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1. Introduction

Appealing perspectives of the structural, electronic,
elastic and optical properties of LiRCl; (R = Be and
Mg) halide perovskites: a DFT study

Nasir Rahman, & *2 Mudasser Husain,*® Vineeth Tirth, © ¢ Ali Algahtani,<
Hassan Algahtani,® Tawfig Al-Mughanam, Abdulaziz H. Alghtani,® Rajwali Khan,®
Mohammad Sohail,® Abid Ali Khan," Ahmed Azzouz-Rached @' and Aurangzeb Khanr!

To enhance the effectiveness of materials, we are motivated to investigate lithium-based halide perovskites
LiIRCls (where R = Be and Mg) using first-principles techniques based on density functional theory (DFT),
implemented in the WIEN2K code. In this study, the research makes use of the WIEN2K simulation code,
employing the plane-wave and self-consistent (PWSCF) approach. The cut-off energy, responsible for
distinguishing core and valence states, is established at —6.0 Ry. To guarantee well-converged solutions
with 2000 K points, parameters of RMT x Knax = 7.0 are selected, where RMT represents the smallest
muffin-tin radius and K.x denotes the plane wave cut-off. Convergence is determined to be attained
when the overall energy of the system remains unchanged during self-consistent calculations, reaching
a threshold of 0.001 Ry. We observe structural stability of these materials using the Birch—Murnaghan fit,
tolerance factor and formation energy. The tolerance factor for LiMgCls and LiBeClz are 1.03 and 0.857,
while the formation energy for LiIMgCls and LiBeCls are —7.39 eV and —8.92 eV respectively, confirming
these to be stable structurally. We evaluate the electronic properties of the current materials, shedding
light on their nature, by using the suggested modified Becke—Johnson potential. It turns out that they
are indirect insulators, with calculated band gaps of 4.02 and 4.07 eV for LiMgCls and LiBeCls,
respectively. For both materials, we also calculate the density of states (DOS), and our findings regarding
the band gap energies are consistent with the band structure. It is observed that both materials exhibit
transparency to low-energy photons, with absorption and optical conduction occurring in the UV range.
These compounds are mechanically stable, according to the elastic investigation, however LiBeCls
shows higher resistance to compressive and shear loads as well as resistance to shape change. On the
other hand, LiMgCls exhibits weaker resistance to changes in volume. Furthermore, we discovered that
none of the compounds are entirely isotropic, and specifically, LiIMgCls and LiBeCls are brittle in nature.
These materials appear to be potential candidates for use in optoelectronic devices based on our
analysis of their optical properties. Our findings may provide comprehensive insight, invoking
experimental studies for further investigations.

properties prior to laboratory synthesis. Materials scientists are
continuously seeking to discover the best and most efficient

Conducting theoretical studies on technologically significant
materials offers a convenient approach to investigate their
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materials, even in a society that is already well-equipped with
scientific knowledge. Due to their significant uses in the
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semiconductor, energy storage, and optical industries, a lot of
interest has been shown in perovskites."” Halide perovskites
fall within a sub-category of perovskites characterized by the
general formula ABX;, where A represents a monovalent cation,
B denotes a metal, and X represents an anion from the halogen
group.® Extensive investigations have been conducted on halide
perovskites with diverse chemical compositions for various
applications. Their non-birefringent nature, which eliminates
difficulties in lens design, makes perovskite materials
a preferred choice for lenses.” In the chemical formula (ABX;) of
halide perovskite, the cations X and B represent alkali and
transition metals, respectively. Perovskite compounds have an
extensive variety of uses because of their distinct characteristics,
which comprise a tunable laser,’ electron-phonon interac-
tions,"** ferroelectricity,” crystal fields,” phase transition
behaviors,* and other physical properties like anti-ferromag-
netism'® and semi-conductivity,'”” and as scintillating mate-
rials.” Scintillating materials and scintillators find widespread
use in various fields such as healthcare (medical imaging),*
homeland security, prototype formation,” and astronomy,**
etc., possessing a great level of intensity, directionality, and
energy.” Scintillators have ability to transform ionizing X-rays
or photons into light that is visible or nearly visible (near-
ultraviolet). The electrical signal that is created from the light
emission can subsequently be analyzed based on the applica-
tions. Recently, chloroperovskites has gained recognition as
a scintillating substance due to their appropriate bandgaps,
high absorption coefficients, and affordable manufacture.>*>¢
In recent developments, the inclusion of alkali cations such as
Li, Na, K, Rb, and Cs in perovskite solar cells has led to
improved photovoltaic performance, resulting in high power
conversion efficiency.>””** The first-principles study on alkaline
metals (Li, K, Na, and Rb) based on lead halide perovskite
structures was carried out by Atsushi Suzuki and Takeo Oku.*® A
notable influence of these alkali metal variations on electronic
and thermodynamic properties was observed by them. The
introduction of alkali metals into the perovskite crystal resulted
in improved photo-induced carrier generation and diffusion
within the perovskite layer's crystalline domain, leading to
enhanced long-term stability under ambient conditions.** The
latest investigations into halide perovskites incorporating alkali
metal ions have recognized their potential in optimizing
structural and optoelectronic properties. This includes maxi-
mizing luminance, facilitating charge injection, improving
moisture resistance, and enhancing energy band alignment,
particularly in polycrystalline and nano-crystalline thin
films.**"** Nonetheless, extensive theoretical investigations have
been undertaken by researchers to establish the presence and
importance of semiconducting materials. Based on initial first-
principles calculations, researchers have successfully show-
cased the confinement of structures through the utilization of
metal organic chemical vapor deposition (MOCVD). This
deposition technique is widely employed in the fabrication of
semiconductor materials and has been instrumental in vali-
dating the confinement of these structures.®** Similar tech-
niques can indeed be employed to synthesize various
chloroperovskites compounds, enabling the fabrication of high-

