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This study explores the structural, optical, mechanical, electronic, and thermal characteristics of ionic semi-
conductor compounds BaLiX (X = P, As, Sb) using Density Functional Theory (DFT). A comprehensive analysis of
BaLiX (X = P, As, Sb) is conducted, proving that the estimated and observed lattice parameters coincide well and
confirming mechanical stability through elastic stiffness constants. Electronic band structures reveal direct
bandgap semiconductor properties with values of 0.70 eV, 0.30 eV, and 0.95 eV for BaLiP, BaLiAs, and BaLiSb,
respectively, suggesting specific applications such as mid-infrared photodetectors, terahertz devices, and near-
infrared sensors. Optical property analyses, including energy loss function, reflectivity, refractive index, and
absorption coefficient, highlight the potential of these materials for optoelectronic and photovoltaic applications.
Despite elastic anisotropy, optical anisotropy remains minimal. The materials exhibit potential for use as thermal
barrier coatings (TBC) due to their comparatively lower Debye temperature (D), minimum thermal conductivity
(Kmin) and lattice thermal conductivity (kph). Moreover, heat capacity calculations and thermal coefficient of
expansion are also calculated.

1. Introduction

Recent advances in the study of compounds ABC, where A =Li, Cu; B
= Be, Zn, Cd, Mg; and C = As, N, P, Sb, have sparked significant interest
due to their intriguing physical properties. Initial investigations by
Nowotny et al. [1] and Juza et al. [2] marked the first synthesis of these
materials. Since then, extensive theoretical and experimental research
has delved into their structural, electrical, and optical characteristics.
Many researchers have explored the electronic and optical properties of
various Nowotny-Juza compounds [3-5], driven by the pressing global
challenges of fuel shortages and environmental degradation caused by
our reliance on fossil fuels. In this context, scientists have turned their
attention to eco-friendly materials and technologies. Among these,
Heusler and half-Heusler (HH) compounds have garnered notable in-
terest in condensed matter physics. These materials are celebrated for
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their low toxicity, mechanical strength, high thermal stability, and
spintronic potential. The discovery of Cu=MnAl by Heusler in 1903, the
first of its kind, unveiled unexpected ferromagnetic properties.
Half-Heusler compounds, with their general formula ABC, are derived
from breaking the symmetry of Heusler compounds and feature
non-centrosymmetric structures. These materials are versatile, finding
applications in thermoelectric and photovoltaic systems. Their appeal is
further enhanced by intriguing properties such as half-metallicity,
magnetism, and thermoelectric behavior, coupled with a straightfor-
ward crystal structure.

Theoretical investigations have played a crucial role in understand-
ing these compounds. For example, Rehman and colleagues [4] used ab
initio methods to explore the structural, magnetic, electrical, and elastic
properties of ScTiX materials (where X = In, Ti, Si, Sb, Ge, Pb). Similarly,
Chamni et al. [5] applied first-principles methods to study the structural,
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Table 1
Optimized lattice parameters (a, b, ¢) and unit cell volume (v) of BaLiX (X = P,
As, Sb) materials.

Compound a(A) b(A) c(A) v(A%) Ref.
BaLiP 4.42 4.42 4.52 88.30 This work
BaLiAs 4.53 4.53 4.61 94.60 This work
BaLiSb 4.94 4.94 9.18 224.02 This work
LiBeP 3.61 3.61 5.99 78.06 [15]
LiBeAs 3.74 3.74 6.17 86.30 [15]

electronic, and elastic properties of FeVZ compounds (where Z = P and
As). Miri et al. [6] examined how pressure affects the structural and
optoelectronic properties of LiZP compounds (where Z = Mg, Zn, Ca).
Rajendran A. and John R [7]. also investigated the electronic, structural,
elastic, and anisotropic properties of HfRhA compounds (where A = As
and Sb). Additionally, Guechi et al. [7] conducted a theoretical analysis
of the electronic and optical properties of LiBeZ compounds (where Z =
As, Bi, and Sb) using the half-Heusler framework. Experimental studies
have further enriched our understanding of these materials. Photo-
luminescence and scanning spectrophotometry have been used to assess
the optical properties of LiMgP and LiMgAs [8], while Raman scattering
has provided insights into the bonding characteristics of the tetrahedral
semiconductor LiMgP [9,10]. Computational analyses have also made
significant strides, uncovering zone-centered phonon resonances in
LiMgP and LiMgAs [11] and calculating the vibrational features of
LiMgAs during the a-phase using density functional theory with the
ABINIT technique [12]. Despite these advancements, the properties of
BaLiX (X = P, As, Sb) remain largely unexplored, both conceptually and
experimentally. This study aims to address this gap by focusing on the
structural, electrical, elastic, optical, electronic, and thermal behaviors
of BaLiX compounds. Understanding these characteristics is crucial for
optimizing the use of half-Heusler materials in renewable energy sys-
tems. This research endeavors to provide a detailed investigation of
these materials, revealing new insights and verifying previously studied
aspects.

