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This study presents a comprehensive first-principles investigation into the structural, electrical, magnetic,
mechanical, optical, and thermodynamic properties of two lithium-based half-Heusler semiconductors,
LiSiln and LiSnAl. Our findings confirm that both LiSiln and LiSnAl possess a cubic Clb crystal structure
(F43m space group) and satisfy Born's stability criteria, confirming their mechanical stability. They
exhibit indirect and narrow band gaps of 0.095 eV (LiSnAl) and 0.228 eV (LiSiln) with GGA-PBE, and
0.517 eV (LiSnAl) and 0.591 eV (LiSiln) with HSEQ6, indicating semiconducting behavior Charge density
and Mulliken population analyses reveal a mixed ionic-covalent bonding, while negative Cauchy
pressure indicate brittleness. LiSiln demonstrates superior stiffness, deformation resistance, and
fracture strength compared to LiSnAl. Optically, both compounds exhibit high dielectric constants, UV
reflectivity (56-60%), suggesting potential applications in
capacitors, photovoltaics, and thermophotovoltaics. Phonon dispersion confirms dynamic stability, and

and strong low-energy absorption,

thermodynamic results show low minimum thermal conductivities (~0.006-0.007 W m~! K™%) and
high melting points (1003.46 K for LiSnAl, 1100.02 K for LiSiln). The higher melting point of LiSiln
reflects stronger bonding, while LiSnAl's lower thermal conductivity favors thermal energy storage.
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1 Introduction

In the pursuit of sustainable development and environmental
protection, the transition towards clean and renewable energy
sources has become imperative. The increasing reliance on
fossil fuels has led to critical issues such as fuel scarcity and
environmental degradation, further worsened by the wide-
spread use of electronic appliances like refrigerators and air
conditioners, which contribute significantly to greenhouse gas
emissions.” To address these challenges, researchers are
exploring green and eco-friendly energy conversion technolo-
gies. Among them, thermoelectric materials have attracted
considerable attention due to their ability to convert waste
heat—generated from sources such as automobiles, industrial
processes, and power plants—into electrical energy, thereby
offering a viable solution to the global energy crisis.>™
Half-Heusler compounds have emerged as promising
candidates for thermoelectric and other energy-efficient
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both materials demonstrate multifunctional potential for next-generation energy and

applications due to their excellent electrical conductivity,
moderate thermal conductivity, and mechanical robustness.
These ternary intermetallic compounds, typically with the
general formula XYZ, have shown great potential in various
advanced technologies including spintronics, superconduc-
tivity, photovoltaics, topological insulators, capacitors, and
high-temperature semiconductors.” The flexibility in band
structure engineering further enhances their appeal across
a wide spectrum of electronic and optoelectronic applications.
Various thermoelectric materials such as GeTe,* Bi,Tes,”
PbTe,*® and half-Heusler'® alloys are actively being investi-
gated for their potential in power generation and cooling
technologies.

Half-Heusler compounds typically crystallize in the cubic
C1b structure or its hexagonal variant, with specific atomic
arrangements at Wyckoff positions (e.g., 4a, 4b, 4c) that signif-
icantly influence their stability and electronic properties."*™**
Understanding these atomic configurations is crucial for tuning
the physical properties and optimizing performance for tar-
geted applications."** Of particular interest are eight-electron
Li-based half-Heusler compounds, where the high electroneg-
ativity of elements Y and Z facilitates electron transfer from the
electropositive element X (e.g., Li), resulting in semiconducting
behavior with tunable direct or indirect band gaps. These

© 2025 The Author(s). Published by the Royal Society of Chemistry
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materials are known for their favorable optical, mechanical, and
electronic properties, making them suitable for a wide range of
technologies including photovoltaics, sensors, and thermo-
electric devices.'**®

Lithium-based half-Heusler compounds, in particular, offer
several advantages: they are lightweight, abundant, non-toxic,
and cost-effective, making them attractive for large-scale energy
applications. Their optical properties, especially high absorp-
tion coefficients and interband transition capabilities, make
them excellent candidates for optoelectronic and photonic
devices.*" Vikram et al.'* demonstrated that LiSnAl and LiSiIn
compounds exhibit high thermoelectric performance, with
a figure of merit (ZT) exceeding 0.8 for n-type and above 0.5 for
p-type doping, indicating strong potential for efficient thermo-
electric energy conversion. These compounds also showed high
power factors, underscoring their suitability for thermoelectric
generator (TEG) applications.

