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ABSTRACT: The structural, optical, electrical, thermodynamic, superconducting, and
mechanical characteristics of LiGa,Ir full-Heusler alloys with the MnCu,Al
configuration were comprehensively examined in this work using the first-principles
computation approach premised upon density functional analysis. This theoretical
approach is the first to investigate the influence of pressure on the mechanical and
optical characteristics of LiGa,Ir. The structural and chemical bonding analysis shows
that hydrostatic pressure caused a decrease in the lattice constant, volume, and bond
length of each cell. According to the mechanical property calculations, the LiGa,lr
cubic Heusler alloy exhibits mechanical stability. It also has ductility and anisotropic
behavior. This metallic substance shows no band gap throughout the applied pressure :

range. The physical characteristics of the LiGa,Ir full-Heusler alloy are analyzed in the 0 . ! .
operating pressure range of 0—10 GPa. The quasi-harmonic Debye model is employed - S Enerey E (eV)

to analyze thermodynamic properties. The Debye temperature (291.31 K at 0 Pa)
increases with hydrostatic pressure. A newly invented structure attracted a lot of attention around the globe for its superior
superconductivity (T, ~ 2.95 K). Optical functions have also been improved after applying stress to utilize it in optoelectronic/
nanoelectric devices. The optical function analysis is supported strongly by the electronic properties. Due to these reasons, LiGa,Ir
imposed an essential guiding principle for relevant future research and could be a credible candidate substance for industrial settings.
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1. INTRODUCTION comprehensive array of technical purposes.”” >> Physical
properties like crystal structure, thermal conductivity, and
electrical conductivity are crucial parameters that determine the
material’s performance in different applications, which can be
predicted computationally.”®*” The crystal structure of LiGa,Ir
Heusler is found to be sensitive to pressure and undergoes
structural transitions at specific pressures.”’ Thermal con-
ductivity is an essential factor that regulates the material’s ability
to transfer heat and is also found to be pressure-dependent.”®*’
Similarly, the electrical conductivity of LiGa,Ir Heusler is
sensitive to pressure and has been studied under different
pressures to determine its behavior. One of the most exciting
properties of LiGa,Ir Heusler is its superconducting behavior,
and it is recently studied by Gérnicka’s team.”' Super-
conductivity is a phenomenon where a material demonstrates
no electrical resistance and completely expulses magnetic fields
underneath a critical temperature ( T.).*° Bulk superconductiv-

Several researchers from all over the world have focused on
Heusler metals because of their tunable properties, including
their high Curie temp, tunable electronics structure, acceptable
semiconducting lattice parameter, and varied magnetic prop-
erty.'™” Heusler alloy intermetallic compounds are attractive
options for thermoelectric materials'®™'* and topological
insulators.”'® They can also be used as shape-memory materials,
spin-gapless semiconductors, and other forms of thermoelectric
materials."*~'” Heusler substances can be broadly categorized
into half-Heusler, full-Heusler, and last, quaternary-Heusler.
These structures’ stoichiometric configurations are XYZ, XY,Z,
and XYMZ, in which X, Y, and M are typically transition metals
and Z is the leading group component.'*~*° XY,Z, a full-Heusler
configuration, settles in a cubic L2, arrangement (MnCu,Al-
sample) with the spatial group Fm3m (# 225).'%*"** In this
article, we will investigate the physical characteristics of one such
type. LiGa,Ir Heusler is a relatively new intermetallic compound
that has attracted attention in the scientific community due to its
unique combination of physical and superconducting proper-
ties.”" This material is composed of elements Li (lithium), Ga
(gallium), and Ir (iridium) and has a cubic crystal structure.
Studying this material under pressure has revealed several
interesting properties that have implications for a more
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Figure 1. Constructed conventional unit cell of the LiGa,Ir compound: (a) two-dimensional (2D) and (b) three-dimensional (3D) crystals.

