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Abstract: This study reports for the first time the theoretical prediction of structural,
electronic, elastic and optical properties of cubic BaLiCls, BaLiBrs, and BaLil; perovskites.
The corresponding properties of the well-known BaLiF; are also theoretically investigated.
Density Functional Theory (DFT) using the Generalized Gradient Approximation (GGA)
was implemented within the Quantum Espresso package to investigate the properties of
the perovskites. The results revealed that BaLiX; (X = F, Cl, Br, and I) are in ionic crystal
forms with optimized lattice parameters of 4.04, 4.90, 5.21, and 5.66 A, respectively. The
minor band gaps were found to be 6.62 eV (I'>I), 4.29 eV (R>TI), 3.50 eV (R>T), and 2.58
eV (R>T) for the respective compounds. The investigation of their elastic properties
indicated that these perovskites are all mechanically stable, while only BaLiBr; and BaLil;
are malleable. Finally, the studied perovskites exhibit excellent optical properties,
including low reflectivity and high absorption in the ultraviolet region. Hence, it is
predicted that these perovskites are suitable for various optoelectronic applications
involving absorption in the UV region. However, BaLiBrs and BaLil; are more favorable
than BaLiF; and BaLiCl; to be deposited as thin films due to their flexibility.

Keywords: Density Functional Theory; Quantum Espresso; BaLiX; perovskites; elastic
properties; optoelectronic properties

= INTRODUCTION

substantial roles in various potential applications. This
fact has therefore garnered significant attention and thus

Perovskites ABX;, where A and B are two cations,
and X is an anion, can be formed by an arrangement of
many possible atoms. This is because most of the elements
in the periodic table can replace elements in the A and B
sites. In a unit cell, the B-site cation occupies the center of
the octahedron and is coordinated by six X anions,
whereas the top corner of the cube is occupied by A
cations [1].

Due to its enormous number of structural families
with specific properties, the ABX; perovskites have found

attracted a considerable amount of research conducted
on the ABX; perovskites by the scientific community.
For example, hybrid organic-inorganic perovskites have
been widely applied in optoelectronic devices, including
solar cells, due to their tunable electronic properties [2-
7]. Because of their low cost and easily-tailored
structure, the perovskites can be specifically designed
and applied in catalysts and thermoelectric devices [8-
9].
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BaLiF;, been

investigated in some recent studies due to its potential

in particular, has intensively
application in various fields, including dosimetry and
computed radiography. The first theoretical study on the
physical properties of cubic BaLiF; (space group pm3m)
was presented by Korba et al. [10], which was in good
agreement with previously reported experimental results
by Boumriche et al. [11]. In addition, Diivel and co-
workers [12] successfully synthesized a highly pure BaLiF;
nanocrystal with this cubic perovskite structure, further
verifying the theoretical prediction presented in [10].
Since then, there have been several studies conducted to
investigate further these perovskites, which covered not
only the theoretical and computational aspects [13-17]
but also the experimental point of view [18].

A literature study indicated that the above-
mentioned computational studies revealed that BaLiF;
perovskite possesses quite a flat band diagram. This is
crucial as materials with flat band energy diagrams are
highly likely to have strong anharmonicity and excellent
thermoelectric properties [19-20]. Indeed, Song and co-
workers [19] confirmed the flat band diagrams of some
Thallium-based fluoro perovskites reported in our
previous work [21]. They further confirmed that these
types of perovskites have strong anharmonicity and high
This
suggests that BaLiF; and its isoelectronic compounds

thermoelectric performance. finding strongly
might have other applications as thermoelectric materials
due to the overall flat band diagram of BaLiF;.

Although the properties of BaLiF; have been
intensively investigated, those of their isoelectronic,
including BaLiCls, BaLiBr;, and BaLil;, have not been fully
addressed. Due to its accuracy, Density Functional
Theory (DFT) has long been used to accurately predict the
properties of a wide range of materials, some of which can
be found in several recent studies reported in Refs [22-30].
Therefore, the present work aims to conduct a DFT study
to investigate the structural, electronic, elastic and optical
properties of cubic BaLiX; (X = F, Cl, Br, or I) perovskites.
The results of this study are expected to pave the way to
the understanding of their physical properties and
potential applications in various devices.

m COMPUTATIONAL DETAILS

Using the Quantum Espresso (QE) code [31], the
DFT  calculation with  Generalized  Gradient
Approximation Perdew-Burke-Ernzerhof (GGA-PBE)
functional [32] was conducted to investigate the
structural, electronic, optical and elastic properties of
cubic BaliX; (X=F, Cl, Br, or I) perovskites. The
ultrasoft pseudopotential was used to consider the
of the
constituent atoms in the materials. The structure was

interaction between electrons and nuclei

optimized using Broyden Fletcher-Goldfarb-Shanno
(BFGS) minimization procedure. Furthermore, the
thermo_pw program, which uses Quantum Espresso as
the underlying engine, was used to calculate the optical
and elastic properties of the perovskites. The Quantum
Espresso code has recently been applied to accurately
predict the properties of a wide range of materials [33-
35].