The adjustable band gap of lithium-based half-Heusler alloys
makes them highly intriguing for photonic and optical
purposes. These alloys exhibit a notable capacity for photon
absorption via interband transitions, and their substantial
absorption coefficient positions them as promising candidates
for energy-efficient semiconductor materials in power device
applications. Given their excellent optical response, half-Heus-
ler alloys are the top choice for optical and thermoelectric
applications.*"

Existing studies further suggest that larger atomic sizes can
lead to reduced band gaps, as seen in LiSnAl compared to its
counterparts, such as LiAlGe and LiAlSi.** Mechanical assess-
ments of similar compounds reveal a brittle nature, which
aligns with the characteristics observed in LiSiIn and LiSnAl.
The calculated Debye temperature of LiSiIn is consistent with
previously studied half-Heusler compounds like AINiP,** while
trends in lattice constants and bulk moduli in analogous
systems (e.g., LiSTN, LiSrP, LiSrAs) confirm size-related effects
on mechanical stability.” Minhajul Islam et al.** investigated
XCrAl (X = Fe, Co, Ni, Cu) half-Heusler alloys for optoelectronic
and high-temperature applications, reinforcing the suitability
of such systems for advanced functional devices. Furthermore,
lithium-based compounds such as LiBeAs, LiScSb, and LiGeBi
have demonstrated excellent optical responses, strengthening
the case for their use in optoelectronics.”®

Despite their potential, the properties of LiSnAl and LiSiIn
remain underexplored. This study aims to fill that gap by con-
ducting a comprehensive first-principles investigation into their
structural, optical, electronic, mechanical, and bonding char-
acteristics. These materials, due to their low atomic mass and
high carrier mobility, offer promising avenues for controlling
thermal conductivity and enhancing light absorption key traits
for thermoelectric, IR detectors and thermophotovoltaics
devices. Our findings provide fundamental insights into their
multifunctional behavior and assess their viability for next-
generation energy applications such as photovoltaics, capaci-
tors, topological insulators, and field-effect transistors.
Through this work, we aim to elucidate whether these materials
merit further experimental validation and technological
development.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2 Computational methods

First-principles calculations based on density functional theory
(DFT) were performed using the Cambridge Serial Total Energy
Package (CASTEP) module. All computations were carried out
within the framework of the Generalized Gradient Approxima-
tion (GGA), employing the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional. CASTEP facilitates quantum
mechanical simulations to investigate the structural, electronic,
optical, mechanical, and thermal properties of a wide range of
materials, including semiconductors, ceramics, metals,
minerals, and zeolites.>* Before the property analysis, geometry
optimization was conducted to refine the atomic configuration
of the three-dimensional periodic system and achieve a stable
structure. The CASTEP module enables the examination of
material properties under hydrostatic pressure and supports
various constraint options, with atomic position fixation being
the most fundamental.”® Among the available minimization
algorithms, the Broyden-Fletcher-Goldfarb-Shanno (BFGS)
method?® generally provides a faster convergence rate, whereas
the LBFGS (limited-memory BFGS) algorithm is better suited for
large systems due to its improved computational efficiency.
Following the structure optimization, the material's structural,
mechanical, electronic, optical, and thermal properties were
systematically evaluated. To describe the interaction between
electrons and atomic nuclei, ultrasoft pseudopotentials were
employed. A plane-wave cutoff energy of 450 eV was selected for
the basis set expansion. Brillouin zone sampling was carried out
using a 15 x 15 x 15 Monkhorst-Pack k-point mesh,*” which is
critical for accurate ground-state calculations, including self-
consistent field (SCF) convergence.”® Convergence thresholds
were rigorously maintained, with total energy differences con-
strained to within 1 x 10° eV per atom, maximum Hellmann-
Feynman forces limited to 0.03 eV A™', maximum atomic
displacements restricted to 0.01 A, and maximum stress capped
at 0.05 GPa. Spin polarization was incorporated using the
collinear approximation during geometry optimization to eval-
uate the magnetic behavior of the studied compounds. For
optical property calculations, a denser k-point mesh of 14 x 14
x 14 was adopted to ensure greater accuracy. The electronic
properties were determined using the same computational
parameters as those used in geometry optimization. The elastic
stiffness constants (Cj;) were calculated using the stress-strain
method, from which the Debye temperature and sound veloci-
ties were subsequently derived.”® Furthermore, phonon calcu-
lations enabled the evaluation of thermodynamic quantities,
including specific heat capacity (C,), entropy as a function of
temperature, and the variation of Debye temperature, over
a temperature range of 10 K to 800 K.

3 Results and discussion
3.1 Structural properties

In this study, the structural characteristics of the half-Heusler
alloys LiSiIn and LiSnAl were systematically investigated. Both
compounds crystallize in the cubic C1b-type structure, which
belongs to the F43m space group (space group no. 216). Among
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the various configurations of Heusler compounds, the C1b-type
cubic structure is the most prevalent, typically characterized by
a 1:1:1 stoichiometric atomic ratio. The electronic configura-
tions of the valence shells for the constituent elements are as
follows: Li (2s"), Si (35> 3p®), Al (35> 3p*), In (55> 5p*), and Sn (55>
5p*). Within the unit cell, the atomic positions are assigned
such that the X, Y, and Z elements occupy the fractional coor-
dinates (0.0, 0.0, 0.0), (0.25, 0.25, 0.25), and (0.50, 0.50, 0.50),
respectively. The lattice parameters for LiSiIn and LiSnAl were
initially reported as 6.31 A and 6.47 A, respectively, in previous
literature. In the present work, geometry optimization was
carried out using the GGA-PBE functional. The optimized lattice
parameters were found to be 6.284 A for LiSiIn and 6.473 A for
LiSnAl. These values show excellent agreement with earlier
results, with deviations of approximately 0.41% for LiSiIn and
a negligible 0.0003% for LiSnAl. Table 1 presents the calculated
lattice constants and unit cell volumes for both compounds. As
observed, LiSnAl exhibits a comparatively larger lattice constant
and unit cell volume than LiSiIn, which is consistent with the
atomic radii of the constituent elements. The optimized struc-
tures and corresponding lattice constants are illustrated in