ity is confirmed by the heat capacity, electrical resistivity, and
magnetic susceptibility. Theoretical simulations demonstrate
that the Fermi surface is influenced by the 5d states of Ir and the
4p states of Ga. The phonon spectrum identified three sets of
modes, with the heaviest iridium contributing the most. LiGa,Ir
is an Ir-based superconductor with T greater than that of Rh-
containing isostructural and isoelectronic compounds. This is
due to the stronger electron—phonon coupling constants e—p
resulting from the higher Ir versus Rh mass. T.s reported a
modest pressure dependency, which is due to its high bulk
modulus, small Griineisen parameter, and a compensatory
increase in electronic contribution. Superconductivity is a
phenomenon in which a material demonstrates electrical
resistance and complete expulsion of magnetic fields below a
critical temperature. This makes LiGa,Ir Heusler an exciting
material for further studies in the field of superconductivity, as
the pressure-dependent behavior of its superconducting proper-
ties can be used to tune its performance in various
applications.'*"*" In 2021, Gérnicka et al.’s first investigation
revealed that the superconducting properties of LiGa,Ir Heusler,
including T, and critical magnetic field, are found to be pressure-
dependent, and the maximum T of this material is found to be
around 2.95 K. To understand the electronic structure, lattice
dynamics, and electron—phonon interaction in LiGa,lr, the
researchers conducted first-principles calculations. The calcu-
lated electron—phonon coupling constant (/19_},) was found to
be 0.57, confirming that the superconductivit;r in LiGa,lr is
mediated by the electron—phonon mechanism.”!

In conclusion, LiGa,Ir Heusler is a promising material for
various technological applications due to its combination of
physical and superconducting properties sensitive to pressure.
Recent studies have revealed several interesting properties of
this material, including its crystal structure, thermal con-
ductivity, electrical conductivity, and superconducting proper-
ties. These properties make LiGa,Ir Heusler an exciting subject
for further research and its potential applications in various fields
such as electronics, energy, and materials science. The pressure-
dependent behavior of its properties provides a means to tune its
performance for specific applications, making LiGa,Ir Heusler a
material with immense potential. This study is to comprehen-
sively examine the structural, optical, electrical, thermodynamic,
superconducting, and mechanical characteristics of LiGa,Ir full-
Heusler alloys with the MnCu,Al configuration under hydro-
static pressure using the first-principles computation approach.
Specifically, this research aims to investigate the influence of
hydrostatic pressure on the superconducting, mechanical, and
optical properties of LiGa,lr, analyzes its thermodynamic

properties using the quasi-harmonic Debye model, and explores
its potential for use in superconducting materials and industrial
settings. The pressure effect on this half-Heusler substance can
make this one lucrative object in various applicable arenas,
utilizing process—property—performance linkages.

2. COMPUTATIONAL METHODS

In this research, the Cambridge Serial Total Energy Package
(CASTEP) is employed to predict the physical characteristics of
two-dimensional LiGa,Ir based on the first-principles ap-
proaches.”** The orbital geometry conditions are disregarded
by the CASTEP algorithm.”> The correlation and electron
interchange energies are calculated using the general gradient
approximations (GGAs) by Perdew—Burke—Ernzerhof (PBE)
and PBEsol.** Consideration is given to the ultrasoft-pseudo-
potential that resembles Vanderbilt’s and facilitates electron—
ion interaction.”® To enhance LDA, Hohenberg and Kohn
argued that the gradients of local density should be included in
the formula for exchange with correlation. The latter serves as
the basis for GGA, whereby the exchange—correlation density is
influenced by both the electronic density gradient Vn(r) and the
electronic density n(r) alone.”**” The LDA density of energy is
primarily changed to produce the exchange—correlation energy
in GGA, which may be shown as

EG = [a(e)eSn(r), V(r)lde

:/efmn(r)Fxc[n(r), Vn(r)]n(r)dr )

The exchangeable energy density of an evenly distributed
electron gas with a density of n(r) is denoted by the symbol. The
one-dimensional parameter F, is gradient and density-depend-
ent. The two subcategories of F, are exchange and correlation.
The structural relaxation was attained using the LBFGS
minimization procedure. The test used LiGa,Ir primitive units
with a 600 eV plane-wave cutoft energy. A Monkhorst—Pack
framework with 364 intricate K-points (24 X 24 X 24) was
employed to sample the Brillouin zone.”' The elastic constants
are computed using finite strain theory, implemented in the
CASTEP segment.”””” The highest strain amplitude stayed set
at 0.003. Maximum displacements of 0.001 A, the extreme stress
0f0.05 GPa, the highest forces 0£0.03 eV/ A, and the total energy
of 1 X 107 eV/atom are the considerations for geometry
optimization convergence thresholds.””** With a maximum of
100 repetitions, the electronic self-consistent field tolerance was
adjusted to § X 1077 eV/atom. The charge is set to 0.5, and the
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spin is set to 2.0 in the Pulay charge density mixing method. The
CASTEP tool subtracts the optical attributes established on the
standard DFT Kohn—Sham orbitals.***’