The wave function and the charge density energy
cut-offs were 40 Ry and 400 Ry, respectively. K-points of
5x 5x 5and 12 x 12 x 12 were used for Self-Consistent
Field (SCF) and Non-Self-Consistent Field (NSCF)
calculation, respectively. The convergence threshold for
the total energy was 107® Ry.

m  RESULTS AND DISCUSSION
Structural Properties

The cubic structure of BaLiX; (X = F, CI, Br, or I)
perovskites has space group #221 (pm3m). Fig. 1 shows
the unit cell structure of the perovskites, where Ba
cations are located at Wyckoff coordinates of (0, 0, 0),
and Li is at (0.5, 0.5, 0.5). Meanwhile, the three X anions
are located at (0.5, 0, 0.5), (0.5, 0.5, 0) and (0, 0.5, 0.5).

The total energy of the compounds was calculated
as a function of the lattice constants, as illustrated in Fig.
2. Cell relaxation was then performed to optimize the
cubic structure of BaLiX; (X = F, Cl, Br, or I) perovskites,
using the Birch-Murnaghan equation of states [36-38],
as shown in Eq. (1).

v, "
E(V)=E0+—B,(§_l)lv(7] _VO}F—B‘(VB—VO) (1)
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Computed optimized lattice parameters of the
materials are depicted in Table 1, whereas other
computed structural parameters are shown in Table 2.

Table 1 shows that the optimized lattice constant of
BaLiF; obtained in this study strongly agrees with the
corresponding value obtained by Refs [10,12,15-16,39]
using the GGA functional and is only slightly larger than
the experimental value [11]. This step illustrates the
reliability of our calculation, which should apply to other
compounds studied in this work. Meanwhile, the
optimized lattice parameters of BaLiCl;, BaLiBrs;, and
BalLil; are reported for the first time in the present study
and, therefore, can be used as a reference for further
studies on these compounds.

It can also be seen from Table 1 that there is an
increase in the optimized lattice constants of the
compounds as Cl, Br, and I substitute F. This is due to the
increase in the ionic radii when tuning the halide ions.
This fact was also actual for other ABX; (X =F, Cl, Br, or

-3148.32 [{a)
-3148.34 |
-3148.36 |- \_

-3148.38 |- A\ /
-3148.40 | "

-3148.42

T
!
m_

Total Energy (eV)

-3148.44

-3148.46

-3148.48

-3148.50

-3074.50

-3074.52

-3074.54

-3074.56

Total Energy (eV)

-3074.58

-3074.60

e

T
-

3.90 3.95 4.00 4.05 4.10

Lattice Parameter (A)

(c)

.-".'.‘/.

4.15

4.20

5.05 5.10 5.15 5.20 5.25

Lattice Parameter (A)

5.30

5.35

Total Energy (eV)

Total Energy (eV)

845

I) lead-based halide
perovskites [41-44] to lead-free perovskites including

perovskites ranging from
Ge-based compounds [45-49], Sn-based compounds
[50-53], and other lead-free perovskite materials [54-
59]. Indeed, this is also verified by experimental studies.
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Fig 1. The unit cell structure of the cubic BaLiX; (X =F,
Cl, Br, or I) perovskites
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Fig 2. Total energy vs. lattice parameters of BaLiF; (a), BaLiCl; (b), BaLiBr; (c), and BaLil; (d) perovskites
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Table 1. Optimized lattice parameters and energy gaps of cubic BaLiX; (X = F, Cl, Br, or I) perovskites using the GGA

functional
Optimized lattice parameters (A) Energy gap (eV)
Compounds This work Literature This work Literature
BaLiF; 4.04 GGA:4.05[10]; 4.04 6.62 (I'>T) GGA (I'>T): 6.66 [10];
[12]; 4.04 [15]; 4.04 [16]; 6.73 (R—>T) 6.8 [15]; 6.72 [16]
4.03 [39] 6.77 (M>T)  Exp. (T->T): 9.8 [40]
Exp.: 3.996 [11] 7.03 (X-T)
BaLiCls 4.90 - 4.37 (I>T) -
4.29 (R—>T)
4.36 (M-T)
4.74 (X->T)
BaLiBr; 5.21 - 3.62 (I'>T)
3.50 (R—T)
3.57 (M->T)
4.00 (X—>T)
BaLil, 5.66 - 2.77 (I->T)
2.58 (R—T)
2.67 (M->T)
3.15 (X-T)
Table 2. Structural parameters of cubic BaLiX; (X = F, Cl, Br, or I) using the GGA functional
Compound V (a.u)® B (GPa) B Eo (Ry) Total mass Density
(am.u.) (g/cm’)
BaLiF; 466.52021 67.90 4.69 -231.409 201.2632 5.049
BaLiCl; 795.00231 33.86 4.54 -185.434 250.6180 3.530
BaLiBr; 954.66886 27.14 4.53 -225.978 383.9680 4.505
BaLil; 1227.40669 20.67 4.25 -282.230 524.9800 4.791

For instance, the experimental value of the lattice
parameter of CsPbCl; is 5.61 A [60], slightly lower than
that of CsPbBr; (5.87 A) [43] and CsPbl; (6.29 A) [61].
This verification by the experimental studies implies the
accuracy of the DFT calculation.

