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tudy of vanadium-based Half-
Heusler compounds: structural, electronic, optical,
and thermomechanical properties for
optoelectronics

Md. Tarekuzzaman, a Salah Uddin,a Md. Shahazan Parves,a Fahad Alhashmi Alamer,b

Omar Alsalmib and Md. Zahid Hasan *a

This research explores the physical properties of Half-Heusler compounds, specifically VFeAs, VFeBi, VIrPb,

and VIrSn, utilizing Density Functional Theory (DFT) through the Cambridge Serial Total Energy Package

(CASTEP). The study begins with structural optimization, which confirms that these compounds maintain

stability within cubic crystal structures. A comprehensive analysis of their electronic band structures and

density of states (DOS) reveals band gaps of 1.615 eV for VFeAs, 1.378 eV for VFeBi, 1.361 eV for VIrPb,

and 1.574 eV for VIrSn, indicating that these materials exhibit semiconductor properties. To assess

mechanical stability and ductility, the research evaluates the elastic constants of these compounds,

which meet the Born stability criteria. The analysis of elastic moduli further indicates that VFeAs, VFeBi,

VIrPb, and VIrSn demonstrate elastic isotropy. The study also analyzes key optical properties, such as the

absorption coefficient, dielectric function, electrical conductivity, reflectivity, refractive index, and loss

function. The findings highlight significant photoconductive behavior, high optical reflectivity, and

favorable dielectric properties, suggesting that these materials hold considerable promise for use in

optoelectronic devices. Moreover, the compounds exhibit low minimum thermal conductivity (Kmin) and

a reduced Debye temperature (qD), making them promising candidates for thermal barrier coating (TBC)

applications in cutting-edge thermal management technologies.
1. Introduction

Heusler compounds, rst discovered in 1903, have since
become a basis of materials science due to their unique elec-
tronic, magnetic, and thermoelectric properties. These inter-
metallic alloys are generally classied into two categories based
on their stoichiometry: full Heusler (2 : 1 : 1) and Half-Heusler
(1 : 1 : 1) compounds. Over 1500 Heusler compounds have
been identied, and they have been thoroughly studied for
various applications, including semiconductors, superconduc-
tors, magnetic materials, and thermoelectrics.1,2 The rich
diversity in their atomic structures and compositions enables
a wide range of properties, making them ideal for a variety of
technological advancements, from energy conversion to
quantum computing.3,4 Among the different types of Heusler
compounds, Half-Heusler (HH) alloys are particularly note-
worthy for their exceptional tunability in terms of electronic,
magnetic, and thermal properties. The general formula for HH
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compounds is XYZ, and they crystallize in a cubic MgAgAs-type
structure under space group F�43m (no. 216). Their adaptable
properties are governed by the careful manipulation of
composition, doping, and structural modications. These
materials are characterized by their robust mechanical
strength, high thermal stability, and favorable electronic
structures, making them ideal for applications in thermoelec-
tric, optoelectronics, spintronics, and catalysis.5,6 The semi-
conducting behavior of HH alloys can be precisely tailored by
altering the atomic constituents. These materials exhibit a wide
range of band gaps, ranging from 0 to 4 eV, which can be
adjusted through the use of electron or hole doping, as well as
by changing the electronegativity of constituent elements.7,8 The
ability to control the electronic structure in this way makes
these compounds promising candidates for next-generation
semiconductor technologies. Furthermore, doping with rare-
earth elements or transition metals, such as manganese, can
introduce magnetism, opening up new possibilities for spin-
tronic applications.9,10 As a result, HH alloys are at the forefront
of materials research, with their potential use in energy-efficient
technologies, quantum computing, and advanced electronics.

One of the most signicant advantages of HH compounds is
their performance in thermoelectric applications.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Thermoelectric materials convert waste heat into electricity,
providing a sustainable method for energy recovery. As such,
these materials have become crucial for applications in energy
harvesting, refrigeration, and waste heat recovery.11 In addition
to their thermoelectric properties, HH alloys have found
extensive use in spintronics, where electron spin is utilized to
enhance the functionality of electronic devices. Spintronic
materials can exploit the intrinsic angular momentum of elec-
trons to enable faster and more energy-efficient data storage
and transmission. HH compounds such as CoMnSb and
NiMnSb exhibit nearly 100% spin polarization, making them
ideal candidates for use in spin valves, magnetic tunnel junc-
tions, and other spintronic devices.12,13 These materials offer
substantial advantages in terms of energy efficiency and data
storage density, paving the way for next-generation memory and
logic devices. HH compounds are also valuable for optoelec-
tronic applications, including light-emitting diodes (LEDs) and
solar cells. Their tunable electronic structure allows for the
optimization of optical absorption and emission, making them
ideal candidates for energy-efficient lighting and photovoltaic
devices.14 While traditional semiconductors like CdS have been
widely used in photovoltaics, their environmental impact has
driven research toward more sustainable alternatives with
optimized band gaps and band alignments.15 In particular,
materials such as RhTiP, RhTiAs, and RhTiSb exhibit signicant
optical absorption in both the visible and ultraviolet spectra,
positioning them as strong candidates for next-generation
photovoltaic technologies.16,17 Furthermore, these materials'
high optical absorption and well-aligned band gaps enhance
the efficiency of solar cells, especially when used in combina-
tion with appropriate buffer layers.18 In addition, the discovery
of lithium-based ternary semiconductors, such as LiAlGe,
LiAlSi, and LiGaSi, highlights the growing potential of HH
compounds in optoelectronic and photovoltaic applications.19

The mechanical stability of Half-Heusler (HH) compounds has
been studied in terms of structural integrity, elasticity, and
deformation. ZrNiSn and TiNiSn exhibit high mechanical
strength due to their ordered crystal structures.20 NbFeSb shows
robust fracture toughness and compressive strength, particu-
larly under high-temperature conditions.21 In the realm of
topological materials, certain HH compounds have been pre-
dicted to behave as topological insulators, thanks to strong
spin–orbit coupling effects. These materials allow for surface
conduction while maintaining bulk insulation, which is
essential for developing low-energy electronics and quantum
computing devices.22,23 The discovery of materials like LuPtBi,
which exhibits superconductivity below 1 K, further emphasizes
the potential of HH alloys in quantum technologies.24 The
pursuit of topological superconductors is a key area of research
for the development of quantum computing and other
advanced technologies that rely on the manipulation of
quantum states.25

In this work, we investigate the structural, electronic,
mechanical, elastic anisotropy and thermodynamic properties
of four specic Half-Heusler compounds: VFeAs, VFeBi, VIrPb,
and VIrSn. These compounds were selected due to their prom-
ising semiconducting nature and potential applications in
© 2025 The Author(s). Published by the Royal Society of Chemistry
optoelectronics, and photovoltaics. The band gaps of these
compounds align with their suitability for energy conversion,
making them prime candidates for the development of
advanced electronic devices. By comparing these materials with
previously studied HH compounds, this research provides
valuable insights into their properties and applications, further
advancing our understanding of HH alloys and their role in
future technological innovations. The ndings from this work
are expected to stimulate both theoretical and experimental
studies, contributing to the development of sustainable energy
solutions and next-generation electronics.