3. RESULTS AND DISCUSSION

3.1. Structural Properties. The LiGa,Ir superconductor, a
member of the complete Heusler phase, has a cubic crystal
structure with the Fm3m spacing group (No. 225).”" A three-
dimensional representation of the LiGa,Ir crystal lattice is
shown in Figure 1, employing the Visualization for Electronic
Structural Analysis (VESTA) software.** Cubic LiGa,Ir super-
conductor is present in 16 and 4 atoms in the ordinary
conventional cells and primitive cells of Figure 1, respectively.
The Ga atoms are situated at 8c Wyckoff positions (0.25, 0.25,
0.25), whereas Li and Ir are in 4a Wyckoff locations (0, 0, 0) and
4b Wyckoff positions (0, 0, 0.5), respectively.”' The Heusler
LiGa,Ir superconductor’s assessed values for the lattice constant
(a) and unit cell volumes (V) at an applied pressure range from 0
to 10 GPa, as well as any known experimental and other
theoretical data, are shown in Table 1.

Table 1. Theoretical and Experimental Values of the Lattice
Constant a and the Measured Volume of a Unit Cell V of
LiGa,Ir at Various Pressures

a(4)
pressure  this work  this work  other works  experimental  V (A%)
(GPa) (PBE) (PBEsol) (PBEsol) (pXRD) (PBE)
0 6.068 6.011 6.016” 6.032%' 22343
2 6.039 5.985 220.24
4 6.011 5.960 217.19
6 5.985 5.936 214.38
8 5.961 5914 211.82
10 5.938 5.893 209.37

The processed lattice parameters are in excellent under-
standing with the outcomes of experiments.”’ The lattice
parameter was determined via PBE and PBEsol. With PBEsol
interchange—correlation functional, the calculated value at 0
GPa is clearly closer to the data collected from experiments
(0.3% error) compared to the PBE interchange—correlation
functional (0.6% deviation). So, the crystal parameters are
analyzed from 0 to 10 GPa with the PBEsol exchange—

correlation function. This demonstrates the correctness and
dependability of the present first-principles calculations that are
DFT-based.” With the applied pressure, lattice volume (V), and
lattice parameter (a) decrease, this also fits well with the
ex];)erimentation.21 As pressure increases, we see a reduction in
lattice parameters and volume. This means that the space
between atoms is decreasing. This causes the repulsive effects
between atoms, increasing the crystal compression under high
pressure. This is the first study to evaluate the impact of pressure
on LiGa,Ir, and it has not been possible to perform a comparison
with other studies.

3.2. Electronic Properties. Electronic band spectrum, total
and partial densities of states (TDOS and PDOS), bond length,
and charge density are valuable tools for discussing and
interpreting a material’s electronic structure and properties.‘“’42
The valence and conduction band electrons within the materials
determine all of the important properties of solids. The type of
energy dispersion in the Brillouin zone area affects these
electrons’ behavior. Figure 2 depicts the LiGa,Ir band topologies
at 0 and 10 GPa, respectively. The valence band (VB) and the
conduction band (CB) are represented, while horizontally
dotted lines at 0 eV show the Fermi level. At zero pressure, the
high symmetrical point of the initial Brillouin zone of LiGa,Ir is
metallic (Figure 2). LiGa,Ir has a coincident valence band
maxima (VBM) and conduction band minima (CBM). It stays
metallic when pressures between 0 and 10 GPa are applied. The
primary need for a superconductor is making the structure of the
metal. It is shown that LiGa,Ir has this property using the GGA-
PBE approximation.”* To determine the LiGa,Ir structure’s
bonding characteristics, which are shown in Figure 3, the TDOS
and PDOS have been determined.*>**

Figure 3 shows two VBs intersecting the Eg, located on a
TDOS curve with a falling slope. In Figure 4, the contribution of
every element’s orbital in the density of states and hybridization
is discussed. The Ga-4p and Ir-5d states make up the majority of
the contribution at Eg. At Eg, Li contributes very little. This study
shows that these electrons are primarily responsible for
superconductivity in LiGa,Ir, as seen in earlier studies.”’ At Ey
DOS levels, LiGa,Ir has 1.56 states/eV/fu, which is in good pact
with previous hypothetical studies.”" This value does not change
in any significant way with the applied hydrostatic pressures.

