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Topological insulators are novel quantum material states with insulating bulk band gaps and topologically protected metallic surface states
that have been extensively studied owing to their intriguing properties for spintronic and quantum-computing applications. The structural,
mechanical, electronic, thermal, and optical properties of inverse Heusler compounds La2RuPb and, Sc2 RuPb in two Hg2CuTi, Cu2 MnAl-
type structures were calculated using the full potential linear muffin-tin orbital simulation methodology as implemented in the computer
code,which is based on density functional theory.We employed the local-density approximation for the exchange and correlation potential
(XC) terms. Consequently, the optical characteristics of La2 RuPb, Sc2 RuPb and elastic constantsCij and their corresponding elastic
moduli were computed for the first time. According to our structural calculations, La2 RuPb is more stable in its Hg2 CuTi-type structure
than Sc2 RuPb in its Cu2 MnAl-type structure. However, the mechanical characteristics demonstrate their stability in the final stages of
elastic deformation.
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1. Introduction

Since Heusler compounds are likely to be fresh prospects for
future uses, they have rekindled the attention of researchers.
Intermetallic Heusler compounds are ternary ferromagnetic
compounds with the general formulaX2YZ, which were ini-
tially identified in 1903 by German mining engineer Friedrich
Heusler while examining the Cu2MnSb alloy [1,2].

Based on their estimated electronic band structures, a
novel class of Heusler alloys was anticipated to be labeled
“multifunctional topological insulation (TIs)”. Surface states
are topologically safeguarded safeguarded against impurity
fusion in this new state of matter [3,4].

Because of their diverse properties for spintronic ap-
plications [5, 6], optoelectronics [7], superconductivity
[8], shape-memory [9], giant magnetoresistance spin-valve
(GMR) [10], thermoelectric applications [11], and spin in-
jection to semiconductors [12], interest in them is steadily
growing as in the thin film deposition technology [13–15].

Several theoretical and experimental attempts have been
made to anticipate novel topological insulators (TIs) due to
their enormous promise in spintronics and quantum comput-
ing [16,17]. (TIs) are a relatively novel material class. Their
narrative begins with Bernevig and König’s [18, 19] initial
prediction of (HgTe) as a material (TI). Following this find-
ing, (TIs) materials in binary compounds of (II-VI) group el-
ements have been thoroughly explored.

Full-Heusler alloys are ternary intermetallic compounds
with the stoichiometric compositionX2YZ [1, 20], whereX

and Y are transition metal elements andZ is a (III-, IV-,
or V-group element). These materials have a cubic crystal
shape. Full-Heusler compounds have been found in either
Hg2CuTi-form, designated X-form F43 m symmetry (space
groupN◦216 ) [21], or the (Cu2MnAl)-form denoted as the
L21-type). When the(X) component’s valence electron num-
ber is greater than the(Y) ones, the compound adopts the
L21-type structure [20, 21], but theX-type structure is pre-
ferred in the opposite situation [22]. The unit cell of the
L21-type shape belonging to the FmFm symmetry (space
group N◦225) [12, 23] is made up of four interpenetrating
(FCC) (Face Centered Cubic sublattices) with the following
Wyckoff coordinates:X1 = (0, 0, 0), X2 = (1/2, 1/2, 1/2),
Y = (1/4, 1/4, 1/4), Z = (3/4, 3/4, 3/4). The occupancy
parameters of the X2 and Y components are swapped in the
(X-type) structure. Inverse Heusler compounds are complete
Heusler compounds with a later prototype architecture.

If the two X particles seem no longer equivalent, ternary
and quaternary Full-Heusler alloys are formed. Quater-
nary Heusler alloys with a stoichiometric composition of
(XX’YZ) commonly crystallize as the groupN◦216 [24–26].
The following Wyckoff coordinatesX = (1/2, 1/2, 1/2),
X ′ = (0, 0, 0), Y = (1/4, 1/4, 1/4), Z = (3/4, 3/4, 3/4)
are occupied in the unit cell for the (Y-type) structure. The
search for (TIs) has recently expanded to include ternary
Heusler and chalcopyrite compounds [3, 27]. Zhang et al.
revealed that most inverse Heusler compounds show an in-
verted band order, a promising characteristic of topological
insulators. However, their topological insulating state is re-
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ported to be sensitive to uniaxial strain and variations in the
lattice constants [28].