Table 1 The calculated lattice constant and unit cell volume of Li-
based half-Heusler

Lattice parameter, a (A)

Compound This work Previous work" Cell volume (A%
LiSnAl 6.473 6.47 271.17
LiSiIn 6.284 6.31 248.19

LiSnAl

LiSiln

(@)
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Fig. 1, confirming the structural stability and convergence of
geometry optimization. The identification of the most energet-
ically favorable structure is consistent with previous theoretical
predictions.

3.2 Electronic properties

The electronic characteristics of LiSnAl and LiSiIn half-Heusler
compounds were thoroughly investigated through the analysis
of their electronic band structures (EBS) and density of states
(DOS). These tools offer crucial insights into the electronic
behavior of materials, particularly with respect to their semi-
conducting nature and potential for energy applications. The
electronic band structures of LiSnAl and LiSiIn via GGA-PBE
functional were computed along high-symmetry directions in
the Brillouin zone, as illustrated in Fig. 2(a) and (b). As the GGA-
PBE functional underestimates the bandgap values, the band
structure was also calculated with Hybrid-HSE06 functional for
more accuracy, illustrated in Fig. 3(a) and (b). The energy
dispersion is plotted with respect to the Fermi energy, Ef,
spanning a range from —6 eV to +6 eV. The Fermi level is
denoted by a horizontal red dashed line positioned at 0 eV. Our
calculations reveal that both the valence band maximum (VBM)
and the conduction band minimum (CBM) are located at the I'-
point, indicating that LiSnAl and LiSiIn are direct band gap
semiconductors. The calculated band gap values are 0.228 eV
for LiSnAl and 0.095 eV for LiSiIn, which are in good agreement
with prior theoretical studies, where values of 0.26 eV and 0.13
eV were reported, respectively."* Using the Hybrid-HSE06 func-
tional, the calculated bandgaps were found 0.517 eV and 0.591
eV for the LiSnAl and LiSiIn compounds, respectively. The slight

Li

Sn

Al

Li
Si

In

(b)

Fig. 1 The optimized conventional (a) 2D and (b) 3D ball & stick model unit cell crystal structure for LiSnAl and LiSiln compounds.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The calculated electronic band structure (EBS) of the half-Heusler compounds with GGA-PBE and Hybrid-HSEO6 functionals [(a) LiSnAl
with GGA-PBE, (b) LiSiln with GGA-PBE, (c) LiSnAl with Hybrid-HSEO6 (d) LiSiln with Hybrid-HSEQ6].

discrepancies are attributed to differences in computational
methodologies was employed in the present study, whereas the
reference utilized VASP. Despite this, the overall trends are
consistent and reaffirm the semiconducting nature of these
compounds. Moreover, the proximity of the Fermi level to the
valence band edge suggests a p-type semiconducting behavior.*’
The spin-polarized calculations were performed to check for
possible magnetic behavior. Our results show that the up- and
down-spin channels are fully degenerate in the electronic
ground state, indicating that the compounds studied are non-
magnetic. Consequently, only the spin-up band structures and
density of states (DOS) are presented, as the spin-down chan-
nels are identical.

The corresponding total and partial density of states (TDOS
and PDOS) are depicted in Fig. 3 using GGA-PBE and Hybrid-
HSEO06 functional, respectively, with the Fermi level again
marked at 0 eV. The TDOS clearly distinguishes the valence and
conduction bands, situated to the left and right of the Fermi
level, respectively. The PDOS analysis reveals that the p-orbitals
of Al, Si, In, and Sn contribute significantly near the Fermi level,
particularly in both the valence and conduction bands. The s-
orbital of Li also contributes, albeit to a lesser extent, indicating
orbital hybridization. In the case of LiSiIn, a broad peak within
the energy window from approximately —1.4 eV to 3.3 €V can be
attributed predominantly to the Li-p, Si-p, and In-p states, while

© 2025 The Author(s). Published by the Royal Society of Chemistry

minor contributions arise from Li-s, Si-s, and In-s orbitals.
Similarly, in LiSnAl, the Sn-p and Al-p states dominate near the
band edges. Notably, strong p-d orbital hybridization involving
In and Sn occurs in the energy range of 0.5 to 1.8 eV, playing
a crucial role in shaping the electronic structure. The observed
hybridization effects arise from the interaction of atoms within
the crystal lattice, which results in mixed orbital character and
delocalization of electronic states, a key feature in solid-state
physics that enhances the material's transport and thermo-
photovoltaic properties. These electronic features underline the
potential of LiSiln and LiSnAl as semiconducting materials
suitable for thermoelectric applications. Their direct band gap,
tunable electronic structure, and hybridized states are espe-
cially promising for enhancing charge carrier transport and
optimizing thermoelectric performance.**