A possible technique to examine a material’s chemical
bonding structure is the Mulliken atomic population.*>*°

0 GPa

K-points

N\

BN

Ep

K-points

Figure 2. Electronic band structure computed of LiGa,Ir at 0 and 10 GPa pressures.
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Figure 3. Calculated (a) TDOS of the LiGa,Ir compound at 0, 2, 4, 6, 8, and 10 GPa and (b) DOS of Li, Ga, and Ir atoms in the LiGa,Ir compound at 0
and 10 GPa pressures.
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Figure 4. Calculated PDOS: (a) Li, (b) Ga, and (c) Ir of LiGa,Ir at 0 and 10 GPa pressures.
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Table 2. Mulliken Atomic Populations of the LiGa,Ir Superconductor

compound

LiGa,Ir

P (GPa) species s P d

0 Li 1.54 0.00 0.00

Ga 1.24 2.14 9.99

Ir 0.58 1.01 8.11

10 Li 1.47 0.00 0.00
Ga 1.17 2.20 9.99

Ir 0.57 1.11 8.12

21888

total

1.54
13.38
9.71
1.47
13.36
9.81

charge

1.46
—-0.38
—-0.71

1.53
—0.36
—0.81

bond
Li—Ga

Ga-Ir
Li—Ga

Ga—Ir

population

—0.79

0.13
—0.77

0.13

length (&)
2.628

2.628
2.572

2.572
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When a material exhibits electrostatic attraction, which means
ionic bonding, the bond population is low, but when a material
shows covalent bonding, the bond population is large.*” Table 2
displays the LiGa,Ir superconductor’s computed bond pop-
ulations. Table 2 indicates that Ga and Ir have negative charges
for the LiGa,lIr superconductor. This means that the positive
charges of Li atoms are now transferred to Ga or Ir. Because the
Ga—Ir link has a positive bond population of 0.13 at both
maximum and minimum stresses 0 and 10 GPa, a strong
covalent contact is exhibited between the Ga and Ir atoms
(Table 2). In contrast, the Li—Ga (Li—Ga) bond’s bond
population is negative (0.79 (0.77) at 0 (10) GPa), indicating
ionic bonding properties. The Li—Ga (Ga—Ir) bond length is
2.628 (2.572) A. Last but not least, it has been shown that these
substances include ionic and covalent bonds by careful
investigation and computation of the cumulative/total DOS,
PDOS, Mulliken atomic populations, and total charge
distribution of the LiGa,Ir superconductor. This is a shared
trait of structural materials of the MnCu,Al class.

3.3. Mechanical Properties. The elastic factor is a crucial
measurement system for understanding the mechanical
attributes, stability, internal forces in solids, and stiffness of
materials."**” Elastic and mechanical attributes are critical
considerations in materials engineering concerning the improve-
ment and use of appliances.'® Consequently, finite strain theory
is used to survey the mechanical attributes.”> Understanding
how hydrostatic pressure influences the elastic constants is vital
since the lattice parameter of LiGa,lIr decreases with imposed
hydrostatic pressure. Three distinct elastic variables within
crystals are C;;, C,, and C,,. Table 3 displays the LiGa,lr

Table 3. Estimated Quantities of C; (GPa) and Cauchy
Pressure C;,—C,, (GPa) of the LiGa,Ir Superconductor at
Various Pressures

pressure (GPa) Cin C Cus Ci-Cys remarks
0 166.6 138.8 82.7 56.1 31

0 145.67 118.22 91.31 2691 this work

2 158.65 130.96 95.56 35.40 this work

4 166.95 139.19 99.59 39.60 this work

6 181.64 153.64 104.14 49.50 this work

8 190.99 162.82 107.64 55.18 this work

10 200.95 172.63 111.20 61.43 this work

superconductor-calculated elastic constants for different pres-
sures. The Born stability criteria mentioned below’® determine
the mechanical stability of the phase

C1>0,Cy>0,C;+2C,>0andC,; - C,>0
2)
It is clear from Table 3 that these projected elastic constants
fulfill every one of the Born stability constraints, which confirms

the mechanical stability of the investigated material. It is feasible
to ascertain if a material is ductile (+ve/positive value) or brittle
(—ve/ neégative value), employing the Cauchy pressure (C;—
Cyy).”?° In Table 3, the estimated Cauchy pressure is tabulated,
and it can be observed that both compounds’ computed values
are positive under all applied stresses, revealing that they are
ductile. With heightened pressure, materials become more
ductile (see Table 3). Fundamental mechanical parameters of
LiGa,lr, like the bulk modulus (B) as well as shear modulus (G),
are calculated from the likely elastic constants C; using the
Voigt—Reuss method. This method is described in the article
published by the journal.”'