Understanding a material’s physical qualities is essen-
tial for understanding its features in terms of its opera-
tional uses [29–32]. To better understand the behav-
ior of the La2RuPb, Sc2RuPb compounds, we present our
calculations on the structural, mechanical, electrical, and
optical characteristics of the compounds in their phases
Hg2CuTi2, Cu2MnAl-Type, respectively.

These analyses are used to calculate the phase transitions
and other essential ground state features of these structures.
In addition, electronic band structures are also established
to comprehend the properties of the (TIs). Our calculations
were carried out in the context of density functional theory
(DFT) utilizing the local density approximation (LDA), em-
ploying the full-potential linear muffin-tin orbital (FPLMTO)
approach as implemented in the computer code (LmtART).

To our knowledge, no theoretical or practical study on the
electronic states and characteristics of these Heusler alloys
has been conducted.

The following is how the remainder of the paper is orga-
nized: Section 2 contains computational details and the cal-
culation technique, Sec. 3 has the findings of the structural,
mechanical, electronic, and optical characteristics, as well as
discussion, and Sec. 4 concludes with a short conclusion.

2. Computational details

Several approaches may be used to determine the physical
characteristics of materials, such as electronic structures. The
technique of augmented plane waves (FP-LAPW) [33, 34]
and the full-potential linear muffin-tin orbital (FP-LMTO)
[35,36] are two of the most well-known ab-initio approaches
that are applicable. Moreover, it may be used to solve the
(DFT) equations [37], the most widely used and effective
method for many years. It also has the benefit of addressing
numerous atoms. The latter is now in the tens of thousands
and might rise to the hundreds of thousands in the coming
years. The calculations given here were performed using the
Perdewe-Wang (P.W) [38] model and the (FP-LMTO) tech-
nique built inside the (DFT) as incorporated in the (LmtART
MStudio MindLab 5-code) produced by S.Y Savrasov [39].

A portion of the overall energy calculations for the po-
tential of exchange and correlation (XC) (energy/potential)
was done using the local density approximation (LDA) [40].
Compared to prior versions of the (LMTO) approach, this

TABLE I. RMT (a.u.) of Ru, Pb, and X atoms for X2 RuPb com-
pounds.

Atom La2RuPb Sc2RuPb

X 2.929 2.696

Ru 2.901 2.807

Pb 2.956 2.807

version of (FP-LMTO) incorporates significant enhance-
ments. The charge density/crystal potential is not subjected
to any shape approximation. Furthermore, in this computa-
tional strategy, known as (FP-LMTO), the crystal unit cell is
partitioned into the muffin-tin (MT) sphere region and the in-
terstitial region (IR) for mathematical convenience, and both
zones are handled on the same footing, increasing the accu-
racy of the eigenvalue results. Furthermore, a complete foun-
dation is employed in this technique. For the spherical com-
ponent of the potential, fundamental functions are defined in
numerical solutions of the radial Schrödinger equation multi-
plied by spherical harmonics, while basis functions are given
in terms of Fourier series for the (IR) regions. Charge den-
sity and the related potential were presented within the(MT )
spheres, up to(lmax = 6), using spherical harmonics to carry
out calculations for the(La2RuPb) and (Sc2RuPb) com-
pounds. The k-points integration was carried out using the
tetrahedron method [41] over the irreducible edge of the first
Brillouin region using a (K-point) grid of(10, 10, 10). At the
same time, the criterion of convergence up to

(
10−5

)
was met

self-consistently for the accurate calculations of total energy
and charge density.

3. Results and discussion

3.1. Phase transition and structural properties

In this part, we estimated the structural characteristics of the
two full Heusler alloysLa2RuPb, Sc2RuPb and looked at
both structural phasesHg2CuTi,Cu2MnAl by utilizing the
total energy minimization approach (atT = 0◦K) for the de-
termination of the equilibrium lattice constant. Calculating
the total energy as a volume function was used to optimize
the unit cell volumeV . Finally, the change of total energy
ETOT with volumeV is fitted using Murnaghan’s equation of
state [42,43] to yield the equilibrium lattice constant and the
bulk modulus:

E(V )=E0+
B0V

B′

[(
V

V0

)B′ 1
B′ − 1

+1

]
− B0V0

B′ − 1
, (1)

whereE0 is the ground-state total energy,V0 is the optimal
unit-cell volume, andB0 andB′ are the bulk modulus and its
pressure derivative.

Table II lists our results and additional information for the
optimized lattice constants for both compounds.

