light.
Materials with lower absorption coefficients are typically
transparent, indicating their limited photon absorption, while
those with higher absorption coefficients are efficient light
absorbers. Thus, the absorption coefficient serves as a compre-
hensive indicator of a material's response to radiation, influ-
enced by both aspects of the dielectric function. Fig. 5 provides
examples of both compounds' absorption coefficients. The
graphic makes it obvious that the absorption starts around
1.2 eV for NaBeCl; and NaMgCl;. NaBeCl; and NaMgCl; had the
maximum absorption coefficient values at 13.6 eV and 270.1
and 206, respectively.

3.4.3. Refractive index. The refractive index n(w) plays
a pivotal role in photoelectric applications, providing a valuable
metric to assess the extent of light refraction. It encompasses
both the real and imaginary components of the dielectric
function, combining statistical elements that contribute to its
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Fig. 5 Absorption coefficient of NaXCls (X = Be, Mg).
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overall value. This characterization enhances our under-
standing of the intricate interplay between light and materials,
adding beauty to the realm of optical phenomena. Refractive
indices for NaXCl; (X = Be, Mg) are shown in Fig. 6. For NaBeCl,
and NaMgCl;, respectively, the zero refractive index n(0) is 1.5
and 1.6. In excess of the zero frequency, the curve's maximum
values of 2.3 for NaBeCl; and 2.2 for NaMgCl; were reached. The
refractive index is larger than one because interactions with
electrons cause photons to go through a material more slowly. A
compound refractive index determines how much time photons
are delayed when travelling through it.

3.4.4. Reflectivity. Fig. 7 illustrates the reflectivity for both
compounds. The reflectivity of a material is determined by the
imaginary part of the dielectric function. When studying the
surface structure of the material, understanding its optical
properties becomes highly significant. Fig. 8 illustrates the
reflectivity values for both compounds. It is noted that the
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Fig. 6 Refractive index of NaXClz (X = Be, Mq).
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Fig. 7 Reflectivity of NaXCls (X = Be, Mg).
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reflectivity begins at zero frequency limit and reaches its
maximum of 0.66 at 13.6 eV for NaBeCl; and 0.61 at 13.5 eV for
NaMgCl;, respectively. Because of their low reflection values,
the compounds under investigation are highly desirable for
usage in lenses.

4. Phonon dispersion

Emphasizing the importance of understanding phonon
dispersion is crucial to grasp the intricate interplay between
dynamic properties, thermodynamics, and vibrational Raman
spectroscopy in crystalline solids.®® To address this facet, we
employ the widely embraced and efficient approach known as
density functional perturbation theory (DFPT), integrated
within the pseudopotential framework of Quantum
Espresso.®>*> This technique empowers us to explore the
dynamic stability within the primitive unit cells of NaXCl; (X=
Be, Mg) perovskites. Upon delving into the dynamical context of
these molecular crystal structures, it becomes evident that
a dynamically stable compound inherently exhibits three
acoustic branches with zero frequency at the I'-point, corre-
sponding to k = 0 in reciprocal space. The remaining branches,
characterized by non-zero frequencies, are identified as optical
phonons. Specifically, within the realm of acoustics, we observe
a distinct longitudinal acoustic (LA) mode and two transverse
acoustic (TA) modes. For a crystal composed of a unit cell
containing N atoms, the optical modes tally to 3N — 3. Shifting
our focus to the present investigation, the arrangement of 10
constituent atoms results in the emergence of 30 distinct
frequency branches. Among these, precisely 3 branches
converge at the I'-point and are categorized as acoustic, while
the remaining 27 are designated as optical, as visually depicted
in Fig. 8. Notably, the lower frequency branches can be attrib-
uted to the pronounced vibrations of the heavier elements
within the structure, while the optical branches predominantly
stem from the vibrational behavior of the lighter atoms.
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Applying the principles of factor theory, we discern that the
optical branches encompass a spectrum of Raman, Infrared,
and Silent modes contingent upon their respective frequency
bands. Importantly, the absence of negative or imaginary
frequencies in the subsequent band dispersions accentuates
the inherent dynamical stability of the studied systems.

5. Electronic charge density

In crystalline materials, the characterization of chemical bonds
can be carried out using contour plots of electronic charge
density. This proves to be a highly effective method for eluci-
dating the bonding nature between different atoms within
crystalline compounds. This characteristic produces a struc-
tural map of valence electron charge density, illustrating the
overall charge distribution within a unit cell of a compound.
The examination of the overall electronic charge density map is
utilized to analyze the manner in which chemical bonding
occurs within a compound. Fundamentally, the charge density
map or curve is comprised of structural atoms/ions that signify
the involvement of orbital electrons in electronic properties by
accumulating the charges of these atoms/ions. Afterward, the
distinct color density map establishes a connection between the
electronic DOS spectra of constituent elements by incorporating
their respective charge contributions. The electronic density
distribution of contour maps are calculated along 2D with TB-
mBJ approximation for NaXCl; (X= Be, Mg) chloroperovskites
compounds are shown in Fig. 9.