As well, the following formulations®' are managed to
determine Young’s modulus (E) and Poisson’s ratio (v)

9GB
E=—"_

3B+ G (3)
,_ 3B-2G

2(3B + G) (4)

Corresponding to Table 4, the increasing pressure intensifies
the quantities of B, G, and E, proving that doing so increases the
hardness of LiGa,Ir material. As the hydrostatic pressure
increases, the lattice parameter declines, expanding the
substance’s stiffness by diminishing the interatomic space.
This is significant to the increase in B, G, and E, which increases
hardness. The LiGa,Ir substance is a particularly hard material
since its predicted bulk modulus is comparably large (>100
GPa). Due to the larger value of B, the LiGa,lr compound
exhibits a significant impedance to volume shift at a given stress.
The system used to represent the Voigt—Reuss constraints for
the bulk modulus, as well as the shear modulus, continues to
follow

C,, +2C,

By, =B, = ——=
VTR 3 (s)

C— Cp,+3C,

Gy=—"-—"77"——"—7——
5 (6)

G. = 5C44(C11 B Clz)

N [4Cyy + 3(Cy, — Cpy)l (7)

The stages Hill got to regulate B and G are shown hereafter

1

By =B= (B +B,) ©
1

GH =G= Z(Gu + GR) (9)

Statistics of a substance’s ductile/brittle role include Pugh’s ratio
(B/G) and Poisson’s ratio (v).”> The boundary values of B/G
and v, which are 1.75 and 0.25, respectively, in that order, signify

Table 4. Mechanical Properties Calculated of LiGa,Ir at Various Pressures

pressure (GPa) B (GPa) G (GPa) E (GPa)
0 148.07 41.47 113.79

0 127.37 44.14 118.70

2 140.19 45.65 123.55

4 148.44 47.00 127.55

6 162.97 48.61 132.63

8 172.21 49.83 136.33

10 182.07 51.05 140.07

21889

(B/G) v AY remarks

3.57 0.372 5.95 31

2.89 0.345 6.65 this work
3.07 0.353 6.90 this work
3.16 0.357 7.18 this work
3.35 0.364 7.44 this work
3.46 0.368 7.64 this work
3.57 0.372 7.85 this work
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Table 5. Minimum and Maximum Values of Young’s Modulus, Compressibility, and Shear Modulus, as well as Poisson’s Ratio and

the Ratio A of LiGa,Ir

P(GPa) Y, (GPa) Y,.(GPa) Ay K., (TPa™') K, (TPa!)

0 36.44 136.91 3.76 3.08 3.08
0 39.73 221.09 5.56 2.62 2.62
10 41.39 277.15 6.70 1.83 1.83

the ductile/brittle nature.”®> A material is considered to be
ductile when the B/G ratio of its material is higher than its
marginal value. If it is not, it is considered to be brittle.>® The
structure is ductile at all pressures ranging from 0 to 10 GPa
based on the calculated value of B/G (see Table 4), and they
develop more ductile with boosting pressure. The value of
Poisson’s ratio (v) must be in the range of 0.25 and 0.5.>* Table
4 demonstrates that the magnitude exists around 0.25 and 0.5
throughout the entire operating pressure, representing the
presence of a central force within the LiGa,Ir substance. We also
calculated the substances’ elastic anisotropic (A) factor, which
offers crucial details about how the medium performs in real-
world situations.”*** It is calculated using the Zener equation,*®
which is provided below and shown in Table 5

2Cu

AV =
Ci—Cp (10)
The LiGa,Ir superconductor demonstrates anisotropic perform-
ance due to A” > 1 (Table 5). The following equation is essential
for resolving the anisotropic behavior of a substance. In the
presence of pressure, LiGa,Ir shows significant anisotropy. This
indicates that mechanical characteristics are dependent upon the
direction.

The ELATE tool’” was used to highlight the dependence of
Young’s modulus (E), Poisson’s ratio (v), and shear modulus
(G) at 0 and 10 GPa stresses for further clarification of the
anisotropic nature (shown in Figures S and 6). The cyclic 2D
and 3D charts show comprehensive isotropy, and their
aberrations represent a matter’s anisotropic nature. The assessed
compound exhibits anisotropic characteristics in every course, as
is found in the 3D diagrams. Additionally, the deviation in 3D
spherical for a 10 GPa pressure is less intense than for 0 GPa.
This means that the inducing pressure cannot significantly
increase the anisotropic quality.

3.4. Thermodynamic Properties. Functional materials can
be utilized at various temperatures and pressures. Therefore, it is
essential to understand how thermodynamic parameters such as
temperature and pressure affect the ability to use these materials
in engineering applications. The temperature when a crystal
shows its most excellent regular mode of vibrations is called the
Debye temperature.”®*” Melting points, heat capacity, thermal
conductivity, and Dulong—Petit limits are only a few of the
essential qualities significantly influenced by the investigation of
such a Debye temperature, a somewhat thermodynamic
property.’”®" The creation of linked materials depends on this
assessment. Accurate determination of the Debye temperature
seems difficult. The mathematically measured value may differ
from the actual finding in several situations.”” We utilized data
on the expected elastic moduli to get the Debye temperature for
LiGa,lr. The averaged sound velocity (V,,), longitudinal sound
velocity (V}), and transversal sound velocity (V;) are used to
compute the Debye temperature, as stated in the following
formula®