3.3 Charge density and Mulliken population analysis

To gain insights into the nature of chemical bonding in the
LiSiln and LiSnAl half-Heusler compounds, charge density
distribution (CDD) analyses were performed. The charge
density maps were generated along the (111) crystallographic
plane for LiSiIn and the (101) plane for LiSnAl, as illustrated in
Fig. 4. These plots provide valuable visual evidence for di-
stinguishing between ionic, covalent, or mixed bonding char-
acteristics. In the visualizations, the electron density is

RSC Adv, 2025, 15, 38562-38576 | 38565
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Fig. 3 The Total Density of States (TDOS) and partial density of states (PDOS) of LiSnAl and LiSiln compounds via GGA-PBE and Hybrid-HSE06
functionals [(a) LiSnAl with GGA-PBE, (b) LiSiln with GGA-PBE, (c) LiSnAl with Hybrid-HSEOQ6 (d) LiSiln with Hybrid-HSEO06].
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Fig. 4 The electronic charge density distribution mapping for LiSiln and LiSnAl in individual planes (a) (111) and (b) (101).

Table 2 The calculated atomic population and charge distribution (Mulliken) of LiSnAl and LiSiln

Mulliken atomic population

Effective valance

Compound Atom s p d f Total Formal charge Charge (e) (EV)

LiSnAl Li 2.06 0.54 0.00 0.00 2.59 +1 0.41 0.59
Sn 1.30 3.10 0.00 0.00 4.40 +4 —0.40 4.4
Al 1.19 1.82 0.00 0.00 3.00 +3 —0.00 3.0

LiSiIn Li 1.95 0.49 0.00 0.00 2.43 +1 0.57 0.43
Si 1.53 3.15 0.00 0.00 4.67 —4 —0.67 —3.36
In 1.14 1.77 9.98 0.00 12.89 +3 0.11 2.89

represented using a color gradient scale—blue regions indicate
high electron density, while red regions denote areas of low
electron concentration. The CDD of both compounds reveals
spherical charge contours around the Li and In (or Sn) atoms,
with a clear lack of orbital overlap between these atomic centers.
This observation is indicative of a predominantly ionic char-
acter in the bonding between these atoms.*** In particular,
Fig. 4(b) shows that Al exhibits minimal electron density (rep-
resented in red), while Li contributes significantly (blue), and Sn
has a relatively small influence (light orange), reinforcing the
ionic interpretation.

Mulliken population® analysis further supports these find-
ings, with calculated atomic charges of +0.57 (Li), —0.67 (Si),
and +0.11 (In) for LiSiIn, and +0.41 (Li), —0.40 (Sn), and ~0.00
(A]) for LiSnAl, as listed in Table 2, suggesting that Li atoms lose
electrons (ionic behavior). At the same time, Si and Sn gain
partial negative charges (partial covalent contributions). These
values suggest that Li atoms lose electrons (ionic behavior),
while Si and Sn gain partial negative charges (partial covalent
contributions). In particular, the small positive charge on In
arises from its 5p states, indicating d-orbital involvement and
a slight metallic character.

The Mulliken population analysis highlights that the
bonding in these half-Heusler compounds cannot be classified
as purely ionic or covalent, but instead exhibits a mixed ionic-
covalent character. The presence of d-orbital participation in In
further suggests a degree of metallic character in the bonding,
especially in LiSiIn. The slight distortion of spherical contours
between Si and In in Fig. 4 supports this hybrid nature, indi-
cating a localized orbital overlap and suggesting partial

© 2025 The Author(s). Published by the Royal Society of Chemistry

covalency. However, no significant overlap is observed between
Li and In/Sn, reinforcing their ionic interaction. Furthermore,
the effective valence charge—calculated by subtracting the
formal ionic charge from the Mulliken charge—provides
quantitative insight into the bond character. An effective
valence of zero corresponds to a purely ionic bond, while
positive values imply increasing covalency.** In both
compounds, deviations from formal ionic charges reflect charge
delocalization and orbital hybridization, which are essential for
understanding the electronic structure, bonding stability, and
transport properties of these materials. Overall, the combina-
tion of charge density mapping and Mulliken population
analysis affirms that LiSiIn and LiSnAl exhibit predominantly
ionic bonding between Li and the other elements, with
moderate covalent and metallic contributions arising from the
interaction of p- and d-orbitals in In, Al, and Si/Sn.

These mixed bonding characteristics are expected to signif-
icantly influence the electronic, optical, and thermoelectric
behaviors of the compounds. Moreover, the outcomes of the
partial density of states (PDOS) analysis align with the obser-
vation that indium and lithium exhibit the most substantial
charge density contributions.