Since we are not aware of any experimental data, we com-
pare our results with those obtained in the already-published
papers of Y. Lakred and co-workers [28], A. Bahlouli and
co-workers [29] for the inverse-Heusler alloysX2RuPb, and
X.M. Zhang and co-authors [30] for theY2RuPb investi-
gations. Our computed values are in good correlation and
agreement with those obtained by the researchers mentioned
above (see Table II), which confirm the precision of our ob-
tained results.
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TABLE II. Equilibrium lattice constantsa0 (A◦) and total energyE (Ry/unit cell) for (La RuPb, Sc2RuPb) compounds.

Compound Calculation a0 (A◦) Energy E (Ry/unit cell)

La2RuPb

Other (Theory)

7.3760 [28] -84911.718

7.3417 [29] -84911.720

7.3470 [30] -

Our calculation

7.1597 [LDA] X- Type -84854.71837

7.5746 [GGA] L2 - Type -84854.7606

7.3962 [LDA] L2 21 - Type -84911.68004

7,338 [GGA] X - Type -84911.6587

Experimental - -

Sc2RuPb

Other (Theory)

6.7460 [28] -53978.04810

6.7531 [29] -53978.02600

6.6705 [30] -

Our calculation

6.6342 [LDA] X- Type -53939.81095

6.7263 [LDA] L2 21− Type -53939.82301

6.7934 [GGA] X - Type -53978.00554

6.7237 [GGA] L221 - Type -53939.82461

Experimental - -

TABLE III. The calculated equilibrium lattice parametera0(A
◦), primitive-cell volumeV0 (A◦)3, bulk modulusB0 GPa, its pressure deriva-

tive B′ and the equilibrium energyE0 Ryd for theLa2RuPb, Sc2RuPb compound in theHg2CuTi, Cu2MnAl-type structures.

System structure-type a V0 B0 B′ E0

L a2RuPb Hg2 CuTi 7.1597 91.7538 93.4167 4.72155 -84854.7606

Sc2RuPb Cu2MnAl 6.7263 76.0796 127.6952 4.05872 -53939.82301

FIGURE 1. The variation of the total energy as a function of the volume for the compounds La2RuPb, Sc2RuPb in the Hg2CuTi, Cu2MnAl-
type structures respectively.

The theoretical values supplied in the table using the
(GGA) approximation match with our estimated lattice con-
stants forLa2RuPb, Sc2RuPb. Unfortunately, to our knowl-
edge, no experimental data for these compounds have been
published.

The variation of total energy as a function of vol-
ume for the La2RuPb, Sc2RuPb compounds in the
Hg2CuTi,Cu2MnAl-type structures are shown in Fig. 1.
Table III shows the obtained values for thea = 3

√
4V 0,

E0, V0, B
′ and B0 parameters. To the best of our knowl-
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edge, there is no data in the scientific literature that can be
compared to the findings we’ve achieved.

As shown in Fig. 1, theHg2CuTi-type structure is found
to be the most stable phase for theLa2RuPb compound at
zero pressure because the crossing of theE(V ) curve of the
Hg2CuTi-phase is before the curve of theCu2MnAl-phase
for the lowest energy values, while theSc2RuPb compound
is favored in the reverse caseCu2MnAl-phase.

We believe that the values we discovered and described
in the table above are consistent with those that will be found
in the future by others when studying the two compounds in
this or other ways, even though there was no theory or ex-
perimental values to compare them with our knowledge. The
calculations of the structural properties of the two structures
phases are reliable. These values encourage future experi-
mental work to collaborate with our calculated results.

3.2. Elastic properties

The study of the mechanical properties of materials is sig-
nificant for practical applications. The elastic properties of
a solid are determined by the abovementioned elastic con-
stants, which link the mechanical and dynamic behavior of
a crystal and provide crucial information about the nature of
the forces acting on the solid. The elastic constants, in par-
ticular, are macroscopic quantities that describe the stabil-
ity, stiffness, and anisotropy of materials in inhomogeneous
solids.

Understanding interatomic interactions are possible be-
cause of the influence of hydrostatic pressure. Mechanical
stability and phase transition mechanisms stress to deforma-
tions allow for the evaluation of the wave’s elastic straps’
speed of propagation, as well as the assessment of mechani-
cal properties such as ductility/brittleness, specific heat, hard-
ness, melting point, Debye temperature, and thermal expan-
sion coefficient [44]. Furthermore, elastic constants may be
used to calculate the bulk modulus, shear modulus, Young’s
modulus, and Poisson’s ratio, which are all important in cal-
culating the strength of materials [45].