Gpin (GPa) G, (GPa)  Ag Vinin Vnax A, remarks
12.62 53.11 4.21 —0.237 0.987 o 18
13.72 91.31 6.66 —0.435 1.164 oo this work
14.16 111.19 7.86 —0.486 1.277 3] this work
h(3NY)"
0, = —(—) X 1
ky\ 47V (11)
-1/3
1{ 2 1
i =73 + —
3\v v (12)
1/2
(33 + 4G]
LTl —
3p (13)
And
1/2
( , )
v=|—
p (14)

The computed V,, V,, V}, p, and O, for LiGa,Ir superconductors
are shown in Table 6 from 0 to 10 GPa. With increasing pressure,
the values of density, V,,,, V,, V}, and ®p, increase. From the work
of Gornicka et al,”’ ®p was found to be 277 K and the
experimental results are higher than the theoretically calculated
Debye temperature value at 0 GPa. It is hard to accurately
measure Debye temperatures. Many cases show greater variation
between experimental and theoretical Debye temperatures.”>®*
Table 6 indicates that Debye’s temperature increases with
increasing pressure. This is due to the stronger interatomic
bonding. This is confirmed by the decreased bond length and
lattice constant with pressure.

The capacity of materials to transfer thermal energy from one
area to the next is known as thermal conductivity. The lowest
thermal conductance is a significant thermodynamic character-
istic (K,). As temperatures increase, the materials’ thermal
conductivity diminishes until it ultimately falls to what is
referred to as the lowest thermal conductivity. The minimal
conductivity of the superconductive material is calculated by
utilizing the following formula'®

-2/3
I<min = va[_]
npNy (15)

where kg is stated as the Boltzmann constant, M denotes
molecular mass, 7 is the magnitude of atoms per molecule, N, is
demarcated as Avogadro’s number, and p is the density.

By using the Clarke formula, Table 7 displays the LiGa,Ir
superconductor’s computed K ;.. The K,;;, is determined by the
interactions between molecules and atoms in the materials.
These samples are more densely packed at higher pressures,
which can lead to stronger interatomic bonding. These bonds
create barrier phonons from moving. This causes the material’s
thermal conductivity to increase with increasing pressure. Its
melting point is another crucial thermodynamic variable that is
crucial to thermodynamics. The melting temperature, T;, of the
cubic-type crystal may be determined using the following
equation

T, = 553 + 591C,, + 300 K (16)
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Figure S. 3D and 2D diagrams of (a) Y, (b) K, (c) G, and (d) v of LiGa,Ir at 0 GPa.
The predicted melting point for LiGa,lr is shown in Table 7 volume is reduced. The Dulong—Petit limit is a value that is near

from 0 to 10 GPa. Because of stronger interatomic bonding, the cutoff. The Dulong—Petit limit may be assessed as follows®®

melting temperatures increase with pressure. At extreme

temperature, the anharmonic effect of specific heat at a constant Dulong—Petitlimit = 3nNyky (17)
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Figure 6. 3D and 2D diagrams of (a) Y, (b) K, (c) G, and (d) v of LiGa,Ir at 10 GPa.

where kg stands for the Boltzmann constant and N, stands for 3.5. Superconducting Properties. The term “super-

conductors” refers to substances that carry electricity without

Avogadro’s constant. The Dulong—Petit limit for the cubic 66—68

encountering any resistance. The quantum confinement of

LiGa,lIr superconductor is determined using eq 17. superconductors is still a mystery even after a century after its
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Table 6. Calculated Density (p) as well as Transverse (V,) Velocity, Longitudinal (V;) Velocity, and Average Sound Velocity (V,,,)
and Debye Temperature (@) of the LiGa,Ir Superconductor

pressure (GPa) p (gm/cm?) V, (m/s) V; (m/s) V., (m/s) O (K) remarks
0 277 21
0 10.07 2093.64 4300.34 235222 291.31 this study
2 10.22 2113.46 4435.41 2377.20 295.73 this study
4 10.36 2129.95 4514.10 2396.93 299.56 this study
6 10.50 2151.63 4657.64 2423.82 304.33 this study
8 10.62 2166.12 4740.44 2441.37 307.49 this study
10 10.7§ 2179.18 4823.75 2457.35 310.98 this study
Table 7. Computed Minimum Thermal Conductivity (K,;,) * N(Ep)
as well as Melting Temperature (T,,) and the Dulong—Petit 1 + N(Ey) (19)