2. Computational methods

We performed density functional theory (DFT) calculations using the
Vienna Ab initio Simulation Package (VASP) [13] to evaluate the band
structures, density of states (DOS), and dielectric matrix of BaLiP,
BaLiAs, and BaLiSb. The Perdew-Burke-Ernzerhof (PBE) function was
employed for calculatons. Atomic core orbitals were replaced using the
Projector Augmented-Wave (PAW) method [14]. The core sizes of the
PAW potentials were Li: [He], P: [Ne], As: [Ar]3 dlo, Ba: [Kr]4 dlo, and
Sb: [Kr]4 d'°. The energy cutoff was set at 300 eV, higher than the most
considerable recommended maximum cutoff value among the potentials
we used. K-point sampling was performed using the gamma-centered
scheme, with the spacing between k-points being smaller than 0.25
A1, which is sufficient for non-metallic systems. Denser k-meshes were
used for DOS calculations to achieve smooth graphs. Self-consistent field
iterations were continued until the total energy and orbital energies
converged within 1.0 x 107° eV. Lattice vectors and atomic positions
relaxed until the interatomic forces were reduced below 2.0 x 1072
eV/A. Various optical energy-dependent parameters, such as absorption
coefficient, reflectivity, loss function, and refractive index, are calcu-
lated for photon energies up to 50 eV with electric field polarization
vectors along the [100] direction to analyze optical properties. The
stress-strain method and VASP were performed to determine the com-
pounds’ elastic stiffness constant and mechanical properties. The 3D
anisotropy models Young modulus, shear modulus, and Poisson’s ratio
were derived using the ELATE (Elastic Tensor Analysis) program.
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3. Results and discussions
3.1. Structural properties

Li-based half-Heusler compounds are classified as semiconducting
alloys, possessing a P6 m 2 space group. BaLiP exhibits Li-P bond
lengths of 2.55 A and Ba—P bond lengths of 3.41 A. In this compound, P>
ions form a distorted trigonal planar coordination with Li'* and Ba®*
ions, similar to the structures observed in BaLiAs and BaLiSb. The lattice
parameters for BaLiP are a = b = 4.42 A and ¢ = 4.52 A. In BaLiAs, each
As® ion is coordinated in a trigonal planar arrangement with three Li*
ions at bond lengths of 2.62 A. The Ba—As bond lengths are 3.49 A, where
Ba?* ions form deformed pentagonal pyramids with six As®>- atoms. In
this structure, three Li'* and six Ba®* atoms are bound to As®" ions in a
deformed trigonal planar conTableuration. The lattice parameters for
BaLiAs are a = b = 4.53 A and ¢ = 4.61 A. Similarly, in BaLiSb, Li** ions
exhibit a trigonal planar coordination with Sb®- atoms, each bond length
measuring 2.85 A. The structure also features six Sb> atoms bonded
with six Ba?* ions to produce octahedra with varying sharing modes,
resulting in an average Ba—-Sb bond length of 3.66 A. The coordination
environment of Sb3 ions in BaLiSb mirrors that of As®>~ ions in BaLiAs.
The lattice parameters for BaLiSb area = b = 4.94 A and ¢ = 9.18 A, as
detailed in Table 1. Fig. 1 illustrates the hexagonal crystal structures of
BaLiP, BaLiAs, and BaLiSb.

3.2. Elastic constant

Comprehending elastic constants is essential for understanding the
fundamental characteristics of crystalline solids, such as debye tem-
perature, melting point, thermal expansion and specific heat. These
constants provide vital details about a substance’s mechanical proper-
ties, including elasticity, anisotropy, hardness, ductility, brittleness,
bonding properties, and stability. In hexagonal formations, there are six
elastic constants (C11, Cqa2, C13, C33, C44, and Cgg), five of which are
independent [16]. The value of Cg¢ can be derived from Cy; and Cja.
These elastic constants, commonly assessed using criteria similar to the
Born criteria for hexagonal lattices (as illustrated in Equation (1)), are
crucial for determining a material’s durability under various conditions,
including pressure [17].