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

View Article Online

RSC Advances

performance semiconducting devices. These compounds,
which typically consist of a perovskite structure with chlorine
atoms incorporated into the lattice, have attracted significant
attention in the field of optoelectronics. Methods such as
solution processing, vapor deposition, and solid-state reactions
can be utilized to synthesize chloroperovskites materials with
precise control over composition and morphology. The result-
ing compounds can then be integrated into devices such as
solar cells, light-emitting diodes (LEDs), and photo-detectors,
showcasing their potential for achieving enhanced device
performance. Although there has been remarkable progress and
tremendous potential in this emerging technology, the
commercialization of halide perovskites still encounters
significant challenges. These challenges arise from the inclu-
sion of toxic “Pb” and the material's susceptibility to instability
against moisture, heat, and irradiation.”® The structural and
mechanical stability of perovskite materials plays a crucial role
in their large-scale production for commercial purposes.
Researchers are actively investigating and exploring the
performance of these materials in various environments. The
focus is primarily on the optoelectronic characteristics relevant
to photovoltaic applications. Density Functional Theory (DFT)
serves as a valuable tool for studying different properties of
perovskite materials. The reliable and consistent results ob-
tained from DFT-based computational studies demonstrate the
credibility of this approach.** Various techniques can be
employed to modify the characteristics of perovskite materials
for specific applications. External electric and magnetic fields,
stress, heat treatment, doping, and variation in constituents
and vacancies have a notable impact on the physical properties
of these materials. Nevertheless, there is currently no existing
theoretical or experimental research available on the cubic
phase of LiBeCl; and LiMgCl; compounds in the literature. A
comprehensive literature review on halide perovskites suggests
that the elements “Be” and “Mg” likely play a significant role in
determining the structural, elastic, and optoelectronic proper-
ties of the ternary LiRCl; (R = Be and Mg) halide perovskites.
Using the DFT framework, this study is designed to present
novel insights into the fundamental physical characteristics of
ternary LiRCl; (wWhere R = Be and Mg) halide perovskites, with
the potential application in energy storage devices and scintil-
lating materials, and a variety of contemporary technological
gadgets.