By studying the impact of hydrostatic pressure, we may
learn about interatomic interactions, phase transition, and
mechanical stability processes. Stresses to deformations
may be used to measure mechanical qualities such as duc-
tility/brittleness, specific heat, hardness, melting point, De-
bye temperature, and thermal expansion coefficient, as well
as the speed of propagation of the wave’s elastic straps [44].
Furthermore, elastic constants may be used to calculate the
bulk modulus, shear modulus, Young’s modulus, and Pois-
son’s ratio, which are all critical in calculating the strength of
materials [45].

Using stress-strain equations, the second-order elastic
constants(Cij) for the La2RuPb, Sc2RuPb compounds in
the Hg2CuTi, Cu2MnAl-type respectively, structure were
calculated in this work. Total energy calculations are per-
formed with regard to volume conserving stresses using the
Mehl approach [46] as described in Ref. [47] to obtain the

(Cij) values. Only three elastic constants(C11, C12) and
(C44) are required to demonstrate the mechanical behav-
ior of a cubic crystal and to satisfy the Born Huang cri-
teria for positive assuredness of the stiffness matrix [48].
(C44 > 0, C11 > C12) , ((C11 + 2C12) > 0) are wellknown
requirements for cubic crystal mechanical stability [49]. We
utilized the averaged values of the Voigt approximation (the
Voigt shear modulusGv) [50] and the Reuss approximation
(the Reuss shear modulusGr) [51] to derive the bulk struc-
tural parameters.

For investigation of the material hardness, the elastic
properties,e.g., bulk modulusB, Voigt-Reuss-Hill shear
modulusGvRH [52] and the elastic Zener anisotropy factor
A [53] are given by the following formulas for cubic crystal:

Bv = Br =
C11 + 2C12

3
, (2)

B =
Br + Bv

2
, (3)

Gv =
C11 − C12 + 3C44

5
, (4)

Gr =
5 (C11 − C12)C44

3 (C11 − C12) + 4C44
, (5)

GV RH =
Gr + Gr

2
, (6)

E =
9BG

3B + G
, (7)

v =
3B − 2G

2(3B + G)
, (8)

A =
2C44

C11 − C12
. (9)

Table IV shows the set of values that were obtained using
the local density approximation (LDA) for the elastic con-
stants and elastic moduli(C11,C12,C44), Young modulusE,
shear modulusG, Poisson’s ratiov and Anisotropy parameter
A, theB/G ratio.

It is worth noting that each elastic constant meets the con-
ditions listed above in the case of the compounds of con-
cern La2RuPb,Sc2RuPb. Bulk modulus also meets the
requirement(C12 < B < C11) [54], indicating that both
compounds are mechanically stable at ambient conditions
with elastic deformation in the twoHg2CuTi, Cu2MnAl-
type structures.

The Poisson’s ratio plays a significant role in distinguish-
ing between covalent and Mod ionic materials, as a small
value of Poisson’s ratio of aroundv = 0.1 characterizes co-
valent materials and aroundv = 0.25 characterizes ionic
materials [55, 56]. In this study, note that the determined
Poisson’s ratio valuesv in both types of structures of the two
compounds are more significant than the critical value 0.25 of
the ionic materials, indicating that these materials are ionic.

Furthermore, we refer to Frantsevich and co-authors
[55], who differentiate the ductility and brittleness of materi-
als by theB/G ratio to comprehend the ductile and brittle
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nature of any compound. Frantsevich [57] further links the
(ductility/brittleness) behavior to the Poisson’s ratio valuev,
which is smaller than 0.33 for brittle materials and more than
0.33 for ductile materials.

The calculated value of the Poisson’s ratiov, for
La2RuPb is less than(0.33), classifying this compound
as brittle in theHg2CuTi-type structure, whereasv for
Sc2RuPb is more than 0.33, qualifying this compound as
ductile in theCu2MnAl-type structure.

The critical value for distinguishing ductile and brittle
materials is 2.76 for theB/G ratio. If the B/G ratio is
greater than 2.76, the material behaves in a ductile manner.
Otherwise, the material behaves in a brittle manner.

In theHg2CuTi, Cu2MnAl-type structure, the calculated
values ofB/G ratio are(2.4048, 2.6879) for both compounds
La2RuPb, Sc2RuPb, respectively, where these values are
less than the critical value of 2.76, demonstrating the brittle
nature of both these materials in this type structures.

However, these compounds may be categorized as ductile
materials using Pugh’s criteria(B/G) ratio [58], which dis-
tinguishes ductility from brittleness for materials with a value
of 1.75.