Other computed structural parameters of the BaLiX;
(X =F, Cl, Br, or I) perovskites, including their volume
(V), bulk modulus (B), pressure derivative (B’), total
energy (Eo), total mass and density are depicted in Table
2.

The computed value of the bulk modulus (B) of
BaLiFs; in this study (67.90 GPa) as a result of fitting Eq.
(1), as shown in Table 2, is in excellent agreement with a
value of 64.45 GPa [10], 66.46 GPa [14], and 65.7 GPa
[15]. Likewise, the derivative of the bulk modulus
concerning pressure (B’) obtained in this study (4.69) is

approximately the same as that reported by Korba et al.
[10] (4.60), Mubarak and Mousa [14] (5.17), and Mousa
etal. [15] (5.20). The other structural properties in Table
2, especially those of BaLiCls, BaLiBr;, and BaLil;
perovskites, are presented for the first time in this study.
The formation energy AE; of the compounds has
been calculated using Eq. (2) to investigate the chemical
and thermodynamic stability of the perovskites.
AR, = E. (BaLiX3 )—E(Ba)—E(Li)-3E(X) 2)
N
where Ei (BaLiXs) is the unit cell total energy of the
BaLiX; perovskites, E(Ba), E(Li), and E(X) are the energy
of Ba, Li, and X (X = F, Cl, Br, or I) atoms, respectively,

and N is the number of atoms in the unit cell. The
calculated values of the formation energy are —3.96,
-3.21, -2.27, and -1.60 eV/atom for BaLiFs, BaLiCl;,
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BaLiBrs, and BalLil;, respectively. The negative values of
the formation energy of all the studied perovskites
indicate that they are thermodynamically and chemically
stable and, therefore, can be experimentally synthesized.
BaLiF; has been experimentally observed [11,40]. By
assessing the formation energy of the compounds, we
observe that the substitution of F with Cl, Br, or I increases
the formation energy. This finding indicates a slight
reduction in the chemical stability of the compounds
following the halogen replacement. This decrease can be
partly attributed to the decrease in the ionic character of
the compounds, as the order of the halogen replacement
was from F to I, as discussed in the following section.

Electronic Properties

The optimized lattice parameters obtained were
then used to calculate other properties of the compounds,
including the electronic properties. In this section, the
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electronic properties: Density of States (DOS), band
diagram and charge density are presented and discussed.

The energy band diagrams and the total density of
states of the compounds are plotted in Fig. 3, whereas
the values of their band gap energies are summarized in
Table 1. From columns 4 and 5 of Table 1, it is evident
that the band gap of BaLiF; obtained in the present work
agrees with that obtained using the GGA functional
reported in [10,15-16]. It is also worth noting that the
experimental band gap is underestimated in the present
study and those using the GGA, as expected.

Table 1 also reveals that the band gap of the
materials is tuned to lower values as Cl, Br, and I replace
F. This is generally true for ABX; perovskites. Moreover,

some recent studies also reported the same phenomenon
for double perovskites of the form of A,B'B"Xs (X =Cl,
Br, or I), such as Rb,SnXs [62],
[65],

Cs:InBiXs [63-64],

CSzAgCI'X6 szAlIHXa [66] 5 CSzKTlX6 [67] ,

Density of States
I Total

10

High symmetry K-points Density of States

Fig 3. Energy band diagram and DOS of the cubic BaLiF; (a), BaLiCl; (b), BaLiBr; (c), and BaLil; (d) perovskites
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Cs;AgBiXs [68], KiScAgXs [69], (CsMA)NaSbXs [70],
Cs:ScAgXs [71], Cs;NaBiXs [72], Rb,InBiXs [73], and
Rb,AgInXs [74]. Some new double perovskites of the form
A,BXs (X =Cl, Br, or I) also possess the corresponding
tunable energy gap due to changing halogens. These
include Cs,PtXs [75], Ga,TiXs [76], Cs,PdXs [77], TLPtX,
[78], Cs,TeXs [79], and TLTiXs [80].

It is important to note that when F is replaced by Cl,
Br, or I in BaLiX;, the lattice parameters of the compounds
are inversely proportional to their band gap energies
(Table 1). As seen from Table 1, the lattice constants of
the compounds increase while their energy gaps decrease
with the ion replacement. This fact is due to the increase
in the bond length of the compound following the
increase in its lattice parameter, which causes the valence
electrons within the compounds to be less bound to their
parent atoms. Therefore, less energy is required to move
them freely as conduction electrons, decreasing the
compounds’ energy gap. This phenomenon has also been
observed in many other perovskites and double
perovskites, in which the halide ion is substituted by its
counterparts [41-59,62-80].

In ionic solids, electrons are firmly bound to their
parents’ atoms, and therefore relatively large energy is
required to excite them to the conduction bands of the
compounds. Consequently, ionic compounds tend to
have significant band gap energy. In the case of the
present study, the corresponding compounds have
significant band gap energy, more significant than 2.5 eV,
when using the GGA functional. Moreover, as the ionic
character of the compounds decreases when F is replaced
by Cl, Br, or I (Fig. 4), the band energy of the compounds
is expected to decrease, as confirmed by our results. This
finding demonstrates that the decrease in the ionic
characters causes the valence electrons to be less bound to
the nuclei, requiring less energy to be excited to the
conduction band.

