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Abstract
The primary objective of this study is to investigate the influence of spin-orbit coupling and atom type on the electronic, opti-
cal, and thermoelectric properties of  LuXNi2Sn2 (X = V, Nb, and Ta) double-half Heusler alloys. To achieve this, calculations 
were performed using the full potential linearized augmented plane wave method within the framework of density functional 
theory. Both full relativistic and scalar relativistic calculations were employed. The exchange-correlation interactions in this 
study were modeled using the PBEsol version of the generalized gradient approximation when calculating the structural 
ground state parameters. For the analysis of electronic, optical, and thermoelectric properties, the modified Becke–Johnson 
potential was employed. The modified Becke–Johnson potential was specifically chosen for its capability to improve the 
description of band gaps, particularly for systems with small band gaps, such as the  LuXNi2Sn2 (X = V, Nb, and Ta) double-
half Heusler materials examined in this study. This potential offers a more accurate representation of the electronic properties, 
enabling a more reliable analysis of the optical and thermoelectric characteristics of the materials under investigation. The 
examined  LuXNi2Sn2 (X = V, Nb, and Ta) materials exhibit semiconductor behaviour, with band gaps smaller than 0.4 eV 
that can be controlled by varying the “X” atom. The charge carriers, specifically holes and electrons, exhibit light effective 
masses, indicating high mobility. Furthermore, these compounds exhibit low thermal expansion coefficients and satisfy the 
criteria for thermodynamic stability. In terms of optical properties, they display substantial absorption coefficients in the 
ultraviolet (UV) light region, high optical conductivity, and high reflectivity in the visible light region. Considering their 
favourable power factor and figure of merit characteristics, the  LuXNi2Sn2 (X = V, Nb, and Ta) materials possess the potential 
to be promising candidates for thermoelectric applications.
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1 Introduction

The contemporary industry is making efforts to move away 
from hydrocarbons to eco-friendly technologies that utilize 
the properties of solids. These materials should be easy to 
process, recoverable, have a long lifespan, high efficiency, 
and be easily controlled by technological software algo-
rithms integrated into microelectronic circuits. Microelec-
tronic circuits are made of various types of semiconduc-
tors with different characteristics in terms of their energy 
gap value, stability, and sensitivity to light, temperature, 
pressure, and magnetic fields. Numerous materials have 
been investigated for use as semiconductors, with Heu-
sler alloys being the most notable. Heusler alloys exist in 
various forms, including half, full, quaternary, and double, 
and in different magnetic states, such as ferromagnetic, 
anti-ferromagnetic, or non-magnetic. This is due to their 
half-metallicity in non-magnetic compounds or semicon-
ducting behaviour in many compounds. Many theoretical 
[1–11] and experimental [12–19] studies on quaternary 
(QH), half (HH) and full (FH) Heusler compounds have 
demonstrated their eligibility for use in various techno-
logical applications, such as sensors, actuators, energy 
converters, magnetic shape-memory [20], thermoelectric 
generators [21–23], and magnetic cooling devices [24]. 
However, the high thermal expansion of these compounds 
has limited their use mainly to microelectronic circuits. It 
is relevant to point out that the relatively high cost asso-
ciated with the specific chemical elements employed in 
Heusler alloys constitutes a major obstacle to their com-
mercial proliferation. Therefore, recent scientific research 
has been primarily directed towards eliminating or reduc-
ing these high-cost constituents in Heusler alloys, without 
simultaneously compromising their effective attributes. 
For example, recent contributions by Shuo et al. [25] and 
Chauhan et al. [26] gave auspicious results regarding the 
advancement of economically viable Heusler alloys. These 
efforts provide compelling evidence that achieving high 
ZT (Factor of Merit) values in Heusler alloys is plausible 
without the use of exorbitantly expensive constituents, 
thus generating considerable cost savings. This marks a 
major advancement in the field of thermoelectrics, given 
its potential to lead to increased availability and acces-
sibility of these materials. The study by Shuo et al. [25] 
demonstrated the possibility of achieving proportionate 
ZT values by reducing the concentration of the preeminent 
expensive component, hafnium (Hf), by one-third in the 
compound  HfxZr1−xNiSn0.99Sb0.01. This corresponds to an 
overall cost reduction of 50% in terms of material expendi-
ture. Similarly, Chauhan et al. [26] corroborated this result 
by empirically studying the ramifications of the decrease 
in Hf concentration in the compound  Zr1−xHfxNiSn on the 

thermoelectric power factor (PF), which clearly demon-
strated an improvement. Nevertheless, it is imperative to 
emphasize that further scientific research is essential to 
optimize the attributes of Heusler alloys devoid of expen-
sive chemical elements.