2. Computational method

The structural, electronic, elastic, and optical properties of the
vanadium-based Half-Heusler compounds VFeAs, VFeBi, VIrPb,
and VIrSn were systematically investigated using rst-principles
calculations based on density functional theory (DFT), as
implemented in the CASTEP (Cambridge Serial Total Energy
Package) code.26 CASTEP employs a plane-wave pseudopotential
approach within DFT, and in this study, the exchange–correla-
tion effects were treated using the generalized gradient
approximation (GGA) in the Perdew–Burke–Ernzerhof (PBE)
formulation,27 which is well known for balancing accuracy with
computational efficiency. The valence electron congurations
used for the constituent elements were: V (3d3 4s2), Fe (3d6 4s2),
As (4s2 4p3), Bi (6s2 6p3), Ir (5d7 6s2), Pb (6s2 6p2), and Sn (5s2

5p2). A plane-wave cutoff energy of 800 eV was selected to ensure
the convergence of total energy and structural parameters,
while the Brillouin zone integrations were performed using
a Monkhorst–Pack k-point mesh of 8 × 8 × 8. Geometry opti-
mization was achieved using the Broyden–Fletcher–Goldfarb–
Shanno (BFGS) minimization algorithm,28 with convergence
thresholds set as follows: 5.0 × 10−6 eV per atom for energy,
0.01 eV Å−1 for maximum force, 5.0 × 10−4 Å for atomic
displacement, and 0.02 GPa for stress. The elastic constants (Cij)
were computed via the stress–strain method,29 using stricter
convergence parameters: energy tolerance of 1.0 × 10−6 eV per
atom, force tolerance of 0.02 eV Å−1, and displacement toler-
ance of 4.0 × 10−4 Å. Mechanical anisotropy was further
explored using ELATE (Elastic Tensor Analysis),30 which gener-
ated both 2D and 3D visualizations of Young's modulus, shear
modulus, and Poisson's ratio, highlighting the directional
dependence of mechanical behavior. The electronic structure,
including band structure and density of states (DOS), was
initially calculated using the GGA-PBE functional, while the
Heyd–Scuseria–Ernzerhof (HSE06) hybrid functional was
subsequently employed to obtain more accurate electronic
parameters such as the band gap and band edge alignments.31

Finally, the optical properties were derived from the mathe-
matical formulations of the dielectric function, absorption
coefficient, reectivity, refractive index, and other related
quantities provided in the respective section, where all physical
symbols retain their conventional meanings.32,33 The complex
dielectric function, expressed in terms of its real part 31(u) and
imaginary part 32(u), provides the fundamental framework for
evaluating various optical properties, including the absorption
RSC Adv., 2025, 15, 50910–50930 | 50911
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coefficient a(u), refractive index n(u), reectivity R(u), and
energy loss function L(u). These properties are derived from the
frequency-dependent dielectric response and are dened as
follows:

(1) Real part of the dielectric function:

31ðuÞ ¼ 2

p
P

ðN
0

u
0
32

�
u

0
�

u
02 � u2

du
0 þ 1 (1)

where P denotes the principal value of the integral, u0 is the
photon frequency, and 32(u0) is the imaginary part of the
dielectric function.

(2) Imaginary part of the dielectric function:

32ðuÞ ¼ 2pe2

U30

X
k;v;c

���Jc
kjû$~rjJv

k

���2d�Ec
k � Ev

k � E
�

(2)

where e is the elementary charge, U is the unit cell volume, 30 is
the vacuum permittivity, Jv

k and Jc
k are the valence and

conduction band wave functions at wave vector k, u is the
polarization vector of the incident electric eld, and d is the
Dirac delta function ensuring energy conservation.

(3) Absorption coefficient:

aðuÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2u


 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
312ðuÞ þ 312ðuÞ

p
� 31ðuÞ

�1
2

vuut
(3)

It represents the rate at which light is absorbed per unit
distance.

(4) Refractive index:

nðuÞ ¼

2
66431ðuÞ þ u2

2ðuÞ12
2

þ 31ðuÞ
2

3
775

1
2

(4)

It described the phase velocity of light in the medium.
(5) Reectivity:

Rðu Þ ¼

2
66666664

0
@3ðuÞ12 � 1

1
A

0
@3ðuÞ12 � 1

1
A

3
77777775

2

(5)

which gives the fraction of incident light reected at the
surface.

(6) Energy loss function:

LðuÞ ¼ 32ðuÞ
312ðuÞ þ 322ðuÞ (6)

It indicated the energy loss of a fast electron traversing the
material.
3. Results and discussion
3.1 Structural properties

The VXY series of compounds, where X represents Fe or Ir and Y
represents As, Bi, Pb, or Sn, are categorized as Half-Heusler
50912 | RSC Adv., 2025, 15, 50910–50930
materials. These compounds crystallize in the F�43m space
group (no. 216), a characteristic shared with other MgAgAs-type
crystal structures.34,35 A single formula unit (XYZ) has 3 atoms in
the primitive cell. The Conventional crystal structures of VXY (X
= Fe, Ir and Y = As, Bi, Pb, Sn) is depicted in Fig. 1. Our opti-
mized lattice constants 5.46 Å (VFeAs), 5.88 Å (VFeBi), 6.19 Å
(VIrPb), and 6.08 Å (VIrSn) show deviations within #0.8% from
reported values, demonstrating high consistency and conrm-
ing the reliability of our structural predictions (see Table 1). The
systematic progression observed in these optimized lattice
parameters underscores the reliability of the Density Functional
Theory (DFT) methodology employed in this research, affirming
its capacity for predicting the structural characteristics of the
Half-Heusler framework. This consistent behavior also suggests
that the atomic arrangement within these compounds remains
structurally robust across the various compositions. Optimal
structural stability in these VXY Half-Heusler alloys is achieved
when the atoms occupy specic Wyckoff positions: V atoms at
4a (0, 0, 0), Fe or Ir atoms at 4b (0, 0, 0.5), and As, Bi, Pb, or Sn
atoms at 4c (0.75, 0.25, 0.75). Further theoretical data presented
in Table 1 aligns well with our computational ndings for the
lattice parameters and unit cell volumes of the VXY compounds,
thereby validating the accuracy of our current calculations.

The formation energy (DEf) was calculated as:

DEf(VXY) = [Etot.(VXY) − Es(V) − Es(X) − Es(Y)] (7)

where Etot. is the total energy of the unit cell, and Es(V), Es(X),
and Es(Y) are the energies of the constituent atoms in their
standard states. All of Heusler compounds show the negative
formation energies, indicating their thermodynamic stability.