The general feature of the band diagram and the
density of states of BaLiF; (as shown in Fig. 3(a)) is in
excellent agreement with that reported in Refs [10,13-17].
The band diagrams and the density of states of BaLiCls,
BaLiBr;, and BaLil; perovskites, on the other hand, are

Indones. J. Chem., 2023, 23 (3), 843 - 862

studied for the first time in the present work, where the
smallest band gap energies of the compounds are found
to be indirect: 4.29eV (R-T), 3.5eV (R—>T), and
2.58 eV (R—T), for the respective compounds. The
smallest band gap energies of the compounds are in bold
in Table 1, where band gap energies of (I->T), (M—-T),
and (X—T) are also presented for comparison.
Furthermore, Fig. 3 clearly illustrates that the
materials have relatively flat band gaps, especially
valence bands. This is a unique and interesting property
that mightlead to potential applications in other devices,
[19-20]. More
importantly, the coexistence of the flat band gaps and the

including thermoelectric devices
high dispersion in the band structure contributes to the
immense power factor (PF), as the former provides a
larger thermopower (S). In contrast, the latter provides
a higher electrical conductivity (o) [19]. As seen in Fig.
3, the flat bands are observed in the valence bands of the
compounds along M, R, and I' high symmetry points.
Further investigation on the thermoelectric properties of
these materials is therefore highly recommended, with
BaLil; predicted to have better thermoelectric properties
due to its smaller band gap than the other 3 materials.
The material will be more suitable for thermoelectric
materials by tuning further its band gap to a lower value,
such as by applying external pressure.

To investigate chemical bonds present within the
perovskites, their electron density in the (110) and (100)
planes is illustrated in Fig. 4. Fig. 4(a) and 4(b) clearly
show that the Ba-F and Li-F bonds within BaLiF; are
primarily ionic, as seen from nearly spherical electronic
distribution around the corresponding atoms. This
finding can be further verified using Eq. (3) [81].

2
%IC = {1 _ e 025(X17Xy) } 100 (3)

where IC stands for Ionic Character while X; and X; are
the electronegativities of atom 1 and atom 2, respectively.
Using Eq. (3), % ionic character values for Ba-F and Li-F
bonds are 90.81 and 89.46%, respectively. This finding is
consistent with the analysis reported by Lv et al. [17].
Furthermore, the present study reveals that the
strength of the Li-X ionic bonds decreases as F is
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Fig 4. (110) Electron density of BaLiF; (a), BaLiCl; (c), BaLiBr; (e) and BaLil; (g) and (100) electron density of BaLiF;
(b), BaLiCl; (d), BaLiBr; (f) and BaLil; (h)
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substituted by Cl, Br, or I. This can be clearly seen from
their electron charge density in the (110) plane as
presented in Fig. 4(a,c,eandg), where electron
distribution around X anions becomes more distorted as
F is substituted by Cl, Br, or I, respectively. The distortion
results in the charge density being less spherical, which
implies a decrease in the ionic character of Li-X bonds for
the ion replacement. This finding is attributed to the fact
that the ions are of different sizes, with I” the largest anion,
followed by Br~, ClI", and F~. Larger X~ anions will be more
electrically polarized in the presence of the Li* ion, and
therefore their charge distribution will be less spherical,
resulting in more electrons being more localized in the
regions between Li-X. This is an indication that the
covalent character of the Li-X bonds increases as X
becomes more prominent in size. In other words, the
ionic character of Li-X decreases due to the substitution
of X with larger anions. Despite the decrease in the ionic
character, the Li-X (X =F, Cl, Br, and I) bonds are still
mainly ionic and partly covalent. This character can be
verified using Eq. (3), from which the ionic character
percentages of Li-F, Li-Cl, Li-Br, and Li-I bonds are 89.46,

69.52, 62.47, and 50.62%, respectively.

To see the character of Ba-X bonds more clearly,
the electron density of the cubic BaLiFs;, BaLiCl,
BaLiBr;, and BaLil; perovskites in the (100) plane is
plotted and shown in Fig. 4(b, d, f, and h), respectively.
It is evident from the figures that the electron
distribution around the Ba** and X" ions (X = F, Cl, Br,
or I) are almost perfectly spherical. This finding indicates
that the Ba-X bonds within the cubic BaLiFs;, BaLiCls,
BaLiBr;, and BaLil; perovskites are mostly ionic. Hence,
the materials can be categorized as ionic crystals.

Elastic Properties

The elastic properties of the compounds are
summarized in Table 3, while the equations used in
calculating the elastic properties are presented in our
previous study [82].