These findings are still theoretical research, which we in-
tend to contradict shortly with experimental experiments.

We must know the value of the shear anisotropic factor
A to comprehend the elastic anisotropic degree possessed by
that composite. The elastic anisotropyA has a significant
meaning in industrial science as it identifies micro-fractures
in materials.

TABLE IV. The calculated single crystal elastic constantsCij, and
the polycrystalline elastic modulus: [shear modulusG, Voigt shear
modulusGv, Reuss shear modulusGr, Young’s modulusE, the
Lame’s first parameterλ in GPA, Poisson’s ratiov, B/G ratio and
the shear anisotropic factorA for the La2RuPb, Sc2RuPb com-
pounds in the Hg2CuTi, Cu2MnAl-type structures.

Parameter La2RuPb in the Sc2RuPb in

Hg2CuTi the Cu2MnAl

-type structure -type structure

C11 117.4 159.3

C12 88.8 121.5

C12 79.8 93.3

G 40.888 49.889

E 107.732 133.155

v 0.3174 0.3345

A 5.58 4.9365

Br 98.333 134.1

Bv 98.333 134.1

Gr 28.17 36.238

Gv 53.6 63.54

λ 71.074 100.84

B/G 2.4048 2.6879

Where:

1. The composite is termed isotropic if the value ofA = 1
[59,60].

2. The composite is deemed anisotropic if it deviates from
the unit value forA (High / Low A < 1 or A > 1.

So, for La2RuPb,Sc2RuPb composites in the two
phases’Hg2CuTi, Cu2MnAl respectively, the values in Ta-
ble IV above for the factor shear anisotropicA and computed
by the (LDA) approximation, show anisotropic behavior and
have a low probability of developing micro-cracks or struc-
tural defects during their growing process.

3.3. Thermal properties (Debye temperature, Sound ve-
locity)

The thermal characteristics dictate the best circumstances for
crystal formation to begin and sustain quality. We calculate
the Debye temperatureθD, an essential basic parameter for
a solid’s thermodynamic characteristics, and it is linked to
numerous physical properties such as specific heat, melting
temperature, and elastic stiffness constants [61].

It may also distinguish between high and low-
temperature areas in solids, with a greaterθD indicating
higher thermal conductivity and melting temperature. It is
found in equations describing properties arising from atomic
vibrations and phonon theories; the determination ofθD us-
ing elastic constants at low temperatures will be the same as
that of specific heat measurements, and the vibrational exci-
tations at low temperatures are due to acoustic modes,i.e.,
whenθD is connected with lattice vibrations.

BecauseθD is proportional to the average sound veloc-
ity vm, one of the traditional techniques of determining the
Debye temperature is by using constant elastic data [60,61].
As a result, the following classical equation [62, 63] may be
used to estimate it:

θD =
(

h

kB

) ∣∣∣∣
3n

4π

(
NAρ

M

)∣∣∣∣
1
3

vm, (10)

whereh is Planck’s constant,kB is Boltzmann’s constant,
NA is Avogadro’s number,ρ is the density,M is the molar
mass andn is the number of atoms in the unit cell.

From specific heat measurements theθD can be calcu-
lated by the following relation [64]:

θD =
(

200
V 1/3

) (√
Tm

M

)
, (11)

whereV the molar volume in cm3/mol, M is the molar mass
in g/mol, andTm the melting point in Kelvin◦K.

For the polycrystalline material, the average sound veloc-
ity vm can be calculated by the following relation [62,65]:

vm =
[
1
3

(
2
v3

t

+
1
v3

l

)]−( 1
3 )

, (12)
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TABLE V. The calculated longitudinal, transverse, and average sound velocityvl, vt, andvm, in ms−1 and the Debye temperatureθD, in ◦K
for the La2RuPb, Sc2RuPb compounds in the Hg2CuTi, Cu2MnAl-type structures.

Compound Type-structure vt vl vm (θD)

La2RuPb Hg2CuTi 1503.126 2906.234 1682.709 209.226

Sc2RuPb Cu2MnAl 1780.955 3571.375 1998.211 269.598

where vt and vl represent the transverse and longitudinal
sound velocities, which are obtained by using the shear mod-
ulusG, the bulk modulusB and the densityρ by employing
the Navier’s equation as found in Refs. [67, 68] and is given
below:

vl =

√
3B + 4G

3ρ
, (13)

vt =

√
G

ρ
. (14)

Table V shows the calculated results of the(vt, vl, vm),
and theθD for the present compoundsLa2RuPb, Sc2RuPb
in theHg2CuTi, Cu2MnAl phases.