2. Computational methodology

The presented research employs the plane-wave and self-
consistent (PWSCF) approach, based on DFT,* using the
simulation code WIEN2K.*> To compute the elastic character-
istics and basic structural properties for crystal structure opti-
mization, (GGA-PBE)* is utilized. For the computation of
various elastic property parameters, the IRelast package** is
employed. To enhance the accuracy of electronic properties and
optical properties, the study utilizes the (TB-mBJ) for exchange-
correlation potential calculations.*” The Tb-mBJ exchange
correlation potential is a modified form of the exchange-
correlation potential used in density functional theory (DFT)
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calculations. It is an approximation that combines the Tran-
Blaha modified Becke-Johnson (mBJ) exchange potential with
the standard DFT exchange-correlation potential. In reciprocal
space, the primary Brillouin zone denotes sampled using 2000
K-points. For achieving a decent degree of convergence, this
study examines several The FP-LAPW basis functions are
utilized up to the product of RMT and K.« €qual to 7. The size
of the greatest k-vector in the plane wave expansions is deter-
mined by K.x. Each atom is associated with its own distinct
RMT value to avoid any overlap. For computing the optical
characteristics, the study employs the basic complex dielectric
function in the form of ¢(w) = &(w) + igy(w).*® The primary
graphing tools utilised in research are xcrysden,*” Gnuplot,*
origin® and xmgrace.*® The computational method used in this
work reveals, the physical properties are being investigated for
the first time of ternary LiRCl; (R = Be and Mg) halide perov-
skites, including their structural, elastic, optical, and electrical
characteristics, are revealed by the use of the computational
method indicated above. In this particular study, the WIEN2K
simulation code is employed, utilizing the plane-wave and self-
consistent (PWSCF) approach. The cut-off energy, utilized to
differentiate between core and valence states, is set at —6.0 Ry.
To ensure well-converged solutions with 2000 K points, the
parameters RMT X Kp.x = 7.0 are chosen, where RMT repre-
sents the smallest muffin-tin radius and Ky.x corresponds to
the plane wave cut-off. Convergence is deemed achieved when
the overall energy of the system remains constant throughout
the self-consistent calculations, reaching a threshold of 0.001
Ry. To compute the total energy, a Monkhorst-Pack® 6 x 6 x 6
k-mesh is utilized for Brillouin zone integration. For the
computation of the density of states (DOS) and optical proper-
ties, the k-mesh is increased to an 11 x 11 x 11 configuration.

3. Results and discussion

Using the methods outlined above, the results for ternary LiRCl;
(R = Be and Mg) halide perovskites are described and shown in
detail in this section. Here, each physical characteristic is
treated separately.

3.1. The structural and phonon properties

An important step in the ab initio simulation study aims to
examine the structural properties of these materials, which can
provide insights into their additional physical properties, for
instance, electrical, optical, and elastic properties. In this
section, we investigate the structural properties of LiRCl; (R =
Be and Mg) halide perovskites that fall under the space group-
221 are comprehended utilizing the GGA-PBE approximation
(Pm3m). Fig. 1 demonstrates the LiRCl; halide perovskites (R =
Be and Mg) primitive crystallographic unit cell in which 5 atoms
make up each crystalline unit cell, with positions of Li, Be/Mg
are (0, 0, 0), (0.5, 0.5, 0.5), and Cl is located at (0, 0.5, 0.5)
respectively. By utilizing the Birch-Murnaghan equation of
state, this study obtains key structural parameters, including
bulk modulus, optimized lattice constant, pressure derivative of
bulk modulus, unit cell optimum volume, and unit cell
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optimum energy, through fitting the energy of the primitive unit
cell as a function of its volume parameters,** as depicted below:

B
()
where in the equation above Ey, B, B, V, and V, are respectively,
the optimum value of total energy, the bulk modulus, the
pressure derivative of bulk modulus, the total unit cell volume,
and the optimized unit cell volume. The eqn (1) presented above
represents the optimal values of several key structural proper-
ties for LiRCl; (R = Be and Mg) halide perovskites. Specifically,
the variables E,, B, B, V, and V, correspond to the structural
parameters as described above. These parameters are crucial for
studying material behavior in electronics, optics, and
elasticity.

In Fig. 2 shows the optimization curves for structural anal-
ysis obtained through the GGA approximation have been
computed, and Table 1 lists the optimized values obtained from
the curves fitted with the Birch-Murnaghan method. The graph
illustrates that as the volume increases up to a specific value
(Vo), there is a corresponding decrease in the energy of the unit
cell. Subsequently, as the volume further increases, the energy
of the system begins to rise, indicating an unstable state. In first
principle computations, the structural parameters are deter-
mined based on the most stable state of the unit cell, which
corresponds to the minimum energy state.

The following expression is used to compute the energies of
formation for the ternary compound LiRCl; (R = Be and Mg)
halide perovskites in the cubic phase, which demonstrated the
chemical stability of the intricate compounds.