The mechanical stability of materials is a
significant property for applying materials in devices. In
general, the mechanical stability of a compound is
evaluated using the Born-Huang mechanical stability
criteria [83]. Materials are mechanically stable if their
elastic constants satisfy Ci; >0, Cu>0, (C;;-Cy2) >0,
(Ci1 +2Cyp) > 0,and Cy, < B < Cy;. Evaluation of the elastic

Table 3. Elastic properties of the cubic BaLiX; (X = F, Cl, Br, or I) perovskites calculated using the GGA functional

Compounds
Parameters - - - -

BaLiF; BaLiCl; BaLiBr; BaLil;
Elastic Const. C,;, (GPa) 118.88 61.02 49.30 37.05
Elastic Const. C;, (GPa) 42.76 19.68 16.11 12.56
Elastic Const. Cy4 (GPa) 43.19 18.66 14.31 10.34
Bulk modulus B (GPa) 68.14 33.46 27.17 20.72
Shear modulus G (GPa) 41.06 19.44 15.19 11.06
Pugh Ratio B/G 1.66 1.72 1.79 1.87
Anisotropy Factor A 1.14 0.90 0.86 0.84
Young modulus E (GPa) 102.57 48.85 38.41 28.17
Poisson Ratio 9 0.25 0.26 0.27 0.27
Kleinman Parameter { 0.50 0.47 0.47 0.48
Cauchy Pressure (Cy;-Ci2) 76.12 41.34 33.19 24.49
Debye Temperature 0p (K) 398.25 270.62 199.37 151.88
Melting Temperature T, (K) 1255.7 £ 300 913.69 + 300 844.41 + 300 772.0 £ 300
Average sound velocity Vi, (m/s) 3164.09 2606.31 2040.65 1690.43
Longitudinal Sound Velocity Vi (m/s) 3673.34 3078.78 2455.68 2079.83
Transverse Sound Velocity V. (m/s) 2851.51 2346.50 1835.98 1519.42
Lame Const. A 41.03 21.00 17.75 13.02
Lame Const. p 41.03 19.38 15.12 11.09
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constants and the bulk moduli in Table 3 based on this
criterion shows that all studied perovskites in the present
work are mechanically stable. In addition, C;; of the four
compounds is considerably larger than C,, and Cy4. This
large value of Cy; is due to the directional Li-X ionic bond
within the BaliX; (X=F, Cl, Br,orI) compounds, as
discussed in the previous section.

Another important property related to the elastic
constants is the bulk modulus (B), representing the
resistance of a material to applied external pressure. It is
apparent from Table 3 that the elastic constants and the
bulk modulus of BaLiF; are significantly larger than those
of BaLiCls, BaLiBrs, and BaLils. This finding implies that
BaLiF; has the most substantial resistance of all. Similarly,
BaLiF; is predicted to have the largest shear modulus
(41.06 GPa), substantially more significant than the shear
modulus of BaLiCl; (19.44 GPa), BaLiBr; (15.19 GPa), and
BaLil; (11.06 GPa). This fact demonstrates that BaLiF; has
stronger shear resistance compared to the other three
isoelectronic perovskites, although all of them still have
relatively high shear resistance. In addition, since the
Young modulus (E) represents the stiffness of materials,
BaLiF; is expected to be significantly stiffer than the other
three compounds due to its highest Young modulus. It is
also found that for all studied perovskites, the Young
modulus is larger than the bulk modulus, indicating that
BaLiX; perovskites are more resistant to tension than the
effect of compression.

Reddy et al. [84]
relationship between the bulk modulus and the energy

have found a systematic

gap of some materials. The authors reported that the bulk
modulus is linearly proportional to the band energy of the
materials, which is consistent with the result in the
present study. However, it should be noted that this
relationship does not apply to all materials. For example,
Li et al. [85] claimed that the trend is not generally true
for alloys, as the band gap energy in alloy systems varies
due to the combination of size and chemical effects [86].
The Poisson ratio and Pugh’s ratio can be used to
evaluate the ductility or brittleness of materials. A
material is ductile if its Poisson ratio is larger than 0.26
and brittle if it is lower than 0.26 [41]. From Table 3, the
Poisson ratio of BaLiF; is 0.25, strongly indicating its

brittle behavior. This is in excellent accordance with the
previous studies [16-17]. The ductility and brittleness of
the compound can be further verified by its Pugh’s ratio
[87]: materials are ductile if their Pugh’s ratio is larger
than 1.75. As its Pugh’s ratio is 1.66 (Table 3), it is
anticipated that BaLiFs is brittle.

Interestingly, the Poisson ratio and the Pugh ratio
of the perovskites are found to increase following the
replacement of F by Cl, Br, or I, which implies a decrease
in their brittleness. With the Poisson and Pugh ratios of
0.26 and 1.72, respectively, BaLiCl; still possesses brittle
behavior despite being less brittle than BaLiFs. More
importantly, it was found that BaLiBr; and BaLil; are
malleable. The change of behavior from brittle to ductile
by changing halogens is an essential finding since ductile
materials can be quickly deposited as high-quality thin
films for various applications [3,88]. This phenomenon
is also an alternative way to change the brittle behavior
of compounds in addition to increasing applied pressure
[17].