The optimized nearest-neighbor bond lengths (Table 2)
reveal clear and consistent trends across all studied
compounds. In VFeAs and VFeBi, the Fe–As (2.37 Å) and Fe–Bi
(2.55 Å) bonds are shorter than the corresponding V–As (2.74 Å)
and V–Bi (2.95 Å) distances, indicating comparatively stronger
bonding between Fe and the pnictogen atoms. A similar pattern
appears in VIrPb and VIrSn, where the Ir–Pb (2.68 Å) and Ir–Sn
(2.64 Å) bonds remain shorter than the associated V–Pb and V–
Sn bonds (3.05–3.10 Å). These trends conrm that the transi-
tion-metal–anion interactions dominate the local bonding
environment and demonstrate the structural consistency of the
optimized geometries.

3.2 Electronic properties

To precisely evaluate key electronic properties such as the band
structure and total density of states (TDOS), it is essential to
have a thorough understanding of the electrical behavior of
cubic materials, particularly ternary Heusler alloys like VXY (X=

Fe, Ir and Y = As, Bi, Pb, Sn). The electronic band structure and
the density of states are the two fundamental parameters that
govern a material's electrical characteristics. These electronic
features not only determine charge transport behavior but also
provide critical insights into the material's optical properties
and help classify it as a conductor, semiconductor, or insu-
lator.37 This investigation provides valuable understanding of
the relationship between solid-state band structures and the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Conventional crystal structures of VXY (X = Fe, Ir and Y = As, Bi, Pb, Sn).
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corresponding crystal properties.38,39 Following structural opti-
mization, the electronic characteristics of VXY (X = Fe, Ir and Y
= As, Bi, Pb, Sn) were analyzed using rst-principles calcula-
tions within the framework of the HSE06 hybrid functional. The
computed electronic band structures and total density of states
(DOS) for the cubic phases are depicted in Fig. 2 and 4, along the
high-symmetry path W–L–G–X–W–K. The Fermi level, posi-
tioned at 0 eV, is indicated by a dashed line and serves as the
reference separating the valence and conduction bands. The
electronic band structures are displayed within an energy range
of−4 to +4 eV. All four materials VFeAs, VFeBi, VIrPb, and VIrSn
exhibit semiconducting behavior characterized by indirect band
gaps, where the valence band maximum (VBM) and conduction
Table 1 Optimized unit cell volumes V (Å3) and lattice parameters a =

b = c (Å) and formation enthalpy DHf (eV per atom) for VXY (X = Fe, Ir
and Y = As, Bi, Pb, Sn)

Compounds a = b = c (Å) V (Å3) DHf (eV per atom) Ref.

VFeAs 5.46 163.13 −0.469 This study
5.49 36

VFeBi 5.88 203.31 −0.100 This study
5.93 36

VIrPb 6.19 237.85 −0.349 This study
6.19 36

VIrSn 6.08 225.22 −0.427 This study
6.08 36

© 2025 The Author(s). Published by the Royal Society of Chemistry
band minimum (CBM) occur at different k-points. The calcu-
lated band gap values are 1.615 eV for VFeAs, 1.378 eV for VFeBi,
1.361 eV for VIrPb, and 1.574 eV for VIrSn. Since experimental
band-gap values for these specic compositions are not avail-
able. Therefore, we compared our HSE06 results with previous
GGA-based calculations for related Half-Heusler compounds. As
expected, the hybrid functional yields larger band gaps, con-
rming the consistency and reliability of our electronic results.

The inuence of spin–orbit coupling (SOC) on the electronic
structure of VFeAs, VFeBi, VIrPb, and VIrSn is presented in
Fig. 3. The inclusion of SOC introduces noticeable band
Table 2 Optimized nearest-neighbor bond distances (Å) for the
VFeAs, VFeBi, VIrPb, and VIrSn Half-Heusler compounds

Compound Bond type Bond length (Å)

VFeAs Fe–As 2.37
V–Fe 2.37
V–As 2.74

VFeBi Fe–Bi 2.55
V–Fe 2.55
V–Bi 2.95

VIrPb Ir–Pb 2.68
V–Ir 2.68
V–Pb 3.10

VIrSn Sn–Ir 2.64
V–Ir 2.64
V–Sn 3.05

RSC Adv., 2025, 15, 50910–50930 | 50913
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Fig. 2 The band structures of (a) VFeAs, (b) VFeBi, (c) VIrPb, and (d) VIrSn.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 4

/5
/2

02
6 

5:
55

:0
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
splitting near the Fermi level, with the strength of this effect
increasing systematically for compounds containing heavier
elements such as Bi, Pb, and Ir. Despite these changes, all
investigated compounds retain their indirect semiconducting
nature. For VFeAs, SOC induces only minor modications to the
band dispersion, resulting in a slightly reduced indirect band
gap of 0.353 eV. In VFeBi, the enhanced relativistic effects
associated with Bi cause more prominent valence-band split-
ting, decreasing the band gap to 0.066 eV. In VIrPb, SOC leads to
signicant splitting in both the conduction and valence bands,
consistent with the presence of heavy Pb and Ir atoms, and
yields a modied band gap of 0.212 eV. A similar behavior is
observed in VIrSn, where SOC reduces the band gap to 0.286 eV
and produces distinct splitting at several high-symmetry k-
points. Overall, SOC reduces the band gaps and introduces
additional splitting particularly in Bi- and Pb-containing
compounds—yet the fundamental electronic trends and semi-
conducting character remain preserved. These SOC-inclusive
results therefore provide a more accurate and complete
description of the electronic properties of the studied Half-
Heusler materials.

Fig. 4 shows the Total Density of States (TDOS) and Partial
Density of States (PDOS) of VXY (X = Fe, Ir and Y = As, Bi, Pb,
Sn) at absolute zero pressure and temperature. The primary
50914 | RSC Adv., 2025, 15, 50910–50930
contributors to the valence and conduction bands are the V-3d,
Fe-3d, and As-4p orbitals for VFeAs; V-3d, Fe-3d, and Bi-6p
orbitals for VFeBi; V-3d, Ir-5d, and Pb-6p orbitals for VIrPb;
and V-3d, Ir-5d, and Sn-5p orbitals for VIrSn, as depicted in
Fig. 4. Most of these orbitals are distributed within the energy
range of −6 eV to +6 eV, indicating their key roles in deter-
mining the electronic behavior of these Heusler alloys.