C11 > 0,C33 > 0,C44 >0
(C]] — ClZ) > 0(2) 1
(Cll + Clz)C33 — 2C§3 >0

Our determined elastic constants, detailed in Table 2 and displayed
in Fig. 2, satisfy the required standards, proving the mechanical stability
of BaLiX (X = P, As, Sb)’s hexagonal phase. These outcomes concur with
those published before [18-24]. Furthermore, under pressure, the
elastic constants meet the Born stability criterion. C;5 and C44 show a
rise with pressure, suggesting improved resistance to shear deformation.
Additionally, Cs3 outperforms C;; under pressure, indicating a notable
improvement in chemical bonding. We obtained the shear modulus (G),
young modulus (Y) and bulk modulus (B) for BaLiX (X = P, As, Sb) from
the specific elastic constants, Cj;, utilizing the Voigt and Reuss approx-
imations [20]. The shear modulus (Gy) and bulk modulus (By) of a
hexagonal lattice, under the Voigt approximation, are determined by as
following equations [21,22].

1
BVZE[Z(CH +Ci2) +4C13 + Cs3] 2

G, Ci1 + C1a+2C33 — 4C13 +12C44 + 12C66) 3

1
= 30 (
The shear modulus (Gr) besides the bulk modulus (Bg) within the
Reuss approximation is expressed as [17]:
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Fig. 1. Crystal structures of BaLiX (X = P, As, Sb).

Table 2

The calculated elastic constants Cjj(in GPa) of BaLiX (X = P, As, Sb) compounds.
Compound Cn1 Coo Cs3 Cas Css Cee Cio Ci3 Ca3 Ref.
BaLiP 79 79 85 18 18 28 23 13 13 This work
BaLiAs 72 72 75 17 17 26 20 12 12 This work
BaLiSb 66 66 44 25 25 27 12 18 18 This work
LiBeAs 208.7 151 97 83.2 37 13 8.3 21 21 [71
LiBeSb 145.8 127 120 54.1 44 49 13.6 18 18 [71
LiMgP 117 65 65 48 46 46 29 51 51 [11]
LiMgAs 46.3 93 93 64.5 38 38 47.9 23 23 [11]
LiMgN 263.2 194 193 70.6 64 69 18.4 23 79 [22]
LiZnN 268.7 267 267 68.9 67 67 36.8 36 36 [22]

B.— (C11 + C12)Cs3 — 2C%3
®7Ci + Cia +2C35 — 4C13

5C44Ce6 [(Cn + C12)Cs3 — 2C%3}
2[3B,Cu4Cos + {(C11 + C12)C33 — 2C%3 }(Cas + Cos)]

GR:

As Hill [24] estimated, the actual effective moduli can be calculated
by taking the arithmetic mean of these two numbers. Thus, the following
definitions apply to B and G:

1
B=_ (Br+By) 6
1

Using the values of shear modulus (G) as well as bulk modulus (B),
the relationships is used to calculate Poisson’s ratio (v) besides Young’s
modulus (Y) [25].

9BG
" 3B+G 8
,_ 3B-26 9
T 2(3B+G)

Together with reported results [26-30], Table 3 and Fig. 2 compare
the elastic moduli (Y, v, B, G, G/B). These numbers show B > G, indi-
cating that G regulates the mechanical stability of BaLiX (X = P, As, Sb).
Growing bulk modulus values suggest that chemical bonds are getting
stronger. Y, inversely correlated with thermal shock resistance, suggests
that BaLiX (X = P, As, Sb) has less thermal shock resistance. When a
crystal’s Cauchy pressure is positive, it shows ductility and damage
tolerance; when it is negative, it indicates brittleness. For hexagonal
materials, Cauchy pressure is defined as (Cy2 - Cgg) and (Ci3 - C44). These
values are negative for BaLiX (X = P, As, Sb) compounds, implying they
brittlely. Further evidence for this claim comes from the B/G ratio,