Furthermore, the Poisson ratio can be used to study
the bonding character within solids. A value of Poisson
ratio close to 0.25 implies that the material is an ionic
crystal due to the central force within the material
[17,89]. The computed Poisson ratio values for all
perovskites in this study range between 0.25 and 0.27,
indicating that these materials are ionic crystals,
consistent with our previous discussions regarding the
electronic density plots.

The first Lamé’s
compressibility of materials, while the second constant pu
is related to the shear stiffness of materials [90-91]. As
seen from Table 3, the two constants A and pu of BaLiF;

constant A measures the

are significantly larger than those of BaLiCls, BaLiBr3,
and BaLil;. This fact has been anticipated since it is well-
known that the two constants are directly proportional
to the Young modulus. Also, the values of the second
constant p resemble those of the shear modulus, which
was true for many other isoelectronic compounds
presented in Refs [92-95].

The Kleinman parameter { represents the internal
strain of materials [90]. The value of { is between 0 and
1 for solids. {=0 corresponds to minimizing bond
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bending, while (=1 is related to minimizing bond
stretching [96]. The computed Kleinman parameter { for
BaLiF;, BaLiCls, BaLiBrs;, and BaLil; are 0.50, 0.47, 0.47,
and 0.48 for the respective perovskites. This fact suggests
that the bond bending and the bond stretching are equal
for BaLiF; while the bond bending within BaLiCl,
BaLiBr;, and BaLil; compounds are slightly more
dominant than the bond stretching.

Table 3 also shows that BaLiF; has the highest Debye
temperature Op (398.25K), significantly higher than
BaLiCl; (270.62 K), BaLiBr; (199.37), and BaLil; (151.88
K). This finding follows that the Debye temperature of
materials is closely related to their specific heat, melting
temperature, and elastic constants [91].

Some elastic properties of BaLiF; have been
investigated both experimentally and theoretically.
Therefore, a comparison with these previous values is
necessary. Table 4 depicts the elastic properties of BaLiF;
along with previously reported values. Overall, the three
elastic constants, the bulk modulus, and the shear
modulus of BaLiF; calculated using GGA functional in the
present study and other GGA-based theoretical results in
Table 4 are closer to the corresponding experimental
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values compared with Local Density Approximation
(LDA)-based theoretical calculation. This does not
necessarily mean that the GGA function is always more
accurate than the LDA function in the study of the elastic
properties of materials, as Rasander and Moram [97]
showed that the performance of functionals is system-
dependent. The authors evaluated the performance of
various functionals in predicting the elastic properties of
some insulators and semiconductors and found that the
LDA is more accurate for some particular compounds.

It is important to note that some elastic properties
of BaLiF; do not currently have experimental values.
Therefore, our theoretical results and those in the
literature are of great importance for further studies on
this perovskite. Also, as previously mentioned, the
elastic properties for BaLiCls, BaLiBrs;, and BalLil; are
presented for the first time in this work. The excellent
agreement between the current theoretical results for
BaLiF; and its corresponding experimental values and
other theoretical results strongly indicates that our
results for BalLiCl;, BaLiBrs;, and BaLils
considered a reliable prediction of the materials'
properties.

can be

Table 4. Comparison of elastic properties of the cubic BaLiF; from the present study using the GGA with other

theoretical calculations and experiments

Parameters This work  Other theoretical results Experiment

Elastic Const. C;; (GPa) 118.88 GGA: 149.2 [39], 134.0 [17] 130 £1 [11]
LDA: 232.3 [39], 163.84 [10]

Elastic Const. C;, (GPa) 42.76 GGA: 33.1 [39], 45.4 [17] 46.5+ 0.5 [11]
LDA: 31.2 [39], 50.81 [10]

Elastic Const. Cy (GPa) 43.19 GGA: 58.0 [39], 46.5 [17] 48.7 £ 0.5 [11]
LDA: 42.2 [39], 60.02 [10]

Bulk modulus B (GPa) 68.14 GGA: 74.9 [17], 64.45 [10], 66.46 [14] 79 [11]
LDA: 88.84 [10]

Shear modulus G (GPa) 41.06 GGA: 58.0 [39], 45.6 [17] 459 [11]
LDA: 65.5 [39]

Poisson Ratio 9 0.25 GGA: 0.25[17] -

Pugh Ratio B/G 1.66 GGA: 1.64 [17] -

Anisotropy Factor A 1.14 GGA: 1.12 [16] -

Transverse Sound Velocity V; (m/s) 2851.51 GGA.: 2822.93 [16] -

Longitudinal Sound Velocity V| (m/s)  3673.34 GGA: 4873.80 [16] -

Average sound velocity V,, (m/s) 3164.09 GGA: 3133.10 [16] -

Debye Temperature 6y (K) 398.25 GGA: 290.72 [16] -
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Table 4 indicates that there is a discrepancy between
the C;; value (118.88 GPa) obtained in this study
compared to that reported in references [17] (134.0 GPa)
and [39] (149.2 GPa). The reason for this discrepancy is
the use of different methods in the calculation despite
using the GGA functional. In the present study, we used
the thermo_pw code under Quantum Espresso. At the
same time, Ref [17] implemented the CASTEP code, and
Ref [39
method in the full-potential implementation. Different