B

+2 (V=T ()

AH; = Eyo(LiRCly) — Ey; — Eg — 3Eq (2)

where in the aforementioned eqn (2), Hr is the energy of
formation, Erq(LiRCl;) is the optimal total energy of LiRCl; (R
= Be and Mg), Eg is the energy of the “Be and Mg” atom's
ground state, Ep; represents the lowest energy state of the “Li”
atoms, while Eg represents the lowest energy state of the
chlorine atom. Table 1 presents the estimated values for the
formation energies of interested compounds. All of the results
are negative, demonstrating that the chloroperovskite
compounds LiRCl; (R = Be and Mg) are stable structurally.>****

3.1.1. Phonon properties. The phonon dispersion curves
provide information about the vibrational modes and proper-
ties of a material. The phonon band structure provides valuable
insights into the thermal and mechanical properties of mate-
rials, including heat conduction, thermal expansion, and lattice
stability. It is an essential tool for understanding and designing
materials for various applications in solid-state physics, mate-
rials science, and engineering. In a phonon dispersion curve,
different branches or bands can be observed, each corre-
sponding to different vibrational modes of the crystal lattice.
The acoustic branches represent the low-energy, long-
wavelength vibrations that are associated with the collective
motion of the lattice. In the phonon band structure plot, the
horizontal axis typically represents the wave vector or

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The investigated crystal structures of ternary LiRClz (R = Be and Mg) chloroperovskites compounds.

momentum, while the vertical axis represents the phonon
energy. The plot consists of multiple branches or bands, each
corresponding to different vibrational modes. The calculated
phonon spectra are depicted in Fig. 3, and it is very obvious that
the positive mode of vibration occurs for both the materials.
Positive frequencies in a phonon dispersion curve indicate
physically allowed and meaningful vibrational modes of the
crystal lattice. They provide information about the energy and
behavior of phonons and are essential for understanding the
lattice dynamics and properties of materials.

3.2. The electronic properties

The electronic band structure and DOS of chloroperovskite
materials determine their electronic properties, such as
whether they exhibit metallic, semiconducting, or insulating
behavior, as well as the types of bonding that occur between
their constituent elements and their corresponding gap ener-
gies. The band structure provides insights into material
conductivity and acts as a crucial link between crystal structure
and electronic/optical properties. Studying electronic properties
is crucial for a comprehensive understanding of these mate-
rials. DFT computations can be used to determine a material's
band structure after optimising its structure using 2000 K-
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Table 1 The investigated optimized structural parameters for ternary
LIRClz (R = Be and Mg) chloroperovskites exhibit various physical
properties, such as lattice constant ag (in A), bulk modulus B (in GPa),
pressure derivative of bulk modulus B’, optimal volume V; (in atomic
units)®, ground state energy E, (in Ry), and formation energies Hy (in V)

Optimized structural

parameters LiMgCl, LiBeCl;

a, in A 4.95 4.56

E, in Ry —3185.298454 —2814.001590
Vo in (a.u.)? 821.0834 644.0256
Bin GPa 32.79 44.60
B'in GPa 4.2723 4.20

T 1.03 0.857
AH; (eV) —-7.39 —8.92

points in the first Brillouin Zone. Both of the studied ternary
LiRCl; (R = Be and Mg) halide perovskites compounds have
band structures that are anticipated by the TB-mB] approxi-
mation to be in the Brillouin zone between —14 eV and +8 eV,
according to the high symmetry sites “M-I"" and “I'-I"” illus-
trated in Fig. 4. The analysis of the band structure for both
compounds indicates that the VB maxima are situated at the R
symmetry point, whereas the CB minima are situated at the “I'”
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Fig. 2 The cubic-phase optimization of the energy of the primitive unit cell versus its volume LiRClz (R = Be and Mg) chloroperovskites.
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Fig. 3 The computed phonon band spectra of LiBeCls and LiMgCls ternary chloroperovskites compounds.

symmetry point. The calculated band gaps for LiMgCl; and
LiBeCl; are 4.02 eV and 4.07 eV, respectively, indicating that
both compounds are indirect band gap insulators. This
suggests that these materials can behave as semiconductors
when doped with heavy n-type materials, making them suitable
for applications in semiconducting industries and technolo-
gies, such as energy storage devices and modern electronic
gadgets.

To further explore the electronic properties, the analysis of
DOS, is necessary to gain a thorough understanding of a mate-
rial's electronic properties. This analysis is shown in Fig. 4 for
LiRCl; (R = Mg and Be) halide perovskites in the energy range of

Density of States
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—14 eV to 8 eV. The Fermi energy (Eg) level is represented by the
horizontal red dotted line at 0 eV in both graphs. In the elec-
tronic band structure portion above the Fermi level is referred
to as the conduction band (CB), while the portion below the
Fermi level is known as the valence band (VB). The density of
states (DOS) provides a detailed analysis of the contribution of
individual electronic states of the constituent elements to the
VB and CB. The contributions from each Li, Mg and Cl is shown
in Fig. 4(a), it is evident that in the conduction band the
dominant contribution comes from Li, Mg and Cl, however, in
the valence band the contribution comes from “Mg” element.
The electronic band structure gap for LiRCl; (R = Mg and Be)

(b)Band Structure Density of States
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Fig. 4 The electronic band structures and density of states (DOS) for LiRClz (R = Mg and Be) halide perovskites examined by fitting the data to
high symmetry points in the first Brillouin zone, using the TB-mBJ approximation.
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chloroperovskites is totally consistent with the band gap shown
in DOS, thus confirming indirect insulating nature for both the
materials.