In all gures, the valence and conduction bands are sepa-
rated by a broken dotted line, which represents the Fermi level
located at 0 eV. For VFeAs, the Fe-3d orbitals exhibit a sharp
peak at approximately −2.16 eV with a density of about 4.14
states per eV, while the V-3d orbitals peak near 3.03 eV (2.25
states per eV). The As-4p orbitals contribute around −4.79 eV
(1.18 states per eV). In VFeBi, the Fe-3d states dominate at
−1.97 eV (4.47 states per eV), and the V-3d orbitals appear at
2.31 eV (3.11 states per eV), while the Bi-6p orbitals contribute
prominently around−4.04 eV (1.18 states per eV). For VIrPb, the
Ir-5d orbitals show a pronounced peak at −3.10 eV (5.28 states
per eV), with the V-3d states peaking at 2.25 eV (3.25 states per
eV). The Pb-6p orbitals are mainly located at −0.66 eV (0.68
states per eV). In VIrSn, the Ir-5d orbitals have a strong contri-
bution near −3.25 eV (4.28 states per eV), while V-3d orbitals
peak at 2.36 eV (3.35 states per eV). The Sn-5p orbitals are
centered around −0.69 eV (0.62 states per eV). These partial
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Spin–Orbit Coupling (SOC) for (a) spin-up and (b) spin-down states in the Half-Heusler compounds VFeAs, VFeBi, VIrPb, and VIrSn.
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density of states (PDOS) values conrm strong p–d hybridiza-
tion between themain-group p-orbitals and the transitionmetal
d-orbitals in each material, which supports covalent bonding
characteristics and electronic stability. Notably, VFeAs and
VIrSn exhibit slightly higher DOS intensity near the Fermi level
compared to VFeBi and VIrPb, suggesting superior carrier
© 2025 The Author(s). Published by the Royal Society of Chemistry
transport and electronic activity. These properties make VFeAs
and VIrSn especially promising for semiconductor and opto-
electronic applications. The Fermi level is located at 0 eV,
marked by a broken dotted line in all DOS gures. The band
structure and DOS consistently indicate well-dened indirect
band gaps for all four compounds, conrming their
RSC Adv., 2025, 15, 50910–50930 | 50915
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Fig. 4 PDOS and TDOS of (a) VFeAs, (b) VFeBi, (c) VIrPb, and (d) VIrSn.
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semiconducting character and suggesting their suitability for
optoelectronic applications. The sharp peaks in the d-orbitals
near the Fermi level imply high effective masses, but also
indicate strong localization and potential thermoelectric
performance.40
50916 | RSC Adv., 2025, 15, 50910–50930
3.3 Optical properties

The exploration of optical properties is an essential approach to
understanding how materials interact with incident electro-
magnetic radiation.41 Analyzing energy- and frequency-
dependent optical responses plays a crucial role in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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determining the suitability of these materials for optoelectronic
and photovoltaic technologies. In this study, we investigated
a range of optical parameters as functions of photon energy,
extending up to 50 eV. The evaluated properties include the
absorption coefficient (a(u)), optical conductivity (s(u)), reec-
tivity (R(u)), complex dielectric function (3(u)), energy loss
function (L(u)), and refractive index (n(u)). These frequency-
dependent optical characteristics for the VXY (X = Fe, Ir; Y =

As, Bi, Pb, Sn) compounds are illustrated in Fig. 5.
The absorption coefficient (a) is a key optical parameter that

quanties a material's capacity to absorb incident photons,
directly inuencing its potential for solar energy conversion in
devices like photovoltaic cells.42 It also serves as a measure of
how electromagnetic radiation attenuates within the material,
Fig. 5 Optical properties: (a) absorption, (b) dielectric function, (c) condu
= Fe, Ir; Y = As, Bi, Pb, Sn).

© 2025 The Author(s). Published by the Royal Society of Chemistry
thereby providing insights into both optical and mechanical
responses.43 In this study, the energy-dependent absorption
behavior of VXY compounds (where X = Fe, Ir and Y = As, Bi,
Pb, Sn) was systematically examined. As illustrated in Fig. 5(a),
each compound exhibits distinct absorption features, with
notable peaks appearing around 3.70 eV for VFeAs, 3.00 eV for
VFeBi, 2.60 eV for VIrPb, and 3.00 eV for VIrSn. These peaks
correspond to absorption magnitudes of approximately 12.58 ×

105 cm−1, 11.51 × 105 cm−1, 39.58 × 105 cm−1, and 13.58 ×

105 cm−1, respectively. Such strong absorption in the visible and
ultraviolet regions suggests promising applicability in opto-
electronic and solar harvesting technologies. As the incident
photon energy increases, the absorption intensities rise signif-
icantly, reaching maxima in the visible (VR) and ultraviolet (UV)
ctivity, (d) refractive index, (e) reflectivity, and (f) loss function of VXY (X

RSC Adv., 2025, 15, 50910–50930 | 50917
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energy ranges, before gradually declining at higher energies.
The strong absorption of VXY compounds in the visible and
ultraviolet regions highlights their suitability for solar-light
harvesting and UV-sensitive applications.44 Such strong UV
absorption makes them particularly attractive for use in areas
like sterilization technologies, including the disinfection of
surgical instruments.45 Moreover, their notable absorption
coefficients in the UV spectrum further support their potential
utility in advanced technological applications, such as space-
grade photovoltaic systems,46 solid-state ultraviolet light-
emitting diodes (LEDs), X-ray phosphors, and other optical
and radiation detection devices.47

As shown in Fig. 5(b), both the real part (31) and imaginary
part (32) of the dielectric function exhibit an increasing trend in
the low-energy region as the photon energy rises.48 However, as
the energy reaches the visible region (VR), the real part 31 begins
to decrease, while the imaginary part 32 shows a similar
decreasing behavior in the ultraviolet region (UR). This varia-
tion in dielectric response indicates that the VXY compounds
(where X = Fe, Ir and Y = As, Bi, Pb, Sn) possess strong
frequency-dependent dielectric characteristics, making them
suitable candidates for use in microelectronic devices and
integrated circuit components.49 The static dielectric constants
for these compounds are found to range between 12.5 and 14,
which aligns with values typical of materials exhibiting strong
polarizability. Notably, beyond 5 eV, the real part 31(u) becomes
negative, suggesting that the materials enter a regime of metal-
like behavior, where they reect nearly all incident electro-
magnetic radiation due to the plasma frequency being excee-
ded. The imaginary part 32(u) reaches its maximum at what is
known as the rst absorption peak (FAP)—an indicator of major
electronic transitions near the Fermi level. For the compounds
under study, the FAP values are measured to be approximately
16.00 at 3.90 eV for VFeAs, 16.00 at 3.70 eV for VFeBi, 14.00 at
3.00 eV for VIrPb, and 15.00 at 3.00 eV for VIrSn, conrming
their strong absorption response in the low- to mid-UV energy
range.