3.4 Mechanical properties

To evaluate the elastic properties of the investigated half-
Heusler alloys, the elastic constants were calculated by deter-
mining the stress tensors for a set of systematically deformed
structures. Using the elastic constants task the full second-order
elastic stiffness tensor (6 x 6 matrix) for each three-dimen-
sional periodic system was obtained. The mechanical stability

RSC Adv, 2025, 15, 38562-38576 | 38567


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04779j

Open Access Article. Published on 15 October 2025. Downloaded on 4/3/2026 6:38:18 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Lo
-

RSC Advances

of these materials was assessed based on the Born mechanical
stability criteria, which are expressed by the following condi-
tions for cubic systems,*

Ci1>0;Cs>0;Cy > C2 (3.1)

C1+2C1,>0;C,<B<C(Cy, (3.2)

The elastic constants reveal valuable insights into the
mechanical behavior of the compounds. The longitudinal
stiffness is represented by C;4, shear resistance by C44, and the
off-diagonal elastic coupling by C;,.*® The calculated elastic
constants for both LiSnAl and LiSiIn satisfy the above condi-
tions, confirming their mechanical stability.

To estimate the elastic moduli of polycrystalline materials
from single-crystal data, the Voigt, Reuss, and Hill (VRH) aver-
aging schemes were employed.’”*®* These schemes provide
upper (Voigt) and lower (Reuss) bounds, and their arithmetic
mean (Hill average) is widely accepted as a realistic estimate.
The relevant elastic parameters, including bulk modulus (B),
shear modulus (G), Young's modulus (E), Poisson's ratio (v),
Pugh's ratio (B/G), and anisotropy factor (4), were calculated
using the following equations:*”

By = Br = 1/3(Cyy + 2Cy) (3.3)
R ek o 2
G, = 1/5(Cy; — Cyz + 3Cy) (3.5)
G =12 (G, + GR) (3.6)

A= 7@12?‘4@2 (3.7)

From the calculated bulk and shear moduli, other mechan-
ical parameters, including Young's modulus E and the Poisson
ratio v, Pugh's ratio were derived as follows,*

9BG
Y Modulus, E = —— .
oung Modulus, B C (3.8)
Poisson ratio, v = (3B — 2G)/2(3B + G) (3.9)
Pugh ration, p = B/G (3.10)

Comparison of bulk modulus (B), shear modulus (G), and
Young modulus (E) for LiSiIn and LiSnAl are shown in Fig. 5 and
all mechanical properties are listed in Table 3. The bulk
modulus (B) serves as a measure of a material's resistance to
uniform compression. Notably, LiSiIn exhibits a higher bulk
modulus than LiSnAl, indicating superior resistance to volu-
metric deformation and enhanced overall stiffness. Young's
modulus (E), which defines the ratio of tensile stress to tensile
strain, also reflects the rigidity of the material.*® The E values
suggest that LiSiIn is stiffer than LiSnAl. G, indicates the top
bound of shear modulus under uniform strain assumptions,
while Gr represents the lower bound under uniform stress

38568 | RSC Adv, 2025, 15, 38562-38576
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Fig. 5 The comparison of Shear modulus (G), Bulk modulus (B), and
Young modulus (E) for LiSiln and LiSnAL

Table 3 The determined elastic parameters (GPa) for cubic LiSnAl and
LiSiln half-Heusler alloys at their equilibrium volume

Parameters LiSnAl LiSiIn
Ci1 76.22 92.56
Cis 26.92 26.37
Cus 43.2 49.63
Young's modulus, E 84.19 98.24
Bulk modulus, B 43.35 47.76
Shear modulus, G 34.49 42.45
Poisson ratio, v 0.185 0.157
Anisotropy factor, A 1.75 1.47

Cauchy pressure, C1,-Cyy —16.2 —23.6
Pugh's ratio, B/G 1.25 1.12

circumstances. The shear modulus (G), indicative of resistance
to shape deformation, further corroborates this conclusion,
with LiSiIn (42.45 GPa) outperforming LiSnAl (34.49 GPa). This
implies that LiSiIn is more resistant to plastic deformation and
fracture.*

Pugh'’s ratio (B/G) is widely used to predict ductility or brit-
tleness. A B/G value above 1.75 suggests ductile behavior,
whereas a lower value indicates brittleness.*** The computed B/
G values (1.25 for LiSnAl and 1.12 for LiSilIn) clearly classify both
materials as brittle. These results are consistent with reported
values for other half-Heusler alloys such as LiAlGe, LiAlSi, and
YCrSb.

The Poisson's ratio (v), which quantifies the transverse strain
response to axial stress, typically ranges from 0.25 to 0.50 in
solids. The calculated values for LiSnAl (0.185) and LiSiIn
(0.157) fall below this range, indicating that non-central inter-
atomic forces dominate. These values suggest a bonding nature
that includes significant covalent character. According to ref.
45, a Poisson's ratio below 0.10 indicates pure covalent
bonding, while values above 0.33 indicate metallic bonding.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Hence, these alloys exhibit a mixed ionic-covalent bonding
character. This is further confirmed by the negative Cauchy
pressures (C;,-Cy44), which are also indicators of covalent
bonding and mechanical brittleness.**

The machinability index, defined as u,, = B/C44, provides
insights into the material's plastic deformation and lubrication
behavior.* LiSnAl shows a relatively higher machinability index
(~1), implying its better plasticity under machining conditions.
This parameter is crucial in manufacturing and tool design,
affecting cutting speed, geometry, and force.