3.2.1. Effective masses. Effective mass is an important
parameter in determining the electrical and optical properties
of materials, including conductivity, mobility, and energy band
structures. The equation provided allows for the determination
of the effective masses of the carriers.

1

m*:#(gg)i (3)

The simplified Planck constant, denoted as %, and the wave
vector represented by K, are utilized in equation® to calculate
the eigenvalues of the energy band, denoted as E. Table presents
the relative values of the hole effective masses (m;,) and electron
effective masses (m;) of LiBeCl; and LiMgCl, with respect to the
mass of a free electron (m).

The small difference between the values of 1 minus m;/mj,
indicates a significantly high rate of recombination of electron-
hole pairs. There exists an inverse relationship between the
effective mass values of holes and electrons and the mobility of
carriers. As the effective mass values increase, the mobility of
carriers decreases. We observe a negative effective mass of
holes, indicating the carriers exhibit unusual behavior. For
example, they can accelerate in the opposite direction of an
applied force or exhibit behaviors that seem counterintuitive.
This phenomenon is typically associated with specific energy
bands or band structures in materials. On the other hand, the
effective mass of electrons in LiMgCl; is greater than that in
LiBeCl;, indicating that electrons in LiMgCl; encounter more
resistance to movement or possess greater inertia in compar-
ison to electrons in LiBeCl;. In simpler terms, electrons in
LiMgCl; are less mobile or more sluggish compared to those in
LiBeCl;.

3.3. The optical properties

The various parameters relating to the optical behaviour of
LiRCl; chloroperovskites (R = Be and Mg) are described in great
detail in this section. The electronic properties of LiBeCl; and
LiMgCl; suggest that these compounds have an insulating
nature with a wide indirect band gap. This makes them suitable
for optical applications. To determine various optical properties
such as reflectivity, refractive index, extinction coefficient, and
absorption coefficient, the following formulas are used.>*

&(w) = e(w) + iex(w) (4)

n(w) = sl(zw) N & (w)2+ &% (w) 5)
—1(w &2 (w) + &2 (w ’

o) = [0, VAT o

© 2023 The Author(s). Published by the Royal Society of Chemistry
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1) = 2 k(w) 7)
(1=K

R = s ©)

sy = 2V e;: h(w) o)

Using the optimized lattice constant and the TB-mB]J tech-
nique, all the fundamental optical properties are calculated
from the dielectric function for incident photon energies
ranging from 0 eV to 40 eV.

3.3.1. The real “&(w)” and imaginary “e,(w)” part of the
dielectric function. The determination of dielectric function is
instructive for several optical aspects of LiBeCl; and LiMgCl;.
The complex dielectric function is a fundamental quantity that
describes the response of a material to electromagnetic fields,
and it includes both electronic and lattice contributions. It is
used to study the interaction between photons and electrons in
a material, as well as to describe how electromagnetic waves
propagate in the material. The dielectric function is a crucial
quantity in determining the optical properties of a material, as
it provides information about the material's response to inci-
dent light at all photon energies. The real part of the dielectric
functions makes it amply evident that the patterns in the
spectra of the two materials are consistent with one another.
The “&4(w)” curves extend from 0 eV incident photon energy up
to 40 eV, demonstrating that the curve approaches to
a maximum positive peak of 5.9 for LiMgCl; and 6.8 for LiBeCl;
at the low range of photon energy. At around 10 eV to 20 eV
input photon energy, both LiRCl; (R = Be and Mg) halide
perovskites reach negative maximum values of about —1 for
LiBeCl; and —0.5 for LiMgCl;, indicating 100% reflection in
these energy ranges. Real static “¢;(0)” dielectric function value
for LiMgCl; and LiBeCl; is 3. Understanding the imaginary part,
“e5(w)”, of the dielectric function is crucial for analyzing optical
transitions from the valence band to the conduction band. In
Fig. 5, the “e,(w)” spectra for both studied materials are shown
on the right side. The maximum peaks for LiMgCl; and LiBeCl;
in the photon energy range of 0 eV to 42 eV are 6 and 7.5,
respectively. The “e,(w)” starts from zero at about 5.0 eV, which
is an absorption edge, and reaches its highest value of 6 at 10 eV
for LiMgCl; and 7.5 at 13 eV for LiBeCls;, respectively. This
indicates that absorption is maximum in the ultraviolet (UV)-
visible (Vis) range. These materials show great promise for use
in optoelectronic devices such as light-emitting diodes (LEDs)
due to their UV-Vis absorption.