The optical conductivity spectra, both real and imaginary
components, are illustrated in Fig. 5(c). Optical conductivity,
denoted as s(u), characterizes a material's ability to transport
free charge carriers under electromagnetic radiation across
a specic photon energy range. The real part of s(u) reects the
material's dissipative response, essentially representing energy
absorption due to electronic transitions. As depicted in the
gure, the real part of the optical conductivity exhibits
a noticeable rise in the energy range of approximately 3.70 to
5.40 eV, which corresponds to increased electron excitation
from the valence to the conduction band, leading to the
generation of free carriers. This behavior is evident across all
four compounds studied, where a steep increase in s(u) occurs
shortly aer photon exposure, followed by a gradual decline as
the photon energy continues to rise. This trend indicates
a threshold-like response, where interband transitions domi-
nate in the low tomid-energy range.48 Meanwhile, the imaginary
part of the optical conductivity initially shows a decreasing
trend with rising photon energy, reecting reduced energy
storage capabilities in the medium. Interestingly, at higher
50918 | RSC Adv., 2025, 15, 50910–50930
energy levels, it begins to increase again, which is typically
associated with high-energy electronic transitions and dynamic
polarization effects. These results conrm the potential of the
VXY (X = Fe, Ir; Y = As, Bi, Pb, Sn) compounds for optoelec-
tronic applications, particularly in devices that operate under
mid- to high-energy photon exposure.

The refractive index N(u) is a critical optical property with
broad relevance in technologies such as solar cells, infrared
detectors, optical waveguides, and photonic crystals.50 It
consists of two parts: the real component (n), which denes the
phase velocity of light through a medium, and the imaginary
component (k), which reects the extent of light absorption
within the material. As presented in Fig. 5(d), the static refrac-
tive index n (0) for the studied VXY compounds (where X= Fe, Ir
and Y = As, Bi, Pb, Sn) lies within the range of approximately
3.50 to 3.70. This range is considered optimal for devices such
as quantum dot light-emitting diodes (QLEDs), organic LEDs
(OLEDs), photovoltaic cells, and waveguides.51 Furthermore, the
peak refractive index values observed are between 4.25 and 4.50,
occurring around a photon energy of 2.40 eV, indicating strong
light–matter interaction in the visible energy range. Prior
studies suggest that optoelectronic devices perform efficiently
when the refractive index lies between 2.0 and 4.0.52 The VXY
materials investigated fall within or near this ideal window,
reinforcing their promise for advanced optical and optoelec-
tronic applications. Additionally, the fact that all refractive
index values are greater than one conrms their semi-
conducting nature.

Reectivity refers to the proportion of incident light that is
reected off the surface of a material in comparison to the total
incoming light energy. It provides important insights into the
surface optical response and energy loss characteristics of
a material. As illustrated in Fig. 5(e), the reectivity of the VXY
compounds (where X = Fe, Ir and Y = As, Bi, Pb, Sn) exhibits
signicant values, with maximum reectance reaching
approximately 50% for VFeAs, 46% for VFeBi, 49% for VIrPb,
and 44% for VIrSn. This indicates that nearly half of the inci-
dent light is reected in the low-energy region. However, as the
photon energy increases, a notable decrease in reectivity is
observed in the high-energy (UV) region. This reduction is
attributed to enhanced interband electronic transitions, where
photons with sufficient energy excite electrons across the band
gap, thereby reducing the amount of light reected from the
material surface. Such reectivity behavior suggests that these
compounds can effectively manage light–matter interactions
and may be promising candidates for applications in photonic
coatings, solar absorbers, and optoelectronic surface
engineering.39

The energy-loss function L(u) characterizes the amount of
energy dissipated by a high-energy electron as it travels through
a material. The most prominent peak in the L(u) spectrum
signies the plasma resonance, where collective oscillations of
the material's free electron cloud occur. The energy corre-
sponding to this peak is known as the plasma energy, and the
associated frequency is referred to as the plasma frequency up.
As shown in Fig. 5(f), the VXY compounds (X= Fe, Ir; Y= As, Bi,
Pb, Sn) exhibit distinct plasma peaks. Specically, the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The evaluated elastic constants Cij (GPa) with Born stability
criteria, Cauchy pressure, bulk modulus B (GPa), shear modulus G
(GPa), Young's modulus Y (GPa), hardness HV (GPa), machinability
index (mm = B/C44), Kleinman parameter (z), Poisson's ratio n, Pugh's
ratio B/G, of titled compounds

Parameters VFeAs VFeBi VIrPb VIrSn

Born stability C11 (GPa) 333.18 259.45 210.87 252.07
C12 (GPa) 123.60 74.83 119.37 132.16
C44 (GPa) 109.52 33.00 28.31 59.73
C11 − C12 (GPa) 209.58 184.62 182.56 119.91
C11 + 2C12 (GPa) 580.38 409.11 267.49 516.39

Cauchy pressure, CP (GPa) 14.08 41.83 91.06 72.43
Bulk modulus, B (GPa) 193.46 136.37 149.87 172.13
Shear modulus, G (GPa) 107.63 56.72 34.35 59.82
Young modulus, Y (GPa) 272.38 149.45 95.73 160.83
Hardness HV (GPa) 16.86 6.92 2.45 6.22
Machinability index (mm = B/C44) 1.76 4.13 5.29 2.88
Kleinman parameter (z) 0.512 0.436 0.679 0.645
Poisson's ratio, n 0.270 0.317 0.393 0.344
Pugh's ratio, B/G 1.79 2.40 4.36 2.87
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maximum energy-loss values are observed at 2.27 units at
21.00 eV for VFeAs, 1.72 units at 20.00 eV for VFeBi, 2.00 units at
40.00 eV for VIrPb, and 2.27 units at 26.00 eV for VIrSn. These
peak values reect the plasma resonance frequencies of the
respective materials and are crucial for understanding their
electronic excitation behavior and optical response in high-
energy regimes. Such peaks are indicative of where the real
part of the dielectric function crosses zero and the material
exhibits metal-like reective behavior, which is important for
applications in plasmonic, energy lters, and radiation shield-
ing materials.53

3.4 Mechanical properties

The elastic constants of a crystal are fundamental in under-
standing its response to external mechanical stimuli under
equilibrium conditions, revealing key attributes such as
mechanical robustness, ductility, brittleness, interatomic
bonding strength, and hardness.27,54 For materials with a cubic
crystal structure, it is sufficient to compute only three inde-
pendent elastic constants C11, C12 and C44 owing to the
symmetry relations (where C11 = C22 = C33, C12 = C23 = C13, and
C44 = C55 = C66) inherent in such systems.30 In this study, these
elastic constants were determined through the stress–strain
methodology, implemented within the CASTEP simulation
framework.55 For cubic crystals to be considered mechanically
stable, their elastic constants must comply with the Born
mechanical stability criteria, which impose essential
constraints on the magnitudes and relationships of the elastic
constants.56

C11 − C12 > 0, C44 > 0 and C11 + 2C12 > 0 (8)

The alloys VFeAs, VFeBi, VIrPb, and VIrSn meet the afore-
mentioned requirements, demonstrating their mechanical
stability (Table 1). Subsequently, essential mechanical charac-
teristics such as Young's modulus (Y), bulk modulus (B), shear
modulus (G), and Poisson's ratio (v) may be ascertained
utilizing the Voigt–Reuss–Hill (VRH) approximations from the
independent elastic constants Cij.57 The Voigt approximation is
utilized to calculate the bulk modulus (BV) and shear modulus
(GV), as seen below:

Bv ¼ BR ¼ C11 þ 2C12

3
(9)