which indicates whether a material is brittle or ductile. A lower B/G
ratio indicates brittleness, whereas ductility is identified by a ratio
greater than 1.75. Table 3 shows that the B/G ratios for BaLiX (X =P, As,
Sb) compounds are less than 1.75, indicating brittleness. Similarly, the
G/B ratio—referred to as Pugh’s modulus—is employed to ascertain the
bonding properties of atoms within a crystal. Pugh’s modulus values
around 0.65, 0.67, and 0.78, respectively, suggest the dominance of
covalent and ionic bonding [25]. All values, as displayed in Table 3, are
roughly 0.6, indicating that ionic bonding is expected in the structure.
These G/B values strongly imply that ions play a significant role in
interatomic bonding. The values, showing a change from covalent to
ionic bonding, are also closer to 0.6. The values of Poisson’s ratio (v)
further support the bonding nature of the BaLiX (X = P, As, Sb) com-
pounds. Studies indicate that ionic materials typically have a v value of
0.25, whereas low Poisson’s ratio (v) values around 0.1 correspond to
covalent materials [28]. Table 3 and Fig. 2 displays that all of the v
values are close to 0.25, indicating that the structure’s bonding nature is
mainly ionic. Chen et al.’s semi-empirical approach, based on Pugh’s
modulus ratio [28], was used to compute the hardness (Hy) values (see
Table 4).

0.585

Hy=2(k*G) ™~ —3;(k=G/B) 10

Table 3 shows that BaLiAs has the lowest hardness (4.8 GPa), while
BaLiSb has the greatest (6.45 GPa). For BaLiX (X = P, As, Sb) com-
pounds, all computed hardness values fall below the superhardness
threshold. The machinability index py is calculated as B/C44 and is used
to evaluate a material’s machinability alongside the bulk modulus (B)
and Ca4. A higher py value indicates better machinability. In contrast to
some previously investigated compounds, this study’s py exhibits a non-
monotonic trend and reaches its maximum value of 2.10 for BaLiP,
suggesting improved machinability. All findings are compared in Fig. 2.
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Fig. 2. (a) Bulk, shear and Young’s modulus; (b) Elastic stiffness constants; (c) Pugh’s ration and machinability index; (d) Poisson’s ration and Hardness of BaLiX (X
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Table 3

Computed bulk modulus B (GPa), shear modulus G (GPa), Young’s modulus Y (GPa), Pugh’s ratio (B/G), Poisson’s ratio (v), machinability index, py and hardness (Hy)

of BaLiX (X = P, As, Sb) compounds.

Compound B G Y 0 G/B B/G Im H, Ref.

BaLiP 37.88 24.78 61.03 0.24 0.65 1.52 2.10 4.9 This work
BaLiAs 34.09 22.9 56.17 0.23 0.67 1.48 2.0 4.8 This work
BalLiSb 29.92 23.37 55.62 0.21 0.78 1.28 1.19 6.45 This work
LiBeAs 75.1 90 192.8 0.22 1.19 0.83 0.90 5.98 [7]
LiBeSb 57.7 58.9 131.9 0.23 1.02 0.97 1.07 4.37 [71

YNiAs 1149 60.4 180 0.23 0.52 1.90 2.06 4.26 [34]
YNiSb 106.3 56.7 170.1 0.23 0.53 1.87 2.09 4.66 [34]
YNiBi 79.92 27.53 121.2 0.24 0.34 2.9 3.74 0.55 [34]
PtTiSn 158.8 61.9 164.5 0.33 0.38 2.5 2.19 3.31 [35]
PdLaBi 1249 34.5 89.2 0.29 0.27 3.62 2.28 0.72 [35]

3.3. Elastic anisotropy

Elastic anisotropy plays a crucial role in various mechanical opera-
tions, including plastic distortions in crystals, quantum point posi-
tioning, small-scale splitting in ceramics, greater mobility of charged
imperfections, and plastic deformation of thin films. Numerous anisot-
ropy indices are used to describe the elastic anisotropy in crystalline
materials. This study computed the shear anisotropic factors (A;, Az and
A3) using the following equations [24] for BaLiX (X = P, As, Sb).

A1:

(C11 + Cia + 2C33 — 4C13)

A, =
2T Cn

6Cas

4Ca4

+ Cs3 — 2Cy3

(Cy1 + Ci2 + 2C33 — 4Cy3)

Az =

3(Cn — Ci2)

11

12

13

To precisely evaluate the elastic anisotropy of crystals, Ranganathan
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Table 4
Different anisotropic factors (A;, Ay, and Ay), rate of anisotropy (Ag and Ag) and
AY (universal anisotropy index) of BaLiX (X = P, As, Sb) compounds.