3.3.2. The optical conductivity. The optical conductivity of
materials describes the relationship between the applied elec-
tric field and induced current density at a specific frequency.
Fig. 6 displays the calculated optical conductivity spectrum for
LiRCl; chloroperovskites compounds (R = Be and Mg) across
incident photon energies from 0 eV to 40 eV. The figure illus-
trates that the optical conductivity emerges at photon energies
corresponding to the electronic band gap energy. LiMgCl,

RSC Adv, 2023, 13, 18934-18945 | 18939
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Fig. 6 The computed optical conductivity for LIRCls (R = Be and Mg)
halide perovskites.

exhibits a maximum optical conductivity of 8000 Ohm™" ecm™"

at 10 eV photon energy, while LiBeCl; shows a maximum of 11
000 Ohm™" e¢m™" at 13 eV photon energy. Both LiRCl,
compounds demonstrate favorable optical conductivity at lower
energies, suggesting their potential use in UV-Vis optical
devices. Our results are consistent with the previous
literature.>* 757766

3.3.3. The absorption co-efficient. Eqn (6) quantifies the
material's absorption per unit length of light,*” the absorption
coefficient spectrum I(w) is determined using the TB-mBJ
approximation and is displayed in Fig. 7. This illustrates the
similarity between the behaviors of I(w) and ¢(w). Since elec-
tronic band transitions require energy above a certain
threshold, it is expected that light absorption will not occur
below this threshold.®® The calculated band gap values for
LiRCl; (R = Be and Mg) halide perovskites are smaller than the
critical values of I(w). At incident photon energies of 10 to 15 eV,
the maximum absorption peaks are 160 000 cm ™" for LiMgClj,

18940 | RSC Adv, 2023, 13, 18934-18945

and 220 000 cm ™' for LiBeCl,. This indicates that these mate-
rials are suitable for applications in the UV-Vis range.

3.3.4. The extinction co-efficient. In Fig. 8, the extinction
coefficient K(w) spectrum for the investigated LiRCl; (R = Be
and Mg) chloroperovskite materials is shown across incident
photon energies from 0 eV to 40 eV. For photon energies
ranging from 0 to 5.0 eV, the extinction coefficient is zero for
both compounds. As the photon energy increases, the extinc-
tion coefficient rises, followed by a significant decrease in the
high-energy photon region. The extinction coefficient K(w)
quantifies the light loss per unit volume caused by scattering
and absorption. The results indicate that these materials do not
exhibit transparency to incident photons with lower energies.

3.3.5. The refractive index. Fig. 9 illustrates the refractive
indices of LiMgCl; (black) and LiBeCl; (blue) within the energy
range of 0-14 eV. Both materials have a static refractive index of
1.75. The curves for both materials coincide initially, but as the
incident photon energy increases, the refractive indices
increase as well. LiMgCl; reaches a maximum value of 2.5 at
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Fig. 7 The computed absorption coefficient for LiIRClz (R = Be and
Mg) halide perovskites.
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Fig. 9 The computed refractive index for LIRClz (R = Be and Mq)
halide perovskites.

8 eV, while LiBeCl; reaches 2.8 at 9 eV. This indicates that when
light passes through LiBeCls, there is a greater delay due to
electronic polarization compared to LiMgCls, as evidenced by
the higher refractive index of LiBeCl;. The size of the constit-
uent atoms influences the degree of electronic polarization,
with larger atoms leading to greater polarization, resulting in
slower photon velocity within the material and a lower refractive
index. For LiMgCl; and LiBeCls, the refractive index decreases
to 0.32 at 18 eV and 0.256 at 23.4 eV, respectively.