Gv ¼ C11 � C12 þ C44

5
(10)

GR ¼ 5C44ðC11 � C12Þ
½4C44 þ 3ðC11 � C12Þ� (11)

As outlined by the Voigt–Reuss–Hill (VRH) approximation,
the average values of the bulk modulus (B) and shear modulus
(G) are expressed as follows:

B ¼ 1

2
ðBR þ BvÞ (12)
© 2025 The Author(s). Published by the Royal Society of Chemistry
G ¼ 1

2
ðGR þ GvÞ (13)

Y ¼ 9BG

3Bþ G
(14)

v ¼ 3B� 2G

2ð3Bþ GÞ (15)

The bulk modulus (B) is a critical mechanical parameter that
quanties a material's resistance to uniform compression by
evaluating the ratio of volumetric stress to strain. A higher value
of B reects greater resistance to volume change and plastic
deformation. As shown in Table 3, VFeAs exhibits the highest
bulk modulus among the investigated compounds, indicating
its superior resistance to compressive deformation. The
descending order of bulk modulus for the studied materials is:
VFeAs > VIrSn > VIrPb > VFeBi. The shear modulus (G), another
fundamental mechanical property, measures the resistance of
a material to shape change under shear stress, indicating the
strength of directional atomic bonding. A larger G value implies
stronger resistance to shear deformation. According to Table 3,
VFeAs again shows the highest shear modulus, suggesting more
robust bonding and better mechanical stability under shear
loading compared to the other compounds. The order of shear
modulus values follows the trend: VFeAs > VIrSn > VFeBi >
VIrPb. Furthermore, Young's modulus (Y) reects the stiffness
of a material in response to uniaxial stress and is a key indicator
of its rigidity. A high Y value signies a less deformable (i.e.,
stiffer) material. From the data presented in Table 3, VFeAs
displays the highest Young's modulus, underscoring its supe-
rior stiffness relative to the other compounds studied. The trend
for Young's modulus is: VFeAs > VIrSn > VFeBi > VIrPb.

Hardness is a key macroscopic mechanical property widely
utilized in materials science, particularly in industrial and
RSC Adv., 2025, 15, 50910–50930 | 50919
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technological applications. It is primarily governed by a mate-
rial's resistance to irreversible (plastic) deformation. Materials
exhibiting higher hardness values demonstrate greater resil-
ience against plastic deformation, whereas those with lower
hardness tend to deform more readily under applied stress. In
this study, the Vickers hardness (HV) has been evaluated using
a standard empirical relation.58

Hv ¼ ð1� vÞY
6ð1þ vÞ (16)

In the hardness range of 2 to 8 GPa, materials generally exhibit
enhanced machinability and resistance to mechanical
damage.59 Among the examined compounds, VFeAs displays the
highest hardness value, underscoring its superior capacity to
resist plastic deformation. Conversely, VIrPd presents the
lowest hardness, implying better machinability relative to the
other materials under consideration. Based on the values re-
ported in Table 3, the descending order of hardness is as
follows: VFeAs > VFeBi > VIrSn > VIrPd.

The internal strain response of a material can be described
by the Kleinman parameter (z), which quanties the material's
exibility to accommodate structural deformation, ranging
between 0 and 1.60 A lower z value reects stronger resistance to
external stress via bond stretching or contraction, whereas
a higher z indicates that the material accommodates deforma-
tion primarily through bond angle variation (bending).61 The
Kleinman parameter is computed using the following relation:

z ¼ C11 þ 8C12

7C11 þ 2C12

(17)

As illustrated in Table 3, the mechanical strength of VFeAs,
VFeBi, VIrPb, and VIrSn primarily arises from bond stretching
or contraction mechanisms.

In contemporary industrial processes, a material's machin-
ability is a critical parameter, inuencing both manufacturing
efficiency and overall production costs. Several factors
including cutting strategies, mechanical characteristics such as
stiffness and hardness, and tool design collectively impact the
machinability index (mm).62 The machinability index is calcu-
lated using the expression:

mm ¼ B

C44

(18)

Based on the calculated values, VFeAs demonstrates
a considerable machinability index, reecting its notable
mechanical competence relative to the other materials under
investigation. However, a closer examination of Table 3 reveals
that VIrPb exhibits the highest mm value among the studied
compounds, indicating its superior machinability and
enhanced suitability for practical industrial applications. To
evaluate the ductility or brittleness of a material, Pugh's ratio (B/
G) is commonly used. This ratio relates the bulk modulus (B) to
the shear modulus (G), serving as a mechanical indicator of
deformation behavior.63 A B/G value greater than 1.75 suggests
ductile nature, whereas values below this threshold indicate
50920 | RSC Adv., 2025, 15, 50910–50930
brittleness. According to the results listed in Table 3, all four
compounds VFeAs, VFeBi, VIrPb, and VIrSn exhibit B/G ratios
exceeding 1.75, signifying ductile characteristics. Another
important parameter in assessing a material's ductility is Pois-
son's ratio (n). Generally, materials with n > 0.26 are classied as
ductile, while those with lower values are considered brittle.64

All studied compounds present Poisson's ratio values exceeding
0.26, further conrming their ductile mechanical behavior.

3.5 Elastic anisotropy

Anisotropy is a vital physical property intrinsically linked to the
elastic behavior of materials.65 The degree of elastic anisotropy
governs the microscopic mechanical response in both single
and polycrystalline structures.66 This characteristic has
a pronounced inuence on phenomena such as microscale
cracking, dislocation movement, precipitation processes,
plastic deformation, and phonon dispersion modes.67 Accurate
quantication of anisotropy is therefore essential in elds such
as applied engineering mechanics and crystal physics.68–71

According to the model proposed by Shivakumar Rangana-
than,72 elastic anisotropy can be quantied using the universal
anisotropy index (AU), dened as:

AU ¼ GV

GR

þ Bv

BR

� 6$ 0 (19)

In this expression, AU = 0 denotes an elastically isotropic
material, while any deviation from zero (AU s 0) indicates
anisotropic behavior. Based on the calculated AU values (Table
3), the compounds VFeAs, VFeBi, and VIrPb exhibit anisotropic
behavior, whereas VIrSn is found to be isotropic. To provide
further insight into anisotropy, Chung and Buessem73 intro-
duced the percent anisotropy parameters for the AB (bulk
modulus) and AG (shear modulus), given as:

AB ¼ BV � BR

BV þ BR

(20)

AG ¼ GV � GR

GV þ GR

(21)

Here, AB is associated with isotropic compression behavior,
while AG reects the response to shear deformation. A material
is considered elastically isotropic when both AG = AB = 0. The
current analysis reveals that all compounds, except VIrSn, show
non-zero values for these parameters, thereby conrming their
anisotropic nature. For a more detailed understanding of
directional shear anisotropy, the shear anisotropic factors A1,
A2, and A3, corresponding to the {100}, {010}, and {001} crys-
tallographic planes, are calculated using the following
relationships:

For the shear plane {100},

A1 ¼ 4C44

C11 þ C33 � 2C13

(22)

For the shear plane {010},

A2 ¼ 4C55

C22 þ C33 � 2C23

(23)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Calculated elastic anisotropic factors (A1, A2, A3, AZ, A
U, Aeq, AL) for VFeAs, VFeBi, VIrPb, and VIrSn

Compounds A1 A2 A3 AZ AU Aeq AL Ref.