Compound A Ay As Ag (GPa) A (GPa) AV Ref.
BaLiP 161 1.89 343 0.51 0.93 0.41  This work
BaLiAs 151 179 322  0.69 0.89 0.38  This work
BaLiSb 1.70 156 476 0.58 0.91 0.27  This work
LiBeAs 330 553 667 - - 1.79  [7]
LiBeSb 112 119 1.83 - - 0.04 [7]

and Ostoja-Starzewsky [26] developed the idea of the “Universal
Anisotropy Index” (AY) which is defined as:
GV BV
A'=5~-+—2-62>0 14
Vr + Br -
The formula [27] illustrates how to compute an additional elastic
anisotropy rate for hexagonal crystals using the proportion in linear
compressibility indices. The following formulas [27,29] can be used to

2D
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characterize anisotropies in shear moduli and compressibility:

BVfBR
An— 15
BBy + Bz

Gy — Gg
Ar=—F = 16
"Gy + G

Any divergence from unity in A; (i = 1, 2, 3) implies elastic anisot-
ropy in crystals. The result of the departure from unity determines the
extent of elastic anisotropy along distinct planes [31,32]. Table 4 shows
that BaLiX (X = P, As, Sb) is anisotropic because the value of A; deviates
from unity.

In addition, an isotropic crystal should ideally have a zero universal
anisotropy index AV = 0); however, a positive number denotes some
anisotropy in the crystal. Furthermore, a smaller value of AU indicates a
negligible departure from the spherical shape of the 3D contour plots of
BaLiX (X = P, As, Sb). Projections of G, Y, and v (2D and 3D) give a clear
picture of the anisotropy level of the material. For an anisotropic

3D

BaLiP

04

03

rypery gy 02 p3 04

-02
-03

-04

Fig. 3. Direction dependency (anisotropy) of Young’s modulus (Y), shear modulus (G), and Poisson’s ratio (v) in 2D and 3D contour plots of BaLiP.
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Fig. 4. Direction dependency (anisotropy) of Young’s modulus (Y), shear modulus (G), and Poisson’s ratio (v) in 2D and 3D contour plots of BaLiAs.

material, these shapes will deviate from a perfect circle or sphere
[30-33]. In the xy plane along the [001] direction, the plots for BaLiP
(Fig. 3), BaLiAs (Fig. 4), and BaLiSb (Fig. 5) are displayed, with blue and
green denoting the highest and lowest values, respectively. In isotropic
materials, these polycrystalline characteristics are constant in all di-
rections across all surfaces, producing circular forms in 2D projections
and perfect spheres in 3D [34,35]. Any variation from these ideal shapes
indicates anisotropy; larger deviations correspond to more substantial
anisotropy. In this context, [ijk] and (ijk) represent the symmetry axis
and plane, respectively. Complete isotropy is indicated by Aj, Ao, and Ag
values of 1, while deviations from 1 indicate elastic anisotropy. Positive,
lower, or higher values of the anisotropic factor (A;, Ay, and Ag) indicate
in-plane focusing or defocusing, respectively.

The VASP algorithm [32] was used to calculate the directional de-
pendency of the Poisson’s ratio, shear modulus, and Young’s modulus.
Deviations from spherical shapes in the charts representing these
physical parameters indicate the degree of anisotropy. Additionally,
Table 5 provides a list of these parameters’ maximum and minimum
values for each component. The anisotropy indices help assess the

degree of mechanical anisotropy in materials, as do the graphical ex-
planations (2D and 3D) of elastic moduli, shown in Figs. 3-5. The
anisotropic properties of materials are emphasized by the 2D and 3D
projections of Young’s modulus (Y), Poisson’s ratio (v), and shear
modulus (G). For BaLiX (X = P, As, Sb) structures, 2D and 3D repre-
sentations of these features have been produced using the ELATE algo-
rithm [34-38] and the moduli’s maximum and minimum values, which
were determined using the ELATE algorithm and stiffness constants.

3.4. Electronic properties

Understanding the connection between crystalline solids’ physical
characteristics and their crystal structure requires an investigation of the
electronic band structure [30-33]. This analysis provides insights into
charge transfer, electrical resistivity, and material optical properties.
Furthermore, a strong understanding of band structure analysis is
essential for solid-state electronics, such as solar cells and transistors. It
illustrates how variations in momentum affect the energy levels of
allowable electronic states within the reciprocal lattice space. Fig. 6
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Fig. 5. Direction dependency (anisotropy) of Young’s modulus (Y), shear modulus (G), and Poisson’s ratio (v) in 2D and 3D contour plots of BaLiSb.

Table 5

The lowest and highest values for Young’s modulus, Poisson’s ratio and Shear modulus for BaLiX (X = P, As, Sb).
Compounds Young’s modulus Poisson’s ratio Shear modulus Ref.