3.3.6. The optical reflectivity. Reflectivity refers to a mate-
rial's ability to reflect energy from its surface. Fig. 10 shows the
spectrum curves of R(w) (reflectivity) for the LiRCl; halide
perovskites (R = Be and Mg), as determined by eqn (7). The
static values of R(0) for both LiRCl; compounds are 0.077. As the
photon energy increases, the likelihood of photons being re-
flected by the material's surface also increases. The optical
reflectivity of LiMgCl; and LiBeCl; both exhibit an upward trend

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

with increasing photon energy, as depicted in Fig. 9. In the
photon energy range of 10 eV to 25 eV, LiBeCl; displays a higher
maximum optical reflectivity of 0.417 compared to LiMgCl;,
which reaches a maximum of 0.379. However, in the lower
photon energy range of 0 eV to 5 eV, the optical reflectivity of
both compounds remains relatively low.

3.3.7. The energy loss function. The energy loss function
(ELF) quantifies the energy dissipated by an electron as it
traverses a material, resulting from interactions with other
electrons or the crystal lattice. It is derived from the imaginary
part of the inverse dielectric function and provides valuable
insights into intra-band, inter-band, and plasmonic
phenomena within a material. Fig. 11 illustrates the ELF for
both LiMgCl; and LiBeCl;, highlighting the distinct energy loss
characteristics of each material. The plot reveals that the energy
loss functions for both materials remain zero within the photon

LiMgCl,

- LiBeCl, )

Energy loss function
© = N W b O O N O

0 10 20 30 40
Energy (eV)

Fig. 11 The computed energy loss function for LiIRCls (R = Be and Mq)
halide perovskites.
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energy range of 0 to 8.2 eV. However, as the photon energy
increases, the ELF starts to rise, reaching a peak at 21.2 eV for
LiMgCl; and 23.46 eV for LiBeCl;. The energy loss function
allows for an understanding of how a material responds to
external electromagnetic disturbances and provides valuable
insights into its properties. The observed optical properties in
our findings align with the prior literature,>*7*% which
enhances their potential for optoelectronic applications.

3.4. The elastic properties

The measurement of elastic constants is crucial to investigate
a material's elastic properties since they define how a material
reacts to external forces and shed light on its mechanical
properties. The mechanical stability and toughness of a mate-
rial are thus revealed by such constants. The IRelast package is
a computational tool used to calculate elastic constants for
a cubic crystal with only three independent constants Cy4, C12,
and C4. When a material deforms in an elastic domain, these
constants can be used to connect the mechanical response to
the material's ductility or fragility. In this work, the elastic
constants for the ternary LiRCl; halide perovskites compounds
(R =Be and Mg) were examined using the GGA functional under
typical cubic structure circumstances. Table 2 provides
a summary of the researched elastic constants and other
mechanical properties. The results demonstrate that both of the
investigated chloroperovskite materials exhibit high compres-
sion resistance, as evidenced by their significant values of
elastic constants obtained using the IRelast package for cubic
crystals with only three independent constants C;4 (65.35 GPa)
in comparison to C;, (17.30 GPa) and C,, (14.47 GPa) for
LiMgCl; and Cy; (75.74 GPa) in comparison to C;, (29.73 GPa)
and C,, (45.91 GPa) for LiBeCls, respectively. For both the
compounds the examined elastic constants are positive which
meets with the Born-Huang mechanical stability criteria® C;4 >
0, C12 > 0, Cy4y > 0, Cy1 + 2C12 > 0, Cy; — Cy, > 0, and B > 0,
a mechanically stable state for both of the chosen materials is
predicted. To investigate the ductile or brittle behavior of
a material, two essential parameters, namely the bulk modulus

Table 2 The investigated mechanical parameters which includes
elastic constants Cy4, C15 and Cy44 in GPa, bulk modulus B in GPa,
anisotropy fator A, Poisson’s ratio v, Cauchy pressure Cy, — C44 in GPa,
Youngs modulus E in GPa, shear modulus G in GPa, and Pugh ratio B/G
for LIMgCls and LiBeCls ternary chloroperovskites compounds

Mechanical

parameters LiMgCl; LiBeCl;
C: (GPa) 65.35 75.74
Ci, (GPa) 17.30 29.73
Cua (GPa) 14.47 45.91
B (GPa) 33.36 45.15
A 0.603 1.996
v 0.268 0.180
Cis — Cu4 (GPa) 2.83 -16.17
E 46.40 86.719
G 17.75 34.79
B/G 1.67 1.29
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“B” and the shear modulus “G”, were deduced. The estimations
of Voigt and Reuss are commonly used to determine both “B”
and “G” in general.” The compressibility and shear moduli, the
Young's and Reuss approximations, the Passion's ratio, and the
anisotropy factor are given in the following formulas:

1
G= E(Gv-i-GR) (10)
1
GV = g (C11 — C12 + 3C44) (11)
5Cu(Ci — Ca)
= 12
K 4Cy +3(C1y — C12) (12)
9GB
 3B+G (13)
L 3B-2G (14)
~ 2(3B+G)
A =2Cy/(Cy; — C2) (15)

In the equations above, the G, Gy, Gg, E, v, and A represent
the shear modulus, Voigt shear modulus, Reuss shear modulus,
Young's modulus, Poisson's ratio, and anisotropy factor, in that
order.