There has never been a complete investigation of the char-
acteristics of these essential chemicals in the literature before.
Consequently, our current findings may anticipate future tri-
als and other theoretical investigations, revealing its true po-
tential for appropriate applications under various situations.

One can clearly observe from this table that theθD of
the studied compounds are found to be in the following or-
derLa2RuPb < Sc2RuPb in theHg2CuTi,Cu2MnAl-type
structure respectively. This behavior is related to the atomic

bonding of these materials, and this is due to the difference
observed in the atomic numberZ of the (Sc, La) atoms,
where the (La) has a large numberZ = 57 of electrons,
whereas theSc has a small numberZ = 21, leading to a
radius increase and thus a decrease in temperature.

3.4. Electronic and optical properties

3.4.1. Electronic properties

The study of electronic properties is crucial because it allows
us to investigate and comprehend the nature of the bonds be-
tween the material’s atoms.

In addition, the state density (DOS) is a necessary physi-
cal quantity for identifying a material’s physical characteris-
tics. It may offer access to a material’s electronic and trans-
port characteristics and an estimate of the number of bind-
ing and anti-binder states in the population with a particular
energy. It also gives us access to data on electronic conduc-
tivity. Furthermore, for each atom, the electronic density is
projected onto spherical harmonics of typesp, d, or f, inside
a sphere of a specified radius. As a result, partial state densi-
ties are produced, allowing the chemical bonding between

FIGURE 2. The bands structures along the symmetry lines of the Brillouin zone at the equilibrium lattice constant for the a)La2RuPb and
b) Sc2RuPb compounds in theHg2CuTi, Cu2MnAl-type structures.
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FIGURE 3. The total density of state (TDOS) and the partial density of state (PDOS) for the a) La2RuPb, b) Sc2RuPb compounds in the
Hg2CuTi, Cu2MnAl-type structure respectively obtained by (LDA) approximation.

atoms in a crystal to be determined. The total state density
projections depend on the sphere radius on which the partial
state densities are projected and hence only provide qualita-
tive information.

The electronic properties of theLa2RuPb,Sc2RuPb
compounds in their stable phasesHg2CuTi2Cu2MnAl are
investigated in the following section by calculating the elec-
tronic energy band structure at zero pressure along with the
principal symmetry points in the Brillouin Zone, as well
as the total density of states (TDOS) and the atomic site-
projected I-decomposed partial densities of states (PDOS).
For this, we used the (LDA) approximation to inject the theo-
retical mesh parameter at equilibrium previously determined
in the (LmtART) code.

Figures 2a), 2b) and 3a), 3b) show the band structure and
plots of the (TDOS) and (PDOS) functions calculated using
the LDA of La2RuPb,Sc2RuPb compounds in both crys-
tallographic phasesHg2CuTi, Cu2MnAl. The Fermi level

enables the determination of a material’s conduction charac-
teristics. This research aims to figure out how the electronic
population varies at Fermi’s levelEF .

Although it is a recognized fact that the self-consistent
(DFT) energy-gap calculations at the level of the local den-
sity approximation (LDA) exchange-correlation functional
are severely underestimated, it is clear from the band struc-
ture nature of this compound, as shown in Fig. 2a), that this
compoundLa2RuPb is a semiconductor with the direct en-
ergy bandgap within the following value 0.6044 eV at the
Γ point. Moreover, we note that our compound exhibits the
Dirac cone-shaped surface energy levels responsible for the
topological properties of the (TIs) materials.

It is evident that in Fig. 2b), the non-existence of a
gap at the Fermi level for theSc2RuPb compound (major-
ity) band’s structure has metallic intersections at the Fermi
level confirms the assertive metallic behavior and indicates
the presence of conducting features. Whereas in Fig. 2a),
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theLa2RuPb compound (minority) band’s structure exhibits
semiconductor behavior, we note an indirect energy bandgap
betweenKC − ΓV points, and it takes the following value
0.398 eV and a direct energy bandgap alongΓC − ΓV point
0.6044 eV. To the best of our knowledge, there are no theoret-
ical calculations exploring the electronic band structures us-
ing the LDA approach forLa2RuPbSc2RuPb compounds.