Ongoing research and studies on Heusler alloys have 
led to the emergence of a new Heusler materials type of 
double unit cell by mixing two-unit cells of half-Heusler 
alloys (XYZ) formed by two common chemical elements 
(X, Y or Z). This new type of double unit cell, known 
as double half-Heusler (DHH) that are characterized by 
the new chemical formula: X′X″Y2Z2,  X2Y′Y″Z2, and 
 X2Y2Z′Z″, has a distinct set of properties. Additionally, 
the unit cell can be tripled or quadrupled to form other 
types of Heusler alloys in triple or quadruple forms. 
Anand et al. [27] conducted pioneering research on dou-
ble half-Heusler alloys and found that 315 of these alloys 
exhibit good thermodynamic stability with low lattice 
thermal conductivity. Furthermore, Slamani’s research 
on  TiZrCo2Bi2,  TiHfCo2Bi2, and  ZrHfCo2Bi2 DDH alloys 
[28] revealed that they are semiconductors with indirect 
band gaps in the range of 0.906 to 1.005 eV, satisfy the 
Born–Huang stability criteria, and are anisotropic, brittle, 
and ionic materials. These alloys also possess remarkable 
thermoelectric powers. Berarma et al. [29] studied the 
double half-Heusler alloys  Ta2FeNiSn2 and  Nb2FeNiSn2 
and found that they exhibit large absorption coefficients 
in the UV spectrum and are classified as non-transparent 
materials. In another study, estimating the effective masses 
of electrons and holes in  LuXCo2Sb2 (X = V, Nb and Ta) 
semiconductors showed that electrons are lighter and faster 
than holes, and exhibit anisotropic optical properties with 
strong absorption of incident electromagnetic radiation in 
a wide energy range [30].

The purpose of this research is to provide a comprehen-
sive understanding of the fundamental physical properties 
of the double half-Heusler alloys  LuXNi2Sn2 (X = V, Nb 
and Ta), which could have eventual potential applications 
in various fields including optoelectronics and thermo-
electric energy conversion. Due to the lack of information 
regarding their physical properties, an investigation was con-
ducted using state-of-the-art ab initio techniques to explore 
the structural stability, thermodynamic, optoelectronic, and 
thermoelectric properties of these materials. Moreover, the 
study aims to investigate the effect of spin-orbit interaction 
on these fundamental physical properties, since this inter-
action has a critical impact on the electronic structure and 
related properties of materials. The full-potential linearized 
augmented plane wave (FP-LAPW) method was utilized 
within the density functional theory framework to conduct 
the investigation. We hope that the results of this research 
will contribute significantly to the understanding of the fun-
damental physical properties of the considered materials.
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2  Computational Methodology

The structural stability, electronic and optical properties of 
 LuXNi2Sn2 (X = V, Nb, and Ta) double half-Heusler alloys 
were studied using the Full-Potential Linearized Augmented 
Plane Wave (FP-LAPW) method implemented in the 
WIEN2k code [31]. In order to estimate the exchange-cor-
relation interaction for different calculations, two different 
methods were used. The Generalized Gradient Approxima-
tion PBEsol functional [32] was used for calculating the 
structural properties, while the modified Becke–Johnson 
potential (mBJ) [33] was used for calculating the band struc-
ture, total and partial densities, and the linear optical coef-
ficients. In the framework of the FP-LAPW method, to solve 
the Kohn-Sham equation, the unit cell was divided into non-
overlapping spheres, known as Muffin-tin spheres, which 
surround the atomic positions, and an interstitial residual 
space. The Muffin-tin spheres contain core electrons that 
were described by spherical harmonic functions with a max-
imum angular momentum lmax of up to 10, while the valence 
electrons in the interstitial area were described by plane 
waves with a cut-off parameter Rmin

MT
Kmax = 9 , where Rmin

MT
 

is the smallest muffin-tin radius and Kmax is the magnitude 
of the largest k-vector. To optimize the structural properties, 
80 special k-points were used for Brillouin zone (BZ) inte-
gration, and 216 special k-points were used for electronic, 
optical, and thermoelectric properties. The convergence cri-
terion for the self-consistent calculations was set to be  10−4 
Ry for all computation processes.