VFeAs 1.04 1.04 1.04 1.04 0.002 1.001 0.001 This study
VFeBi 0.357 0.357 0.357 0.357 1.385 2.154 0.547
VIrPb 0.618 0.618 0.618 0.618 0.281 1.234 0.122
VIrSn 1 1 1 1 0.00 1 0
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For the shear plane {001},

A3 ¼ 4C66

C11 þ C22 � 2C12

(24)

In a perfectly isotropic crystal, the values of A1 = A2 = A3 = 1.
Any deviation from unity signies increasing anisotropy. As
observed in Table 4, the shear anisotropy factors for VFeAs,
VFeBi, and VIrPb deviate from unity, indicating anisotropic
behavior, whereas VIrSn maintains unity values, conrming
isotropic characteristics. Additional parameters such as the
Zener anisotropy index (AZ) and the equivalent Zener anisotropy
factor (Aeq) are also evaluated to enhance the characterization of
elastic anisotropy.74,75

AZ ¼ 2C44

C11 � C12

(25)

A value of AZ = 1 represents perfect isotropy, while deviations
imply anisotropy. Table 4 shows that VFeAs, VFeBi, and VIrPb
exhibit anisotropic behavior (as AZ s1), while VIrSn remains
isotropic.

Aeq ¼
�
1þ 5

12
AU



þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1þ 5

12
AU


2
s

(26)

The value Aeq = 1 also represents isotropy. As reected in Table
4, VFeAs, VFeBi, and VIrPb exhibit values deviating from unity,
conrming their anisotropic behavior, while VIrSn remains
isotropic.

To visually assess the directional dependence of Young's
modulus (Y), shear modulus (G), and Poisson's ratio (n), both 2D
and 3D surface plots were generated using the ELATE
program,76 as presented in Fig. 6–9 for all compounds. In an
ideal isotropic material, the 3D surface would appear as
a perfect sphere; any distortion signies anisotropy in
mechanical response.77 The evident variations in the surface
geometries for each compound conrm the anisotropy di-
scussed earlier. These graphical observations are in agreement
with the computed anisotropic parameters. The minimum and
maximum limits of Young's modulus, Y (GPa), shear modulus,
G (GPa), and Poisson's ratio, v for VFeAs, VFeBi, VIrPb, and
VIrSn are listed in Table 5.
3.6 Thermodynamic properties

Thermodynamic parameters offer vital insights into a material's
structural stability, lattice dynamics, and heat conduction
performance. In this study, the Debye temperature (qD), melting
temperature (Tm), minimum thermal conductivity (Kmin), and
© 2025 The Author(s). Published by the Royal Society of Chemistry
Grüneisen parameter (g) have been systematically investigated
for the VXY compounds, where X= Fe, Ir and Y = As, Bi, Pb, Sn.
The Debye temperature (qD) reects the strength of atomic
bonding and the stiffness of the crystal lattice. A higher (qD)
value corresponds to stronger interatomic interactions and
enhanced vibrational stability. The Debye temperature (qD) can
be evaluated based on the average sound velocity (vm), which is
inuenced by both the shear modulus (G) and the bulk modulus
(B). The average sound velocity is calculated using the following
expressions.78

vm ¼


1

3

�
2

vt3
þ 1

vl3


��1
3

(27)

In eqn (1), “vt” denotes the transverse sound velocity, whereas
“vl” corresponds to the longitudinal sound velocity. These
velocities are determined using the following formulas:

vl ¼

0
B@Bþ 3

4
G

r

1
CA (28)

vt ¼


G

r

�1
2

(29)

The Debye temperature, qD79 can be calculated using the
following equation:

qD ¼ h

kB



3n

4pV

�1
3

vm (30)

Here, h denotes Planck's constant, kB is the Boltzmann
constant, V refers to the unit cell volume, n signies the number
of atoms within the unit cell, and vm represents the material's
average sound velocity under investigation. Among the four
compounds, VFeAs has the highest Debye temperature at 581.53
K, indicating robust bonding and high thermal stability. This is
followed by VFeBi at 336.07 K, VIrSn at 327.02 K, and VIrPb at
225.46 K, suggesting progressively weaker bonding and lower
vibrational resistance. Table 6 presents the calculated Debye
temperature for the VXY compounds the melting temperature
(Tm) determines a material's capacity to withstand high thermal
conditions without undergoing structural breakdown. Deter-
mining the melting temperature of a material is essential, as it
reveals the thermal stability range in which the material can
operate without undergoing oxidation, chemical changes, or
major deformation due to heat. In this study, the elastic
constants of the investigated materials have been utilized to
RSC Adv., 2025, 15, 50910–50930 | 50921
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Fig. 6 3D and 2D representations of VFeAs showing (a) Y (Young's modulus), (b) G (shear modulus), and (c) v (Poisson's ratio).
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estimate their melting temperatures (Tm) through the following
equation.51

Tm ¼ 354k þ �
4$5k Gpa�1

��2C11 þ C33

3



� 300k (31)

Table 6 presents the calculated melting temperatures for the
VXY compounds. VFeAs again shows the highest melting point
at 1517.82 K, highlighting its suitability for high-temperature
applications. The melting temperatures for VIrSn, VFeBi, and
50922 | RSC Adv., 2025, 15, 50910–50930
VIrPb are 1199.80 K, 1181.85 K, and 1029.07 K, respectively,
which aligns well with their corresponding Debye temperatures
and bonding strength. The minimum thermal conductivity
(Kmin) gives the lower limit of heat conduction through the
lattice and is crucial in identifying potential thermoelectric
materials. The minimum thermal conductivity is estimated
using the Clarke model, as outlined in ref. 25.