We note that the band profile of the calculated band struc-
ture for theLa2RuPb compound is similar to that obtained
by Zhang and co-authors [28], with a slight difference due
to the absence of spin-orbit in our calculation, which plays a
vital role in the band inversion mechanism [34, 35, 68], and
in particular, the atoms in (Y-Z) zinc-blende are much heav-
ier than those in(X − X). We should also highlight that, as
Zhanget al. [28] point out, the band topology in such com-
pounds is very sensitive to variations in lattice constant and
uniaxial strain. TheLa2RuPb compound combination has
a positive energy difference between theΓ6 and Γ8 bands
∆E = EΓ6 − EΓ8, making it a trivial semiconductor that
can be transformed into a nontrivial semiconductor by includ-
ing spin-orbit coupling (SOC) and controlling the degree of
hybridization by firm strain control (constant lattice expan-
sion). We also highlight that our findings are quite similar to
Zhanget al. [28]. The electronic states’ nature (atom and
orbital) that create the energy bands may be determined from
the spectra (PDOS). The (TDOS) spectrum of theLa2RuPb
is separated into two main areas, as shown in Fig. 3a): The
first represents the valance band and indicates the mean con-
tribution of the 4d states of the Ru atoms, as well as the low
contribution of the 6p states of the Pb atoms included in the
combination. The conduction band is represented by the sec-
ond area, which exhibits a significant contribution from the
La atoms’ 4f states, with a bit of contribution from the Ru
atoms’ 4d states.

Concerning the spectrum (TDOS) of the compound
Sc2RuPb shown in Fig. 3b), which is the opposite of the
first compound, it can also be divided into two main sections:
The first region represents the valance band, which shows the
vital contribution of the 4d states of theRu atoms in addition
to the low contribution of the 3d, 6P states of theSc andPb
atoms, respectively. The second region represents the con-
duction band; it shows the mean contribution of the 3d states
of the (Sc) atoms with a small contribution of the 6P, 4d states
of the(Pb, Ru) atoms, respectively.

3.4.2. Optical properties

The various methods of light interacting with matter in solid-
state physics, including absorption, transmission, reflection,
and broadcast, are of significant interest. In addition, the
study of solid optical characteristics is a valuable tool in our
knowledge of material electronic properties. Understanding
the optoelectronic behavior of a material, in particular, re-
quires an understanding of its optical characteristics. The
frequency-dependent complex permittivity of light (dielectric
function) is the most significant characteristic for describing a

solid’s optical properties, and the following relationship pro-
vides it [69]:

ε(ω) = ε1(ω) + iε2(ω), (15)

whereε1(ω) and iε2(ω) are used to represent the real and
imaginary parts of the dielectric function, respectively. The
imaginary part is given by [70–72]:

ε2(ω) =
e2~

Πω2m2

∑
v,c

×
∫

BZ

|Mcv(k)|2 δ [ωcv(k)− ω] d3k. (16)

The integral is over the first Brillouin Zone. The mo-
mentum dipole elements:Mcv(k) = 〈uck|δ.∇|uvk〉, where
δ is the potential vector defining the electric field, are matrix
elements for direct transitions between valenceuvk(r) and
conduction-banduck(r) states, and the energy~ωcv(k) =
Eck − Evk is the corresponding transition energy.

To deduce the real part of the complex dielectric function
ε1(ω) from the imaginary partε2(ω), we use the transforma-
tion of Kramers-Kronig [70–72]:

ε1(ω) = 1 +
2
π

P

∞∫

0

ω′ε2 (ω′)
ω′2 − ω2

dω′, (17)

whereP implies the principal value of the Cauchy integral.
From the real and imaginary parts of the frequency depen-
dent dielectric function, we can calculate the refractive index
n(ω) following this relation [73–75]:

n(ω) =

√√√√
[

ε1(ω)
2

+

√
ε2
1(ω) + ε2

2(ω)
2

]
. (18)

In this study, we used the optimized structure under equi-
librium condition, which is at zero pressure, to compute the
refractive indexn(ω) and the frequency-dependent imagi-
nary and real parts of the dielectric function of the La2RuPb,
Sc2RuPb compounds in the (Hg2CuTi2, Cu2MnAl)-type
structures, respectively. Transferring unoccupied bands from
occupied bands is a typical process in the electronic energy
band structure, especially near the Brillouin Zone’s high sym-
metry points, to explain the optical spectra. The real and
imaginary parts of the dielectric function that are frequency
dependent are presented in Figs. 4a) and 4b). Photons with
energies between [0 and 13.6] eV are used to study the optical
response of these materials.

There are multiple significant peaks in the imaginary part
of the dielectric function for the two compounds La2RuPb,
Sc2RuPb between 1.36-3.538 eV and 0.272-2.449 eV, re-
spectively. These peaks illustrate how the optical transitions
from the valence band to the conduction band coincide.