Limit of the LiGa,Ir Superconductor

pressure Ko Dulong—Petit limit
(GPa) (W/(mK)) T, (K) (J/mol-K) remarks

0 0.44 1291.75 99.74 18
0 0.56 141391 99.69 this
2 0.57 1490.62 study
4 0.58 1539.67
6 0.59 1626.49
8 0.60 1681.75

10 0.61 1740.61

discovery; therefore, the quest for novel superconducting
materials is quite intriguing. The superconducting critical
temperature (T.), the electron—phonon coupling constant
(1), and the Coulomb coupled constant are all related according
to McMillan’s famous strong-coupled model of superconducting
materials.’” A theoretical connection for determining T, directly

. 0
is as follows’

— ‘9D e—1.04(1+/1)//1—/4*(1+0.62/1)
1.45

¢ (18)
where the electron—phonon coupling constant, the Debye
temperatures, and Coulomb pseudopotential, respectively, are 4,
Op, and p*.

The p*, a constraint range that can be modified from 0.1 to
0.15, is judged as physically satisfactory.”””" The Coulomb
pseudopotential u* is established in eq 19 as follows

It can be seen that the value y* does not have an impact with
pressure. However, the value of DOS at the Fermi level N(Ey) of
LiGa,Ir stays nearly constant as pressure increases. The
definition of 4 is N(Eg) X V,_,, where V,_,; represents the
electron—phonon interaction energies. Figure 3 shows that the
N(Ep) exhibits a slight variation as a function of increasing
applied pressure. In the current study, the variation of A is
affected by the effect of V_;, on the applied pressure. According
to McMillan’s equation, for a fixed 4 value of this compound, T,
could increase with pressure because of an increasing trend of
the Debye temperature. The variance is influenced by the
pressure’s potential impact on V,_;. Because of the increasing
tendency of 0y, with pressure, it is predicted from the McMillan
formula that for a constant value of the LiGa,Ir substance, T.
may increase with the imposed pressure. This is possible because
the Debye temperature is linearly related to T.. This suggests
that the value for low T. (T. > 2.95 K) in the LiGa,Ir
superconductor compounds will increase with the pressure
applied to maintain a constant electron—phonon coupling
coefficient. Researchers will be fascinated by the exciting
properties of LiGa,Ir when pressure is applied to super-
conducting materials, both experimentally and theoretically.
3.6. Optical Properties. The optical properties of a
superconducting substance are attractive due to its remarkable
nature. They show promising results in photovoltaics and
optoelectronics.””*® This section investigates and provides a
detailed analysis of a few optical characteristics. The results are
shown at pressures of 0—10 GPa for LiGa,Ir. To calculate
additional optical parameters, the dielectric function must first

35
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Figure 7. Optical functions of (a) absorption and (b) reflectivity of LiGa,Ir under different pressures.
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Figure 8. Optical functions of (a) the real part of the dielectric function and (b) the imaginary part of the dielectric function, (c) conductivity, and (d)

loss function of LiGa,Ir under different pressures.

be established.”” The formula is £(w) = &,(@) + ie,(w), where
€1(w) and &,(w) stand for the real and imaginary parts of the
dielectric function, correspondingly.” Utilizing the Kramers—
Kronig relation, it may be determined.”* The following is a
derivation of £,(w)

2 00 '6‘2 ’
g(w)=1+ =P de’
1 u 0 w?— o

(20)

Additionally, &,(w) may be developed using the momentum
tensors between occupied and unoccupied wave functions”*>

2
2e’m

D K107y )P8(Eg — E — E)
€o K,V,C

&(w) =

(1)
The symbol for the beam’s frequency is @. The wave functions at
k for the conduction and valence bands are denoted by 4 and
Wi, respectively, in that order. Here, e stands for the electronic
charge, for the molar volume €2, and U for the unit vector along
the orientation of the input electric field. The delta system
preserved the momentum and energy during a transition
between occupied and unoccupied electronic states by emitting
or absorbing photon energy (E). In addition, at a specific k-
vector, Eg and Ey, stand for the electron’s energy in the valence
and conduction bands, respectively. The formulas used to
determine the additional optical properties are covered
elsewhere.”® In this article, we examined the most common
optical functions like optical absorption (&), reflectivity (R), loss

21894

function, real and imaginary elements of refractive index, optical
conductivity (o), and real (¢;) and imaginary (&,) components
of dielectric functions.