Finally, the anisotropy factor (4) reflects the directional
dependence of elastic properties. A value of A = 1 indicates
isotropy, while values different from 1 imply anisotropy.*”** The
calculated anisotropy factors (1.75 for LiSnAl and 1.47 for
LiSiIn) suggest that both compounds exhibit significant elastic
anisotropy, which can influence crack propagation and fracture
behavior under stress.

3.5 Optical properties

To obtain accurate optical properties, we employed a dense
Monkhorst-Pack k-mesh of 14 x 14 x 14. The complex dielec-
tric function, expressed as ¢;(w) = &1(w) +iex(w), comprises a real
part &(w) and an imaginary part ¢,(w), which characterize the
dispersion and absorption behaviors of the material, respec-
tively.*® The real component ¢;(w) can be derived from ¢,(w) via
the Kramers-Kronig transformation e¢,(w), as shown in eqn
(3.11):

(3.11)

2 (% we(w ,
81(0)) = 1 -‘r;p[o FEQ))Zdw

The imaginary part &,(w) is calculated based on the
momentum matrix elements between occupied and unoccupied
electronic states, using the following formulation:

2%
.QS() Z

kv,.c

2

U7l > | o(E; - E; — E)

Vi (3.12)

&(w) =

Here, ¥4 andyj} are the conduction and valence band wave-
functions at wavevector k, e is the elementary charge, Q is the
unit cell volume, ¢, is the vacuum permittivity, and U is the
polarization direction of the incident electric field. The delta
function enforces energy conservation during photon-induced
electronic transitions.*”**

From the calculated ¢; and ¢,, various optical constants can
be derived, such as the absorption coefficient «(w), refractive
index n(w), reflectivity R(w), optical conductivity, and the elec-
tron energy loss function L(w). These parameters provide valu-
able insights into the electronic structure and light-matter
interactions within the material.

Our focus is restricted to interband transitions, as intraband
contributions are negligible in semiconductors. The static
dielectric constant ¢;(0) is especially significant in thermopho-
tovoltaic applications, as higher values typically enhance the
material's suitability for dielectric and photovoltaic uses. The
computed static dielectric constants are approximately 24 and
26 for LiSnAl and LiSiln, respectively, as shown in Fig. 6(a).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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These elevated values suggest excellent performance in appli-
cations like capacitors and IR detector devices. In the energy
range of 2.8-3.15 eV, both compounds exhibit a decline in
dielectric behavior, indicating a transition from energy storage
to energy absorption (heat dissipation). Peaks in the imaginary
part &,(w) occur at approximately 2.58 eV for LiSnAl and 2.92 eV
for LiSiln, as depicted in Fig. 6(b). These features arise from
transitions involving Sn-p and Si-p valence states, respectively,
and lie within the visible spectrum, suggesting suitability for
photovoltaic applications.

The refractive index, illustrated in Fig. 6(c), indicates how
light propagates through the materials. For both compounds,
n(0) is found to be ~4.9 for LiSnAl and ~5.0 for LiSiIn, peaking
in the infrared region and decreasing monotonically through
the visible spectrum. This optical behavior is advantageous for
devices like antireflective coatings, optical filters, and
photodetectors.

Reflectivity spectra, shown in Fig. 6(d), reveal reflectance
values between 56-60% in the visible range, indicating potential
for solar radiation mitigation. In the UV region, both materials
exhibit high reflectance—71% for LiSiIn at ~7.8 eV and 73% for
LiSnAl at ~8.0 eV—coinciding with a drop in absorption and
highlighting their reflective nature in this range.

The absorption spectra in Fig. 7(a) starts from zero, con-
firming their semiconducting nature. LiSiln demonstrates
a significant absorption peak in the UV range (4-5 eV), indi-
cating strong ultraviolet absorption. The corresponding wave-
length curves in Fig. 7(b) show active absorption between 280-
330 nm for both materials, confirming their capability to absorb
UV radiation. Refractive index values between 2-3 and reflec-
tivity below 40% further suggest their suitability for high-
transparency applications with minimal energy loss.

Fig. 8(a), (b), and (c) display the optical conductivity and
electron energy loss spectra. The optical conductivity closely
follows the absorption profile, with photoconductivity onset
observed at photon energies as low as ~0.1-0.2 eV for both
compounds, implying a narrow band gap. In particular, LiSnAl
shows a pronounced conductivity rise within the visible spec-
trum (up to ~2.86 eV), aligning with efficient light absorption in
the 300-450 nm range.*

Fig. 8(c) presents the frequency-dependent energy loss
function L(w), a critical parameter describing the energy loss
experienced by fast electrons traversing the material. The most
prominent peak corresponds to plasma resonance, represent-
ing collective oscillations of electrons. For both compounds,
significant peaks appear in the UV range (10.5-13.5 eV),
denoting the plasma frequency. These peaks coincide with
sharp declines in reflectivity (Fig. 8(d)) and absorption
(Fig. 9(a)), confirming the interrelated nature of these optical
properties.>>™’