Ymin(GPa) Ymax(GPa) Vmin(GPa) Vmax(GPa) Gmin(GPa) Gmax(GPa)

BaLiP 50.74 81.68 0.119 0.412 18 34.02 This work
BaLiAs 47.35 71.87 0.122 0.394 17 30.4 This work
BaLiSb 35.69 60.84 0.079 0.376 17.20 27 This work
LiBeAs 44.2 146.4 0.06 0.70 13 72 [71
LiBeSb 105.8 118.7 0.11 0.21 44 52.5 [71

displays the electronic band structure for BaLiX (X = P, As, Sb), deter-
mined along the particular lines linking the upper symmetry positions of
the initial Brillouin zone. The horizontal dotted line at 0 eV represents
the Fermi energy level (Eg). The Brillouin zone route (G-M-K-G-A-L-H at
Ep) has a band gap situated between the conduction and valence bands,
suggesting that BaLiX (X = P, As, Sb) is consistent with experimental
results showing this combination to be a very effective electrical semi-
conductor. The direct band gaps of BaLiP, BaLiAs, and BaLiSb are 0.70

eV, 0.30 eV, and 0.95 eV, respectively, at the G point using the PBE
function. The partial density of states (PDOS) provides further insight
into the electrical characteristics of BaLiX (X = P, As, Sb). Figs. 7-9
represent the total density of states for BaLiP, BaLiAs, and BaLiSb,
respectively, along with the partial density of states. The Density of
States (DOS) analysis for BaLiP indicates it is a semiconductor, with a
finite value at the Fermi level (0 eV) as seen in Fig. 7. The valence bands,
spanning from —4 eV to 0 eV and primarily composed of P-p states with
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Fig. 6. Band structure of (a) BaLiP, (b) BaLiAs and (c) BaLiSb.

significant contributions from Li-p and Ba-d states, show strong covalent
bonding. Ba-d states are the main constituents of the conduction bands
above 0 eV and are crucial for electronic transitions. Li-s, Ba-s, and P-d
antibonding states illustrate intricate electrical interactions. In Fig. 8,
strong covalent bonding within BaLiAs is shown by the valence bands,
primarily made up of As-p states with notable contributions from Li-p
and Ba-d states. Above 0 eV, Ba-d states dominate the conduction
bands, which are essential for electronic transitions.

The occurrence of antibonding states, including Li-s, Ba-s, and Sb-
d states, indicates complex electronic interactions. For BaLiSb, cova-
lent bonds are seen in the valence bands, mainly made up of Sb-p states
with contributions from Li-p and Ba-d states, as shown in Fig. 9. After 0
eV, the conduction bands are primarily defined by Ba-d states, which are
essential for electronic transitions. The existence of Li-s, Ba-s, and Sb-
d antibonding states indicates intricate electrical interactions in the
substance. The characteristics of BaLiX (X = P, As, Sb) emphasize its
potential for semiconductor and optoelectronic applications. The
valence band maximum (VBp,,x) and conduction band minimum (CB ;)
of the material are found in the Brillouin Zone (BZ) center, often referred
to as the G-point. Consequently, the band corner in BaLiX (X = P, As, Sb)
belongs to I' - T (direct type).

3.5. Optical properties

To verify the electronic structure, optical characteristics are essen-
tial. We have investigated the BaLiX (X = P,As,Sb) perovskites’ ab-
sorption, reflectivity, refractivity, and loss function. We have predicted

distinct optical properties of BaLiX (X = P,As,Sb) across different photon
energy levels by evaluating the frequency-dependent dielectric function
e(®) = e1(0) + iegx(w) and it is closely correlated to the electronic
configuration [38-41].

2 [ oe2(w
e1(w)=1 +;P/O rfa))zdw 17

The light frequency is represented by o in the equation above, and
the integral part’s primary value is shown by P. Using the momentum
matrix elements and accounting for all potential transitions between
occupied and unoccupied electronic states, the imaginary component,
eo9(w), is directly determined [42-44].