The effect of temperature and pressure on the ther-
mal properties was evaluated using the quasi-harmonic 
Debye–Slater model integrated in the GIBBS2 code [34, 
35] in combination with the FP-LAPW method.

The dependence of thermoelectric properties on the con-
centration of holes and electrons at fixed temperatures was 
investigated using the semi-classical Boltzmann transport 
theory as implemented in the BoltzTraP2 software [36] in 
combination with the FP-LAPW approach.

T h e  c o m p l ex  d i e l e c t r i c  f u n c t i o n  �(�)  ; 
�(�) = �1(�) + i�2(�) [37], describes the linear optical 
responses of matter to incident electromagnetic radiation. 
It consists of two components: the real part ( �1(�) ) and the 
imaginary part ( �2(�) ). The real part ( �1(�) ) represents the 
dispersion of the medium, while the imaginary part ( �2(�) ) 
describes the absorption of the electromagnetic radiation as 
it passes through the medium. To calculate the spectrum of 
�2(�) , the electric dipole operator matrix elements between 
occupied and unoccupied wave functions are summed over 
the Brillouin zone, taking into account the selection rules 
[38]. This calculation provides insights into the absorption 
properties of the material. The spectrum of �1(�) , on the 
other hand, is obtained from the spectrum of �2(�) using the 
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Kramers-Kronig relationship [37]. This relationship allows 
for the determination of the dispersion properties of the 
material based on its absorption spectrum. The spectra of 
other linear optical parameters, such as the refractive index, 
extinction coefficient, reflectivity, and absorption coefficient, 
can be derived from the spectra of �1(�) and �2(�) using 
well-known relationships [38]. These relationships enable 
the extraction of additional optical properties based on the 
calculated spectra of �1(�) and �2(�) , providing a compre-
hensive understanding of the material’s optical behaviour.

3  Results and Discussion

3.1  Stability, Structural Parameters 
and Thermodynamic Properties

LuXNi2Sn2 (X = V, Nb and Ta) double half-Heusler materi-
als possess an orthorhombic crystal structure belonging to 
the space group  Pmn21 (#31) [39, 40]. The optimized lattice 
parameters (a, b, c), and atomic position coordinates are 
given in Tables 1 and 2. The equilibrium atomic position 
coordinates were obtained by relaxing the atomic positions 
using the Brayden scheme force minimization [41]. For 
the purpose of ascertaining the structural parameters in the 
ground state (a, b, and c) and the compressibility modulus 
(B), the total energies  (ETot) of the unit cell were computed 
across a spectrum of predetermined volumes (V) of the unit 
cell. Subsequently, the acquired  ETot − V dataset was sub-
jected to fitting procedures utilizing Murnaghan’s equation 
of state (EOS) [42]. It should be underscored that the com-
putations pertaining to the equilibrium structural parameters 
were conducted employing two distinct approaches: one that 
accounts for the spin-orbit coupling (SOC), denoted as “full 
relativistic calculations (FR),” and another that omits SOC, 
denoted as “scalar relativistic calculations (SR)”. Upon com-
paring the values of the structure parameters obtained with 
and without including SOC for the investigated materials, it 
can be observed that the effect of SOC is quite negligible for 
the  LuVNi2Sn2 compound. However, as the weight of the X 
(X = V, Na, Ta) atom increases, the impact of SOC becomes 
more significant.