In summary, the optical analyses indicate that LiSnAl and
LiSiIn half-Heusler compounds possess promising characteris-
tics for use in UV photodetectors, optical filters, and other
thermophotovoltaics applications due to their high refractive
index, strong UV absorption, low reflectivity, and favorable
dielectric response.
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3.6 Thermodynamic properties

A comprehensive understanding of thermodynamic behavior is
essential for evaluating the potential of materials in high-
temperature and energy-efficient applications. Following the
phonon calculations performed, we investigated key thermo-
dynamic parameters including the Debye temperature (fp),
minimum thermal conductivity, Dulong-Petit limit, average
sound velocity, melting temperature, specific heat capacity,
entropy, and thermal expansion coefficient. These properties
were calculated within the framework of the quasi-harmonic
approximation (QHA),*> which extends beyond the harmonic
approximation (HA) by incorporating the volume dependence of
phonon frequencies. Unlike the HA, which assumes infinite
phonon lifetimes and neglects phonon-phonon interactions,

38570 | RSC Adv,, 2025, 15, 38562-38576

QHA enables the inclusion of thermal expansion and anhar-
monic effects to a limited extent. Although QHA does not fully
capture strong anharmonicity above ~1000 K, it remains
accurate and reliable for the temperature range considered in
this study (100-900 K). All calculations were conducted under
zero external pressure, and the temperature range spanned
from 10 to 800 K. The phonon dispersion curves, shown in
Fig. 9, were analyzed to verify the dynamic stability of the
compounds.

The Debye temperature (6p), a fundamental thermodynamic
parameter related to lattice vibrations and thermal conductivity,
was computed using the following relation,>

h 3n NA
oD = 2’TCkB (R x ﬁp)

(3.13)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Here, A is Planck’s constant, kg is Boltzmann's constant, 7 is the
number of atoms per formula unit, N, is Avogadro's number, M
is the molar mass, and p is the material's density.

The average sound velocity (V;,) was derived from the
longitudinal (V,) and transverse (V) sound velocities, as
expressed in the following equations,

The minimum thermal conductivity (Kn,) is calculated
using the following equations.’**® They are essential physical
parameters for practical applications of a material.

3

M
Kmin = KBVm( (317)

}’leA)

2 1\ "
3
Vin = \/g(VG3 +VT)3> (3.14) The melting temperature (T,,) was estimated using the
empirical relation,*®
v, — /”gﬂ (3.15) T, = 553 + 5.91C;, + 300 k (3.18)
p
The coefficient of thermal expansion («) was calculated
G using:
Vo =4/— (3.16)
p 1.6 x 1073
a=——— (3.19)
where B and G denote the bulk and shear moduli,
respectively.
12 12 10
a ~——LiSnAl ~——LiSnAl e —LiSnAl
——LiSiln b ] iSiTa —— LiSiln
104 8
e
81 L 2 '-1 <A
Z g £
E £ <
® < g
) ] 2
S N O, g
2
2
0 T T T
0 T T T 0 5 10 15 20
0 ;i y J\—ZO 0 200 400 600 800 Energy,E (¢V)

10
Energy,E (eV)

Wavelength (nm)

Fig. 8 Optical properties (a) and (b) conductivity and (c) loss function of LiSnAl and LiSiln at the polarization vector [100].
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These thermodynamic parameters, displayed in Table 4, are
vital for the design of devices operating across variable thermal
regimes and for improving energy efficiency in practical
applications.

The phonon dispersion spectra of LiSiIn and LiSnAl confirm
the dynamic stability of both compounds, as evidenced by the
absence of imaginary frequencies, shown in Fig. 9. The phonon
branches can be categorized into acoustic and optical modes.
The acoustic modes—Ilongitudinal acoustic (LA), transverse
acoustic (TA), and shear acoustic (SA)—originate from the I-
point and represent collective in-phase atomic vibrations. These
modes, typically located in the low-frequency region (0-3 THz),
significantly determine thermal conductivity. Conversely,
optical phonon modes arise from out-of-phase vibrations
between atoms of differing masses and are observed at higher
frequencies (above 4 THz). Notably, LiSiIn displays marginally
higher optical mode frequencies compared to LiSnAl. This can
be attributed to the presence of the heavier Sn atom in LiSnAl,
which results in vibrational softening. The separation between
acoustic and optical branches reflects disparities in atomic
masses and bonding stiffness, both of which influence the
thermal and optical responses of the material. Furthermore, the
phonon dispersions provide insight into phonon-phonon

Table 4 Calculated longitudinal (V,, in m s™), transverse (Vg inms™),
average sound velocity (V. in m s™%), Debye temperature (5 in K),
melting temperature (T, in K), Minimum thermal conductivity (Kmin),

Thermal expansion coefficient («) for the compounds LiSnAl and LiSiln

Parameter LiSnAl LiSiIn

p 3.74 4.01

Vo 4887.41 5101.46
Vs 3036.76 3253.61
Vin 3347.41 3576.07
0p 350.23 386.34
Tm 1003.46 1100.02
Kinin 0.006 0.007
ax107° 4.64 3.77

38572 | RSC Adv, 2025, 15, 38562-38576

interactions, which are critical for evaluating the thermoelectric
performance of materials. The results indicate that both
compounds exhibit thermodynamic stability and favorable
thermal characteristics suitable for high-temperature and
energy-related applications.