] used the all-electron linear muffin-tin orbital

packages imply different computational approaches, and
therefore different results are expected. However, the
accuracy of the methods can be evaluated in this case since
the experimental value of C,; of BaLiF; is known, i.e.,
130 GPa [11]. The % errors of C;; from the CASTEP code
(3.07%) are smaller than those from our results using the
thermo_pw package (8.55%) and the linear muffin-tin
orbital method used in [39] (14.77%). This trend is also
observed when evaluating the accuracy of the three
methods in obtaining some other elastic properties,
including Ci;, Cu, and the shear modulus (G). These
findings strongly suggest the CASTEP code used in [17] is
expected to be more accurate than the thermo_pw code,
which is also more accurate than the all-electron linear
muffin-tin orbital method used in Ref [39] when
calculating elastic properties.

Optical Properties

Optical properties of the BaLiX; (X = F, Cl, Br, or I)
perovskites were successfully calculated, and the results
within the photon energy interval 0-20 eV are presented
and discussed in this section.

The imaginary part of the dielectric function &x(w)
and the real part of the dielectric function &,(w) can be
calculated using Eq. (4) and Eq. (5), respectively [98-100].

2
£y (0)= 2" “I’k‘Ur“}’k>‘ 8(EF -~ Ex - (4)
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(,08
j oele)y (5)
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where e and Q) are the electronic charges and the unit cell
volume, respectively; Py and Y are wave functions at a
particular k in the valence band and the conduction band,
respectively; E¢ and EY, represent the energy of electrons

at a special k in the conduction and the valence bands,
respectively; U is the unit vector in the direction of the
polarization of the incident electric field of the light; § is
the delta function to account for the energy and
momentum conservation during a transition.

After &(w) and & (w) are obtained, the refractive
index as a function of photon energy n(w) and the
extinction coefficient k(w) of the perovskites are
calculated using Eq. (6) and (7), respectively [99].
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The computed values of the real part of the
dielectric function &(w), the imaginary part of the
dielectric function &(w), the refractive index n(w), and
the extinction coefficient k(w) of the BaLiX; (X = F, Cl,
Br, or I) perovskites compounds within 0-20 eV are
plotted in Fig. 5.

Fig. 5(a) shows the appearance of the highest peak
of &(w) for BaLiF; (5.04) at 8.58 eV, which corresponds
well with previous studies where the highest peak was
observed at 8.6 eV [14-15]. Although the numerical
value of the prominent peak was not explicitly stated in
[10,16], it can be seen from their curve that the central
peak was located at about 9 eV. Meanwhile, the static
dielectric function &,(0) of BaLiF; is found to be 2.57 in
this study, which is also consistent with the previous
reports, i.e., 2.5 [14], 2.6 [15], and about 1.96 [10,16]. In
addition, the main feature of &;(w) for BaLiF; obtained
in this study is in excellent agreement with previous
studies.

Fig. 5(a) also presents the real part of the dielectric
function &;(w) of BaLiCl;, BaLiBr;, and BaLils, where a
clear shift of the main peak to lower photon energy and
an increase in static dielectric function are observed. The
main peaks for the respective perovskites are observed at
5.72, 4.84, and 3.74 ¢V, whereas the static dielectric
function values €,(0) were found at 3.35, 3.83, and 4.56.
It is important to note that the real part of the dielectric
function &,(w) is shifted toward lower photon energies as
we move from F to Cl, Br, or I, which is also true for
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Fig 5. &1(w) (a), &2(w) (b), n(w) (¢), and k(w) (d) of the cubic BaLiX; (X = F, CI, Br, or I)

other optical properties presented in Fig. 5(b-d), Fig. 6(a-
c). This trend is in close agreement with the electronic
band structure of the compounds, as previously discussed,
where the electronic band gaps of the materials decrease
when Cl, Br, or I replace F. Additionally, the static
dielectric function values €,(0) are inversely proportional
to the band gap energy of the compounds, which is also
consistent with the Penn model [101]. Moreover, since a
material with a larger static dielectric constant generally
has better optoelectronic properties due to a lower rate of
charge recombination [100,102-103], BaLil; is predicted
to possess better optoelectronic properties compared to
BaLiBr;, BaLiCls, and BaLiF; perovskites. A similar trend
was also reported recently [104], where FrGeF; which has
a larger static dielectric constant than KGeF; and RbGeFs;,
was found to demonstrate better optoelectronic
performance than KGeF; and RbGeFs.