2
ex(w) = e ﬂz | |u-rlyy| s (ES — By — E) 18

The input electric field’s polarization is represented by vector u, and
v signifies the frequency of light. wi and wi denote the wave functions of
the conduction and valence bands at k, respectively. The reflectivity,
loss function, absorption, refractive index, and conductivity, among
other optical attributes, can be calculated utilizing the provided formula
[38-47].

n(w):[ e} (w) + e3(w) +&1(w }/\f 19
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Absorption shows how much light can be absorbed by the materials
at particular energies (wavelengths), which sheds light on the efficiency
of solar energy conversion [39,40]. This absorption spectrum is deter-
mined by the material’s band gap, which governs it. The absorption is
triggered by the transition of electrons from the valence band to the
conduction band [39]. BaLiX (X = P,As,Sb)’s absorption spectra are
displayed in Fig. 10, emphasizing the material’s semiconducting char-
acter with spectra beginning at 1.5 eV, its threshold energy. The spec-
trum of the absorption coefficient a(w) indicates the degree of light
intensity reduction per unit length [45-47]. In Fig. 10, the optical
absorbance spectra are 1.7 x 10° em ™! for BaLiP, 1.9 x 10° cm™! for
BaLiAs, and 1.3 x 10° em™! for BaLiSb. BaLiP shows high absorption
peaks around 7 eV and 13 eV, while BaLiAs and BaLiSb have significant
absorption peaks around 13 eV and 5 eV, respectively. Reflectivity

quantifies the proportion of light that a substance reflects upon expo-
sure. It is determined by dividing the energy of the incident wave by the
energy reflected from the surface. The reflectivity spectra of the three
BaLiX (X = P,As,Sb) materials are shown in Fig. 10.

The reflectivity characteristics of the three compounds are almost the
same. BaLiX (X = P,As,Sb) has a reflectivity of 0.45, 0.48 and 0.52 at the
6-8 eV energy range. Reflectivity for all three materials is higher at
lower energies, with BaLiP peaking at 7 eV and 14 eV, BaLiAs at 5 eV and
14 eV, and BaLiSb around 6 eV and 15 eV. BaLiX (X = P,As,Sb) is hence
appropriate for premium UV coating material usage. Refractivity in
optical properties measures how effectively a material bends light,
determined by its refractive index and related properties. Regarding
refractivity, all materials show high values at lower energies, with
notable peaks around 2 eV and secondary peaks at higher energies.
BaLiP, BaLiAs and BaLiSb values are 3.9, 3.8 and 4.4 respectively. A
material’s energy loss function, which also describes plasma oscillations,
quantifies the energy lost by a rapid electron moving through a mole-
cule. The absorption and reflection characteristics of the material are
connected to this function. The loss functions for BaLiX (X = P,As,Sb) are
shown in Fig. 10. The peak values for loss function of BaLiP, BaLiAs and
BaLiSb are 0.8, 1.1 and 1.6, respectively. These optical properties sug-
gest that BaLiP can be more suitable for high-energy applications due to
its higher absorption and lower loss function. At the same time, BaLiAs
and BaLiSb could be optimized for applications requiring high reflec-
tivity and refractivity at lower energies.
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3.6. Thermal properties

In materials exploration, the Debye temperature is a crucial attribute
impacting specific heat, lattice vibrations, melting point, thermal
expansion, and thermal conductivity. It aids in distinguishing between
high and low-temperature regions within a solid. Utilizing the assump-
tion regarding average sound velocity and elastic constants [47-50], the
Debye temperature can be calculated.

[

Planck’s constant is denoted by h, Avogadro’s number by Ny, the
average sound velocity by v, and the Boltzmann constant by kg. Equa-
tion (25), which incorporates both the transverse (v¢) and longitudinal
(v1) sound velocities in a homogeneous material, offers a method to
compute the sound velocity [51].

va=[1/3(1/% +2/)]

The transverse (v¢) and longitudinal (v;) sound velocities can be
formulated about the polycrystalline shear modulus (G) and bulk
modulus (B) through the model established by Reuss and Voigt [52].

24

25

v [(3B+ 4G)/3p]'"? 26

10

1/2
Vo= {G / p} 27
A consistent increase in D is noticed when substituting P with As, as
both elements belong to the same group on the periodic table. One of the
most important characteristics of a solid is its melting point. A solid
reaches its melting point when its temperature reaches a point where it
becomes liquid and the solid and liquid phases are in balance. The
following empirical formula was presented by Fine et al. [53-55].

T =533+5.91C1; 28

Table 6 presents the findings of our empirical formula used to
calculate the melting temperature. The BaLiP compound has a greater
melting temperature than BaLiAs and BaLiSb, as shown by Table 6 and
Fig. 11, suggesting that it may find application as a high-temperature
construction material. One important metric that shows how heat is
transferred through a material is the minimum thermal conductivity, or
Kmin- Thermal conductivity falls with temperature until it reaches a
minimum thermal conductivity, where it stabilises. The following for-
mula can be used to determine the minimum thermal conductivity
[54-571].