The quantity of light energy absorbed into a particular
substance is measured by the absorption coefficient.”” The
analyzed absorption spectra for the cubic-structured LiGa,Ir
superconductor are shown in Figure 7a. As the photon energy
increases, optical absorption begins to increase. It reaches a peak
at 6—8 eV. Then, it starts to fall slowly. It is interesting to observe
that external pressure does not significantly impact absorption.
The absorption spectrum peak shifts to higher energy as external
pressure increases. This illustrates how the LiGa,Ir combination
has a metallic quality. Also, we can get the idea of absorption and
from the absolute value of the absorption of the Beer—Lambert
law (A = acl = —log(T)), where A is absorbance, « is the
absorption coeflicient, ¢ is the concentration of the absorbing
portions in the experimenting sample, ! is the length, and T'is the
transmittance. The material’s reflectance, a gauge of its
suitability for usage as reflectors in real-world gadgets,
demonstrates how beneficial it is.”> The reflectivity spectra of
the investigated chemicals are shown in Figure 7b. The
reflectance of this compound reduces as photon energy
increases. There has been a nonlinear reduction. The reflectivity
spectrum has a few peak regions. Both the visible and infrared
areas of the electromagnetic continuum have high reflectivity. It
progressively drops in the UV area, reaching virtually nothing at
25 eV. Other superconducting compounds in the same family
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exhibit behavior reasonably similar to the observed behavior.”
The responsiveness of a substance to an electromagnetic wave is
described by its dielectric property. The real and imaginary
components of the LiGa,Ir superconductor’s dielectric proper-
ties are shown in Figure 8a,b. The ability of a material to store
electrical energy in an electric field is determined by its dielectric
constant. In comparison to the nonpressurized configuration, as
shown in Figure 8a,b, pressure results in only slightly enhanced
real and imaginary parts of the dielectric constant for this
material. Normally, the metallic sample under pressure can
experience a decrease in the distance between atoms, which can
result in a slight increase in the frequency of oscillation of the
free electrons. However, the dielectric constant of the metal was
not considerably affected by this increase in frequency. As a
result, the dielectric constant of this sample remained nearly the
same as the pressure increased. There are a few modest spikes in
the imagined portion of the dielectric function, yet there is no
substantial peak in the actual part of the dielectric feature for this
compound. The imaginary portion of the dielectric constant for
the LiGa,Ir combination zeros out at around 20 eV. These
statistics imply that the chemical will appear above the
corresponding energy levels. For the LiGa,Ir superconductor,
the imaginary portions of the dielectric values from 0 to 20 eV
are nonzero, suggesting that absorption occurs throughout this
energy range. LiGa,Ir has a high static dielectric property, which
suggests that it may be employed as a dielectric layer.”* Figure 8c
shows the optical conductance of the LiGa,Ir crystal as a
function of the photon energy. Optical conductivity is another
name for photoconductivity. In the visible spectrum, the optical
conductivity increases quickly, peaking at 1 and 3.2 eV photon
energies. In the UV region, conductance reaches its maximum
peak at around 6 eV. The conductivity after that started to
decline. The majority of metallic compounds have this quality.
The loss function is an optical measurement that defines the
amount of energy that is lost by a speedy electron when it travels
through a substance. Plasma energy refers to the amount at
which the loss function is at its highest. At this point, the plasma
energy is when the plasmons are excitation and the absorption
and reflectivity as well as photoconductivity are reduced
dramatically.”® The plasma frequencies of the LiGa,Ir super-
conductor are shown in Figure 8d, which are around 18 eV. As
pressure increases, the peak of the loss function shifts toward the
higher energy.

4. CONCLUSIONS

In a nutshell, LiGa,Ir Heusler is a novel intermetallic compound
that exhibits a combination of structural, electronic, mechanical,
superconducting, and optical properties that make it a promising
material for various technological applications such as micro-
and nanoelectronics. Its crystal structure properties, such as the
lattice volume, lattice parameter, and bond lengths, are found to
be sensitive to pressure and undergo structural transitions at
specific pressures. The material also has pressure-dependent
electrical conductivity, thermal conductivity, and superconduct-
ing properties, including a critical temperature. Furthermore,
LiGa,Ir Heusler is found to exhibit interesting optical properties,
such as a strong absorption in the infrared region, which makes it
a potential candidate for optoelectronic devices. The pressure-
dependent behavior of the properties of LiGa,Ir Heusler
provides a means to tune its performance for specific
applications, making it a highly versatile material. The
combination of its structural, electronic, mechanical, super-
conducting, and optical properties makes LiGa,Ir Heusler an

attractive subject for further research in the fields of materials
science, electronics, and energy. In summary, LiGa,Ir Heusler is
a material with immense potential and holds promise for many
exciting developments in the near future.
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