Kmin ¼ kBnm

�
M

rNAn


�2
3

(32)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 3D and 2D representations of VFeBi showing (a) Y (Young's modulus), (b) G (shear modulus), and (c) v (Poisson's ratio).
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Lower (Kmin) implies better phonon scattering and thermal
insulation capability. In this regard, VIrPb exhibits the lowest
value at 0.351 Wm−1 K−1, followed by VIrSn (0.518 Wm−1 K−1),
VFeBi (0.545 W m−1 K−1), and VFeAs (1.02 W m−1 K−1). Table 6
presents the calculated minimum thermal conductivity values
for the VXY compounds. The relatively low values of Kmin and qD

suggest that VXY have potential as thermal barrier coating
(TBC) materials, as these properties indicate their ability to
reduce heat transfer and enhance thermal insulation. The
Grüneisen parameter (g) is an indicator of the anharmonicity of
lattice vibrations and is closely related to thermal expansion,
phonon–phonon scattering, and lattice instability. The Grü-
neisen parameter is widely used in solid-state physics to explore
© 2025 The Author(s). Published by the Royal Society of Chemistry
the characteristic energy scales related to changes in external
potentials.24 A larger g value indicates a higher level of anhar-
monicity in the material. For the VXY compounds (where X =

Fe, Ir and Y = As, Bi, Pb, Sn), the Grüneisen parameter is
determined using Poisson's ratio based on the following
expression.24

g ¼ 3ð1þ vÞ
2ð2� 3vÞ (33)

Higher values of g typically signify more signicant anhar-
monic effects and reduced thermal conductivity. The computed
g values for the compounds are as follows: VFeAs: 1.60, VFeBi:
RSC Adv., 2025, 15, 50910–50930 | 50923
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Fig. 8 3D and 2D representations of VIrPb showing (a) Y (Young's modulus), (b) G (shear modulus), and (c) v (Poisson's ratio).
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1.88, VIrSn: 2.08, and VIrPb: 2.52. Notably, VIrPb has the
highest Grüneisen parameter, indicating strong lattice anhar-
monicity, which contributes to its exceptionally low thermal
conductivity. Conversely, VFeAs, with the lowest g, exhibits the
most harmonic lattice behavior, in line with its high Debye
temperature and thermal stability.
3.7 AIMD study

In this section, we examine the ab initio molecular dynamics
(AIMD) behavior of the vanadium-based Half-Heusler
compounds VXY (X = Fe, Ir and Y = As, Bi, Pb, Sn). The simu-
lations were performed for a total duration of 10 000 fs using the
50924 | RSC Adv., 2025, 15, 50910–50930
NVE ensemble.80 Fig. 10(a–d) displays the temperature and total-
energy variations of the compounds VFeAs, VFeBi, VIrPb, and
VIrSn during the simulation.

The AIMD prole of VFeAs in Fig. 10(a) shows temperature
oscillations around a stable average value without any abrupt
thermal spikes, indicating the absence of structural instability.
The total energy remains nearly constant, exhibiting only minor
uctuations throughout the simulation, conrming that VFeAs
maintains its structural integrity under the applied thermal
conditions.

Fig. 10(b) illustrates the behavior of VFeBi, which follows
a similar stability trend. Although its energy decreases slightly
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 3D and 2D representations of VFeAs showing (a) Y (Young's modulus), (b) G (shear modulus), and (c) v (Poisson's ratio).

Table 5 The minimum and maximum limits of Young's modulus, Y (GPa), shear modulus, G (GPa), and Poisson's ratio, v for VFeAs, VFeBi, VIrPb,
and VIrSn

Compounds

Young's modulus Shear modulus Poisson's ratio

Ref.Ymin Ymax Gmin Gmax vmin vmax

VFeAs 266.29 276.42 104.79 109.53 0.249 0.278 This study
VFeBi 91.62 225.95 33.00 92.31 0.106 0.630
VIrPb 79.92 124.57 28.31 45.75 0.254 0.550
VIrSn 160.62 161.16 59.73 59.95 0.343 0.345

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 50910–50930 | 50925
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Table 6 Calculated values of thermal factors of VXY (X= Fe, Ir and Y=
As, Bi, Pb, Sn)

Parameter VFeAs VFeBi VIrPb VIrSn

r (g cm−3) 7.37 10.01 12.61 10.69
vt (km s−1) 3.82 2.38 1.65 2.36
vl (km s−1) 6.76 4.60 3.93 4.85
vm (km s−1) 4.24 2.66 1.86 2.65
qD (k) 581.53 336.07 225.46 327.02
Kmin (W m−1 K−1) 1.02 0.545 0.351 0.518
g 1.60 1.88 2.52 2.08
Tm (K) 1517.82 1181.85 1029.07 1199.80

Fig. 10 Ab initio molecular dynamics (AIMD) temperature and total-ener
VFeBi, (c) VIrPb, and (d) VIrSn.

50926 | RSC Adv., 2025, 15, 50910–50930
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at the beginning due to an initial relaxation process, the system
quickly stabilizes and continues with regular oscillations for the
remainder of the simulation. Both temperature and energy
remain well controlled, demonstrating that VFeBi reaches
equilibrium and maintains dynamical stability.

For VIrPb, shown in Fig. 10(c), the temperature exhibits
moderate, well-bounded uctuations with no evidence of
thermal instability. The total-energy curve displays somewhat
larger oscillations than the Fe-based compounds, yet it remains
conned within a stable range without any dri, conrming
that VIrPb preserves its structural stability throughout the 10
000 fs simulation.
gy profiles of vanadium-based Half-Heusler compounds: (a) VFeAs, (b)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The AIMD behavior of VIrSn in Fig. 10(d) reveals highly
stable temperature variations with a relatively narrow uctua-
tion range. Its energy prole is notably steady, showing very
small deviations over time, which reects excellent dynamical
stability. Among all the studied compounds, VIrSn demon-
strates one of the most stable energy responses, highlighting its
strong thermal reliability.

4. Conclusion

This investigation leverages Density Functional Theory (DFT) to
conduct a thorough rst-principles examination of the elec-
tronic, mechanical, optical, and thermodynamic characteristics
of VXY Half-Heusler alloys, where X represents Fe or Ir and Y
denotes As, Bi, Pb, or Sn. Our computational results reveal
specic lattice constants for selected compounds: VFeAs
measures 5.46 Å, VFeBi at 5.88 Å, VIrPb at 6.19 Å, and VIrSn at
6.08 Å. A detailed analysis of their electronic structures
consistently classies all VXY compounds within this series (X
= Fe, Ir; Y= As, Bi, Pb, Sn) as semiconductors, positioning them
as promising candidates for a range of optoelectronic applica-
tions. From a mechanical perspective, our comprehensive
evaluations conrm the inherent stability of these materials.
Furthermore, their demonstrated ductility is a pertinent attri-
bute for practical implementation. While assessed using the
universal anisotropic index (AU) and Zener's anisotropy index
(AZ), the elastic anisotropy assessments clearly indicate that
these VXY alloys exhibit distinct elastic anisotropy, rather than
isotropy. Extensive studies of their optical properties under-
score excellent photoconductive behavior and high optical
reectivity. These ndings strongly support their utility in
diverse elds such as solar cells, waveguides, optoelectronics,
and microelectronics. Additionally, the remarkably low
minimum thermal conductivity (Kmin) and reduced Debye
temperature (qD) observed in these alloys suggest their strong
suitability for thermal barrier coating (TBC) applications. VXY
(X = Fe, Ir; Y = As, Bi, Pb, Sn) compounds explored in this study
present considerable promise for driving signicant progress
across various cutting-edge domains, including green energy
technologies, quantum computing, sensor development, and
both spintronics and optoelectronics.
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