The spectrum also indicates the development of the first
optical critical point for the dielectric function at 0.6044 eV
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FIGURE 5. The real and imaginary parts of the dielectric function for the a)La2RuPb, b)Sc2RuPb compounds in theHg2CuTi, Cu2MnAl-
type structure obtained by (LDA) approximation.

FIGURE 5. The refractive indexn as a function of energy for
the a-LaR2R Pb, b − Sc2RuPb compounds in theHg2CuTi,
Cu2MnAl-type structure respectively obtained by (LDA) approxi-
mation.

for the material La2RuPb, as shown in Fig. 4a). The fun-
damental absorption edge is placed at the splitting level
(ΓC − ΓV), representing the direct optical transition thresh-
old between the valence band’s maximum and the conduc-
tion band’s minimum. The spectrum curve overgrows away
from this point until it reaches its peak value of 51.763 for
1.36 eV, owing to an unexpected rise in the number of points
contributing to the imaginary part. The spectrum of the di-
electric function’s real part takes the value of 18.1676 at zero
0 eV, reaches a maximum of 38.057 at 1.08 eV, and termi-
nates at zero at 2.1 eV.

For the metallic alloy Sc2RuPb, we have taken in con-
sideration the strong contribution of the intraband transitions
between VBM and CBM [76]. The obtained results show,
for low energies, that there is a large difference between the
curves of the real part and the imaginary part (with/without
intraband), which confirms the strong contribution of the in-
traband transitions and confirms the strong metallic behavior
of this alloy. For the highest energies, we see that the curves
are almost similar, and it is obvious, because these transitions
are mainly due to the transitions in the bands that overlap
(VBM and CBM) close to the fermi level.

As a result, we can see that both compounds La2RuPb,
Sc2RuPb have a particular anisotropic property.

We show the calculated dispersion of the refractive index
n(ω) in the same spectral range in Fig. 5a) and b), which
is one of the most critical factors for defining light propa-
gation through the optical medium. Our computed static re-
fractive indexn(0) for the La2RuPb compound is 4.262 ,
whereas the maximum value of the predicted refractive in-
dex was 6.602 at 1.088 eV of photon energy. The static re-
fractive indexn(0) of the second compoundSc2RuPb was
found to be 54.7671 for the curve with intraband transitions
and 9.16597 for that without intraband. These latter high val-
ues are due to the metallic behavior of this alloy.

4. Conclusion

The main goal of this research was to investigate the
structural (phase stability), mechanical, elastic, thermal,
electronic, and optical properties of Heusler compounds
X2RuPb, whereX = (La, Sc). The first principle (FP-
LMTO) approach was used in the context of the (DFT) im-
plemented in the (LmtART) code to carry out this research.
First, the exchange-correlation potential (XC) is calculated
using the LDA approximation parameterized by Perdew-
Wang.

We started by looking at the structural characteristics of
our X2RuPb compounds, which showed that they are sta-
ble in theHg2CuTi, Cu2MnAl phases. Then, at zero pres-
sure and ambient temperature, we investigated the ground
state properties (lattice parameters, bulk modulusB and its
pressure derivativeB′, total energy, and mechanical proper-
ties), where all elastic constants were calculated while sat-
isfying the mechanical stability criteria for our compounds.
The B/G ratios for theX2RuPb compounds indicate duc-
tile materials. In addition, the obtained Debye temperature of
La2RuPb is lower than that ofSc2RuPb

We employed the (LDA) approach to study electronic
properties, including band structure and state density. With
the direct energy bandgap, our compound displays topologi-
cal insulator characteristics and demonstrates that the gap at
EF is formed by hybridization between the d-states of the
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transition atoms. Furthermore, the structure of the band’s
findings shows metallic behavior forSc2RuPb and semi-
conducting behavior forLa2RuPb, with a direct gap in the
(ΓC − ΓV) point and an indirect gap in the(KC − ΓV ) point.
As a result, our materials seem to be semi-metallic.

In addition to their electrical properties, the optical prop-
erties of theX2RuPb compounds, including the imaginary
parts of the dielectric function and the refractive indexn(ω),
are also examined in this study.

We discovered satisfactory results for all of the calculated
physical attributes in general. The (FP-LMTO) method’s ap-

proximation (LDA) seems to be a good fit for the Heusler
investigation. Finally, to the best of the authors’ knowledge,
no data on these compounds can be found in the literature.
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