The bulk modulus (B), shear modulus (G), and Young's
modulus (E) values obtained from the study can be utilized to
assess the stiffness of the investigated material. According to
the estimated values of B, E, and G, which are listed in Table 2,
both of the ternary halide perovskites LiRCl; (R = Be and Mg)
compounds are rigid and have a high scratch resistance. The
Passion's ratio “»” is a crucial factor to consider when assessing
a material's brittleness and malleability. LiMgCl; and LiBeCl;
have investigated “»” values of 0.26 and 0.18, respectively. This
indicates that the chosen materials are brittle. The Pugh ratio,
which defines whether a material is brittle or ductile, is another
important factor. The “B/G” (Pugh ratio) cutoff value is 1.75.7* If
the Pugh ratio is less than 1.75, a material will show brittle
behavior, while a higher value indicates ductile behavior. The
values of “B/G” for both materials, as in this paper, are 1.67 for
LiMgCl; and 1.29 for LiBeCl; which is consistent with passion
ratio confirming these materials to be brittle. Whether a mate-
rial is isotropic or anisotropic is determined by the expected
value of anisotropy factor “4,” whose critical value is “1”. Both of
these halide perovskites are anisotropic based on the values
calculated for them, which are 0.60 for LiMgCl; and 1.99 for
LiBeCl;. Another factor that determines how ductile a material
is the Cauchy pressure. As shown in Table 2, the calculated
Cauchy pressures for LiMgCl; and LiBeCl; are 2.83 GPa and
—16.17 GPa, respectively, demonstrating brittle behavior for
both of the materials (Table 3).

In summary, similar recent studies have been conducted to
explore the structural, electronic, optical, and elastic properties
of halide perovskites. It has been observed that our findings
align with these studies, particularly in terms of structural and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The effective masses of holes (m},) and electrons (my) in
LiBeCls and LiMgCls

* *

Compound m; /mo my, /mg mg /my,
LiBeCl; 0.037 —0.114 —0.324
LiMgCl; 0.041 —0.125 —0.328

mechanical stability. Moreover, the significant electronic
properties make these materials suitable for various applica-
tions. Additionally, their optical and electronic properties make
them well-suited for utilization in a wide range of optoelectronic
devices.

4. Conclusion

In conclusion, using the DFT embedded in WIEN2K, the focus
of our investigation was on the structural and optoelectronic,
mechanical and phonon properties of LiRCl; (R = Be and Mg),
which are alkali metal-based halide perovskites materials. The
stability of both LiRCl; (R = Be and Mg) halide perovskites at
room temperature was demonstrated by fitting the energy-
volume curve using the Birch-Murnaghan equation of state, as
well as analyzing the tolerance factor and formation energy. The
results showed that both materials are structurally and ther-
modynamically stable and maintain their geometries without
undergoing any structural distortion. With indirect band gap
energies of 4.02 and 4.07 eV for LiMgC; and LiBeCl;, respec-
tively, the calculated electronic properties by exploiting the mB]
approach revealed the materials' insulating nature. The calcu-
lated densities of states (DOS) showed the same band gap
energy values as that of band structure, confirming insulating
nature for both the materials. These materials exhibit prom-
ising properties for use in UV devices, as demonstrated by their
optical characteristics, including dielectric function, optical
conductivity, reflectivity, refraction, and energy loss function.
Additionally, the elastic properties of both materials indicate
their mechanical stability. However, LiMgCl; displayed
a weaker ability to withstand changes in volume compared to
LiBeCl;, which demonstrated a stronger ability to bear
compressive and shear stresses. It was also found that none of
the compounds are completely isotropic, and both LiMgCl; and
LiBeCl; demonstrated ductile nature. Furthermore, the
observed UV-Vis absorption and optical conductivity in both
materials make them promising candidates for optoelectronic
devices. Therefore, we hope that our findings will spark the
interest of experimental studies for further investigations in
this field.
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