The “Na” and “Cl” has almost spherical shape electronic
charge density and the bonding between “Na” and “Cl” are ionic
because very less overlapping is seen within “Na” and “Cl”. It is
observed that the shape of electronic charge densities for “Cl”
and “Be” is elongated and thus predict covalent bonding nature.
Based on contour plots of electronic charge density, it is
concluded that majority of the bonding is ionic with minor
covalent bonding behavior. The major ionic bonding is

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9

attributed to the fact that Beryllium (Be) is in group 2 of the
periodic table, and sodium (Na) is in group 1. Chlorine (Cl) is in
group 17. Beryllium is a metal, sodium is also a metal, and
chlorine is a non-metal. Na* (sodium ion), Be** (beryllium ion)
and 3Cl™ (chloride ions). The bonding in this compound would
involve the electrostatic attraction between the positive sodium
and beryllium ions and the negative chloride ions. It would have
an ionic bond character because of the transfer of electrons
from sodium and beryllium to chlorine atoms. Beryllium would
typically lose its two valence electrons to achieve a stable elec-
tron configuration, while sodium would lose one electron.
Chlorine, on the other hand, would gain one electron to achieve
stability. Magnesium (Mg) is also in group 2 of the periodic
table, similar to beryllium. Sodium (Na) and chlorine (Cl) are
the same as in the previous compound comprising Na* (sodium
ion), Mg>* (magnesium ion) and 3Cl™ (chloride ions). Just like
in the case of NaBeCl;, the bonding in NaMgCl; would also
involve ionic interactions. Both sodium and magnesium would
lose electrons to chlorine atoms, forming positively charged
ions (Na* and Mg”"), while chlorine would become negatively
charged by gaining electrons.****

In essence, both NaBeCl; and NaMgCl; would demonstrate
ionic bonding due to electron transfer between the metallic
elements (sodium, beryllium, and magnesium) and the non-

Energy (eV)

Energy (eV)
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| 1 1 1 1
-1
0 1000 2000 3000 4000 5000
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6000

Fig. 10 Thermal stability of (a) NaBeCls and (b) NaMgClz perovskites.
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Investigated total 2D electronic charge densities with TB-mBJ approximation for NaXClz (X = Be, Mg) chloroperovskites compounds.

metallic chlorine, leading to the creation of positively and
negatively charged ions that are attracted to each other through
electrostatic forces.

In order to assess the thermal stability of NaBeCl; and
NaMgCl;, we conducted ab initio molecular dynamics simula-
tions (AIMD)®* at room temperature for a duration of 6 ps, with
a time step of 1 fs. The results, as illustrated in Fig. 10,
demonstrate minimal energy fluctuations throughout the
simulation. Additionally, both perovskite structures maintained
their original geometries without any noticeable structural
distortions. This observation unequivocally confirms the
stability of NaBeCl; and NaMgCl; at room temperature.

6 Conclusion

In this study, we have undertaken a novel exploration of the
structural, elastic, electrical, and optical properties of NaXCl; (X
= Be, Mg) compounds, specifically focusing on the cases where
X is Be and Mg. Here are the significant findings we have
obtained:

e Firstly, by analyzing the optimized structural parameters,
we have determined that NaXCl; (X = Be, Mg) compounds
exhibit a stable cubic crystal structure, indicating their struc-
tural robustness.

¢ Secondly, utilizing the IRelast package, we have conducted
a comprehensive analysis of the fundamental elastic properties
of these compounds. Our results indicate that both materials
are elastically stable, anisotropic, and possess ductile charac-
teristics. These findings strongly support the potential appli-
cation of these materials in various contemporary electrical
systems.

e Moving on to the electronic characteristics, our investiga-
tions on the band structures and density of states (DOS) have
revealed that NaXCl; compounds are wide indirect band gap
semiconductors, specifically from the X-X symmetry points.
The calculated energy gaps are approximately 4.15 eV for
NaBeCl; and 4.16 eV for NaMgCl;, with an indirect (R-I)
transition.

e Furthermore, we have examined the optical properties
within the energy range of 0 eV to 15 eV. Both compounds
exhibit photon transparency, suggesting their potential utility

RSC Adv, 2023, 13, 28395-28406 | 28403
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as lenses and anti-reflection coatings based on their favorable
optical characteristics.

These findings contribute valuable insights into the struc-
tural, elastic, electrical, and optical properties of NaXCl; (X =
Be, Mg) compounds, opening up possibilities for their appli-
cation in various technological fields.
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