M
Kinin = kbvm <Tlp_NA)

3
29
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Where N is the number of atoms in a unit cell and Ny is the Avogadro
number. Table 6 displays the expected lowest thermal conductivity of
the perovskites under investigation. As a general rule, a low minimum
thermal conductivity value is correlated with a low Debye temperature.

As Table 6 shows, a higher D typically signifies improved phonon
thermal conductivity, suggesting that BaLiAs might possess superior
thermal conductivity. This minimum conductivity can be determined by
utilizing the minimum thermal conductivity (Kpi,) and Griineisen pa-
rameters. As Kpin for BaLiAs and BaLiSb are comparatively lower than
that of BaLiP, it implies that BaLiAs and BaLiSb, with their lower 6p
(287.28 K and 233.78 K) and Ky, values (0.33 Wm—1 K! and 0.34
Wm-1 K’l), could serve as an effective material for thermal barrier
coatings (TBC). Fig. 11 provides a comparison of the thermodynamic
properties of ABC compounds.

4. Conclusion

This research, utilizing first-principles calculations, delves into the
multifaceted characteristics of BaLiX (X = P, As, Sb), covering me-
chanical, electrical, electronic, structural, optical, elastic, and thermal
properties. The estimated and observed lattice parameters align closely,
confirming mechanical stability through the elastic stiffness constants.
Our findings underscore the promising potential of BaLiX (X = P, As, Sb)
in the realm of semiconductor perovskites, particularly for optoelec-
tronic applications. The direct bandgaps of BaLiX, determined using
PBE, are 0.70 eV (BaLiP), 0.30 eV (BaLiAs), and 0.95 eV (BaLiSb), within

11

the ideal range (0.30-1.0 eV) for mid-infrared photodetectors, terahertz
devices, and near-infrared sensor applications. This versatility is further
complemented by their impressive optical absorbance spectra, which
extend across the visible range of 2-6 eV, with values of approximately
1.7 x 10% cm ™! (BaLiP), 1.9 x 10% cm ™! (BaLiAs), and 1.3 x 10% cm ™!
(BaLiSb). Such significant absorbance highlights their capability to
harness light effectively. Additionally, the reflectivity of BaLiX (X = P,
As, Sb) at the 6-8 eV energy range—0.45 (BaLiP), 0.48 (BaLiAs), and
0.52 (BaLiSb)—indicates that these materials absorb a substantial
amount of incoming light, further enhancing their suitability for opto-
electronic device applications. The refractive indices of BaLiP, BaLiAs,
and BaLiSb are 3.9, 3.8, and 4.4, respectively, showcasing their potential
as high-refractive-index materials ideal for sensor construction. The loss
function values for BaLiP, BaLiAs, and BaLiSb are 0.8, 1.1, and 1.6,
respectively. These optical properties suggest that BaLiP, in particular,
stands out for high-energy applications due to its higher absorption and
lower loss function. The materials show promise for thermal barrier
coatings (TBC) applications due to their relatively low Debye tempera-
ture (D), minimal thermal conductivity (Kpin), and lattice thermal
conductivity (kph).
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Table 6

The evaluated density p, transverse sound velocity v;, longitudinal sound velocity v;, average sound velocity v,,, Debye temperature #p, minimum thermal conductivity

Kmin and melting temperature T,, of BaLiX (X = P,As,Sb).

Compounds p (g/ecm®) v; (K/ms) v, (K/ms) Vi (K/ms) @b (K) T (K) Kuin Wm ™K1 Ref.
BaLiP 3.80 4.31 2.55 2.82 286.30 718.5 0.45 This work
BaLiAs 1.87 5.87 3.49 3.87 287.28 682.5 0.33 This work
BaLiSb 4.55 3.66 2.26 2.49 233.78 618 0.34 This work
LiBeAs 3.67 7.28 4.94 5.39 672.06 1123 1.29 [71
LiBeSb 4.23 5.67 3.73 4.08 464.50 969 0.83 [7]
LiBeBi 6.56 4.09 2.64 2.90 323.90 762 0.50 [24]
LiScSi 3.19 8.86 2.32 2.65 251.47 915 0.64 [24]
YNiAs 6.12 3.14 5.65 3.49 383.26 1059 0.66 [34]
YNiSb 6.99 2.84 5.10 3.17 340.51 1219 0.57 [34]
YNiBi 8.64 1.78 3.67 2.00 210.53 1029 0.34 [34]
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