Fig. 5(b) presents the imaginary part of the dielectric
function &,(w), which represents the absorption behavior

of the perovskites and, therefore, should be directly
related to the band structure. It is evident from Fig. 5(b)
that the threshold energy for the dielectric function
&(w), i.e., the energy at which materials start absorbing
light, shifts towards lower energy as F is replaced by Cl,
Br, or I. This finding is consistent with the band
structure and DOS of the materials, as depicted in Fig. 3,
where the forbidden gap between valence and
conduction bands of the compounds decreases due to
the halogen replacement. The prominent absorption
peaks for the BaLiFs, BaLiCls, BaLiBr;, and BalLil; are at
9.24, 594, 5.06, and 5.94eV, respectively. More
importantly, Fig. 5(b) strongly reveals that BaLiCls,
BaLiBr;, and BaLil; perovskites have a much more
comprehensive absorption range compared to BaLiF;
and that BaLil; has the widest absorption range within
0-20 eV, followed by BaLiBrs, BaLiCls;, and BaLiFs. As
before, the overall feature of the &,(w) curve in this study
agrees very well with previous studies [10,14-16].
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As expected, the refractive index of BaLiX; as a
function of energy n(w) (Fig. 5(c)) is very similar in shape
to €1(w) (Fig. 5(a)). The computed static refractive index
1n(0) of BaLiF; is 1.60, which is in excellent agreement with
the corresponding predicted value of 1.59 by [14-15], and
is slightly larger than a value of 1.40 reported by Yalcin et
al. [16] and Korba et al. [10]. Meanwhile, the computed
static refractive index n(0) for BaLiCls, BaLiBr;, and BaLil;
are 1.83, 1.96, and 2.14, respectively. Additionally, the
most significant values of the refractive index of BaLiX;
(X=F,Cl, Br,orI)are2.32 (at 8.80 eV), 2.68 (at 5.72 eV),
2.79 (at 4.84 eV), and 2.88 (at 3.96 eV), respectively.

As for the extinction coefficient k(w) (Fig. 5(d)), it is
well known that the feature of extinction coefficient k(w)
should resemble that of &,(w), which is also the case in the
present study. In addition, Eq. (6) clearly indicates that a
local maximum of k(w) should correspond to a local
minimum of &,(w). The comparison of Fig. 5(a) and 5(d)
confirms this. Finally, the most significant values of the

0.35 1 (a)

Reflectivity, R

Adsorption Coefficient, a (10%cm™)

k(w) of BaLiX; (X = F, Cl, Br, and I) within 0-20 eV are
1.07 (at9.46 V), 1.14 (at 9.24 eV), 1.28 (at 8.14 eV), and
1.69 (at 6.38 eV), respectively.

The reflectivity R(w), the absorption coefficient
a(w), and the loss function L(w) of the BaLiX;
compounds are also essential properties that can be used
to evaluate the potential of the materials for applications
in devices. R(w), L(w), and a(w) were calculated using
Eq. (8-10) [99]. Fig. 6 depicts computed values of R(w),
a(w) and L(w) of the perovskites.
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Fig. 6(a) shows that all studied compounds have
low reflectivity, which is suitable for device applications.
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Fig 6. R(w) (a), a(w) (b), and L(w) (c) of cubic BaLiX; (X = F, Cl, Br, and I)
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Overall, BaLil; has the highest reflectivity, respectively
followed by BaLiBr;, BaLiCl;, and BaLiF; within 0-15 eV.
Between 15 and 20 eV, BaLiCl; is predicted to have
slightly higher reflectivity than the others. The highest
reflectivity of BaLil; is about 33.14% (at 6.16 eV), followed
by BaLiBrs: 26.53% (at 5.06 eV), BaLiCls: 24.02% (at
5.94 eV), and BaLiF;: 21.10% (at 9.24 eV). The general
feature of reflectivity in this study matches very well with
that reported by Mousa et al. [15] and Mubarak and
Mousa [14].

The considerable absorption of BaLiF; was
previously predicted by Mousa et al. [15]. This prediction
is confirmed here, where the absorption coefficient a(w)
of BaLiF; is in the order of 10° cm™ (Fig. 6(b)). Similar
absorption behavior is also predicted for BaLiCl;, BaLiBrs3,
and BaLils. Another important finding from Fig. 6(b) is
that BaLiCl;, BaLiBr;, and BaLil; perovskites have a much
broader absorption range compared to BaLiF;, implying
that they can be applied in a wider range of applications.

As L(w) represents an inelastic scattering process,
Fig. 6(c) shows that inelastic scattering is negligible for
low photon energy. A comparison of Fig. 6(c) and 6(b)
suggests that the threshold values of the absorption
coefficients and the loss function are in good agreement,
as expected. This finding implies that the scattering
process becomes more apparent when the materials
absorb incident light. Above the threshold values, the loss
function of the BaLiCls, BaLiBrs;, and BaLil; materials
increases up to 20 eV while that of BaLiF; increases to
peak at about 13 eV and then decreases. Overall, across
the whole energy range 0-20 eV, the highest loss function
is experienced by BalLils, followed by BaLiBr;, BaLiCls,
and BaLiF; compounds.

m CONCLUSION

Theoretical DFT predictions of the structural,
electronic, elastic and optical properties of the BaLiX; (X
=F, Cl, Br, or I) perovskites are reported for the first time
in the present study. The properties of BaLiF; agreed very
well with experimental and other theoretical results in the
literature. The optimized lattice constants of the BaLiX;
(X=F, Cl Br,orI) compounds increased when Cl, Br
replace F or I, while the reverse was true for their

Indones. J. Chem., 2023, 23 (3), 843 - 862

electronic band gaps. The exceptional optical properties
of these materials and their mechanical stability suggest
that they are suitable for various applications.
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