To check the thermodynamic stability of the consid-
ered double half-Heusler materials, the formation enthalpy 
( �Hfor ), a measure of the energy released or consumed when 
one mole of a substance is created under standard conditions 
from its pure elements, was calculated through the known 
relationship [30]:

ΔHfor

(

eV

atom

)

=
E
LuXNi2Sn2
tot

−
(

nLuE
Lu

solid
+ nXE

X

solid
+ nNiE

Ni

solid
+ nSnE

Sn

solid

)

nLu + nX + nCo + nSb

In this context, ELuXNi2Sn2
tot  is the total energy of  LuXNi2Sn2 

compound, ELu

solid
 ; ENi

solid;E
Sn
solid

 ; EX

solid
 are the energies of the 

constituent elements, namely Lu, Ni, Sn and X atoms, 
respectively, in their solid state, and  nLu;  nNi;  nSn;  nX are 
the number of the Lu, Ni, Sn and X atoms, respectively, 
in the unit cell. It is found that the enthalpies of formation 
of the three considered double half-Heusler materials are 
n e g a t i v e  (  �HLuVNi2Sn2

form = −0.595 eV ;   �HLuNbNi2Sn2
form = −0.727 eV

; �HLuTaNi2Sn2
form = −0.755 eV ). These results highlight the thermo-

dynamic stability of  LuXNi2Sn2 (X = V, Nb and Ta) dou-
ble half-Heusler alloys. Additionally, pressure depend-
ence of the formation enthalpy for  LuXNi2Sn2 (X = V, Nb 
and Ta) double half-Heusler alloys were calculated and 
depicted in Fig. 1. It is evident from Fig. 1 that the three 
studied compounds are thermodynamically stable; the 

Fig. 1  The pressure-dependent variations in formation enthalpy for 
 LuXNi2Sn2 (X = V, Nb and Ta). These calculations were conducted 
both with and without the incorporation of spin-orbit coupling 
effects. FR The outcomes of full relativistic calculations, SR The out-
comes of scalar relativistic calculations
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formation enthalpy is negative even under the imposition 
of pressures in excess of 15 GPa.

The primary requisite for Heusler alloys resides in their 
adherence to the principle of balanced valence, as encap-
sulated by the valence rule  (NV = 0) [27]. A noteworthy 
illustration of this principle is embodied by the double 
half-Heusler alloys  LuXNi2Sn2, where X can represent 
vanadium (V), niobium (Nb), or tantalum (Ta). These 
alloys unequivocally validate the concept of valence equi-
librium (quantified as net valence equilibrium,  NV = 0): 
 NV(LuXNi2Sn2) =  3[Lu+3;  s0d0] +  5[X+5;  s0d0] + 2 ×  0[Ni0; 
 s0d10] + 2 × (− 4)(Sn−4;  s2p6) = 0. Strikingly, this is in stark 
contrast to their half-Heusler precursors, specifically 

LuNiSn and XNiSn (where X = V, Nb, or Ta), which mani-
festly fail to satisfy this criterion. More specifically, for 
 NV(LuNiSn) = ×  3[Lu+3;  s0d0] + 1 ×  0[Ni0;  s0d10] + 1 × 
(− 4)(Sn−4;  s2p6) = − 1 ≠ 0, and  NV(XNiSn) = 1 ×  5[X+5; 
 s0d0] + 1 ×  0[Ni0;  s0d10] + 1 × (− 4)[Sn−4;  s2p6] = 1 ≠ 0.

3.2  Thermodynamic Properties

We have investigated the thermodynamic properties, includ-
ing thermal expansion coefficient (α), Debye temperature 
(θD), entropy (S), heat capacity at constant volume  (CV), 
and lattice thermal conductivity  (Kl), for  LuVNi2Sn2, 
 LuNbNi2Sn2, and  LuTaNi2Sn2 materials in a temperature 

Fig. 2  Temperature and pressure dependencies of the isochoric heat capacity (CV), lattice thermal conductivity (kl), entropy (S), thermal expan-
sion (α), and Debye temperature (θD) of LuXNi2Sn2 (X = V, Nb and Ta) double half Heusler alloys
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range of 0 to 1000 K at fixed pressures of 0, 5, 10, and 15 
GPa.