The Debye temperatures for LiSnAl and LiSiIn were calcu-
lated to be 350.23 K and 386.34 K, respectively. Fig. 10(a) illus-
trates the temperature-dependent variation of Debye
temperature over the range of 10-800 K. A distinct temperature
dependence is observed particularly in the lower temperature
region (10-250 K), beyond which the Debye temperature begins
to plateau. It is important to note that quantum mechanical
effects, while diminishing near the Debye temperature, play
a critical role in determining the thermodynamic behavior of
materials at temperatures below this threshold.””*® Based on
the Debye temperature analysis, LiSilIn is anticipated to possess
superior electrical conductivity due to its higher 6. Conversely,
at low temperatures (T << fp), LiSnAl, with a lower Debye
temperature, is expected to exhibit greater values of specific
heat and entropy. However, as the temperature increases and
approaches the Debye temperature, both compounds display
saturation behavior in their specific heat and entropy values, as
shown in Fig. 10(b) and (c).

For clarity and comparison, especially when plotting ther-
modynamic properties, entropy is often represented as the
product S*T, which directly relates to enthalpy (H) in thermo-
dynamics. Enthalpy reflects the total internal energy of a system
due to thermal excitation. A higher enthalpy implies greater
energy dispersion with temperature, whereas a lower enthalpy
indicates limited energy distribution. According to the entropy
trends shown in Fig. 10(c), LiSiIn shows a higher enthalpy than
LiSnAl, suggesting more significant thermal energy
distribution.

Thermal expansion coefficient («) is another key parameter
that impacts structural reliability during thermal cycling. Lower
values of « reduce mechanical stress accumulation, thereby
enhancing structural stability. This factor is essential in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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thermal management for solid-state refrigeration and thermo-
electric applications. The comparative analysis of melting
temperatures, as reported in Table 4, confirms that LiSnAl has
a lower melting point than LiSiIn. Furthermore, the data indi-
cate an inverse relationship between melting temperature and

. . . . 0.2
thermal expansion coefficient, following the relation a = T
m

This trend suggests that LiSiln, with its higher melting
temperature, exhibits a correspondingly lower thermal expan-
sion coefficient, which is advantageous for epitaxial crystal
growth and integration in electronic and spintronic devices.”***

Low thermal conductivity is a desirable trait in thermoelectric
materials, as it aids in maintaining a strong temperature gradient
across the device, thereby improving efficiency.* As shown in

© 2025 The Author(s). Published by the Royal Society of Chemistry

Table 4, both LiSnAl and LiSiIn exhibit low values of minimum
thermal conductivity, which makes them promising candidates
for solid-state refrigeration and thermoelectric applications.
Specifically, LiSnAl's lower thermal conductivity could lead to
improved thermoelectric performance, while LiSiIn, due to its
higher Debye and melting temperatures, demonstrates strong
potential for use in high-temperature environments.

4 Conclusions

This work employed DFT-based first-principles calculations to
comprehensively investigate the structural, mechanical, elec-
tronic, optical, charge density, and thermodynamic properties
of the non-magnetic, p-type half-Heusler compounds LiSiIn and
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LiSnAl. To the best of our knowledge, this is the first report to
explore these properties using the CASTEP simulation frame-
work. The calculated lattice constants show excellent agreement
with previously reported values, validating the reliability of the
computational approach. Both LiSnAl and LiSiIn have indirect
and narrow band gaps, calculated at 0.095 eV and 0.228 eV for
GGA-PBE functional and 0.517 eV and 0.591 eV for the Hybrid-
HSEO06 functional. Elastic constants confirm that both
compounds satisfy Born's mechanical stability criteria, with
LiSiIn exhibiting marginally superior elasticity. The band
structure analysis reveals that both materials possess direct and
relatively narrow band gaps, indicating semiconducting
behavior. Charge density distributions and Mulliken pop-
ulation analysis reveal a mixed ionic-covalent bonding nature,
further supported by effective valence calculations. The negative
Cauchy pressure confirms the brittle and covalent character of
both compounds. Optical analysis suggests that the high
dielectric constants and ultraviolet reflectivity make these
materials suitable for applications in capacitors, IR detectors
and thermophotovoltaics devices. Thermodynamic stability is
affirmed by phonon dispersion calculations, while thermal
property evaluations indicate that LiSiIn exhibits a higher
melting temperature (1100.02 K) compared to LiSnAl (1003.46
K), implying stronger interatomic bonding. However, the
minimum thermal conductivity (Kiin) of LiSnAl (~0.006 W m ™"
K™') compared to LiSiln (~0.007 W m~" K ') suggests that it
may be more effective for applications requiring thermal insu-
lation or energy storage. Overall, both LiSiln and LiSnAl
demonstrate promising potential for future applications in
thermoelectric devices.
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