The thermal expansion coefficient (α) is a physical prop-
erty that describes the response of a crystal lattice vibration 
to changes in volume resulting from changes in tempera-
ture. This property is an essential parameter in the study of 
materials science and engineering and plays a crucial role 
in the development of new materials with specific thermal 
properties. In this study, the variation of the thermal expan-
sion coefficient with temperature at fixed pressure values 
is shown in Fig. 2 for  LuXNi2Sn2 (X = V, Nb, Ta) Heusler 
alloys. The results indicate that the thermal expansion coef-
ficient increases rapidly with temperature up to 300 K, 
beyond which it increases more gradually with temperature. 
At a constant temperature, the thermal expansion coefficient 
decreases as pressure increases. This behaviour is consistent 
with the general trend observed in materials, where thermal 
expansion coefficients tend to decrease as pressure increases. 
At a temperature of 300 K and zero pressure, the volume 
thermal expansion coefficient is 2 ×  10−5  K−1.

Figure 2 shows the Debye temperature (θD) as a function 
of temperature at fixed pressure values (0, 5, 10, and 15 GPa) 
for the considered Heusler compounds. The results indicate 
that the effect of temperature on θD is opposite to that of 
pressure. Specifically, at a given temperature, θD increases 
with increasing pressure, while it decreases with increasing 
temperature at a given pressure. The behaviour of θD over 
the temperature range from 0 to 100 K remains unchanged, 
after which it decreases with increasing temperature at a 
fixed pressure. These findings suggest that the thermal vibra-
tion frequency of atoms in Heusler compounds varies with 
changes in temperature and pressure. Using the quasi-har-
monic Debye–Slater model, we calculated the values of θD 
at zero temperature and zero pressure to be 362 K, 360 K, 
and 350 K for  LuVNi2Sn2,  LuNbNi2Sn2, and  LuTaNi2Sn2 
Heusler alloys, respectively.

Variations of the heat capacities at constant volume  (CV) 
with temperature at fixed pressures for  LuXNi2Sn2 materi-
als, where X = V, Nb, Ta, have been calculated, and pre-
sented in Fig. 2. The figure shows that  CV of  LuXNi2Sn2 
compound increases rapidly with increasing temperature for 
temperatures less than 300 K. This is because the increase 
in temperature induces a rapid activation of new vibra-
tion modes, which leads to a rapid increase in the number 
of ways that the atoms in the compound can vibrate. The 
heat capacity  CV then increases more moderately to con-
verge to the Dulong–Petit limit at high temperatures [43]. 
The Dulong–Petit limit is a constant value of  CV equal to 
 3nNAkB, where n is the number of atoms in the unit cell (it 
is 6 in  LuXNi2Sn2),  NA represents Avogadro’s number, and 
 kB represents Boltzmann’s constant. The Dulong–Petit limit 
in the considered compounds is equal to = 150 J  mol−1  K−1. 
The tendency of  CV can be attributed to the fact that the 
constituent atoms of  LuXNi2Sn2 can vibrate only in limited 
number and at high temperature, all possible vibrational 
modes are activated, and thus  CV reaches its limit value, 
known as Dulong–Small limit.

The entropy (S) of  LuXNi2Sn2 materials, where X = V, 
Nb, Ta, was calculated at fixed pressures of 0, 5, 10 and 
15 GPa, and the results are shown in Fig. 2. The results 
suggest that the entropy (S) of these compounds is zero at 
0 K and increases rapidly with increasing temperature. Also, 
Fig. 2 shows that the entropy (S) decreases with increasing 
pressure at fixed temperature. These results are in line with 
our expectations, because the entropy at the microscopic 
level expresses the disorder of the system (chaos and ran-
domness), that is to say the number of configurations that 
a physical system can take ( S = kBln(Ω) , where Ω denotes 
the number of possible configurations while kB represents 
the Boltzmann constant) [44]. Consequently, the increas-
ing pressure reduces these states and restricts the freedom 

Fig. 3  The calculated energy 
band dispersions along the 
line of high symmetry in 
the Brillouin zone for the 
compounds  LuVNi2Sn2, 
 LuNbNi2Sn2, and  LuTaNi2Sn2. 
The red curves correspond to 
the results obtained using the 
TB-mBJ-SR approach, while 
the blue curves correspond to 
the results obtained using the 
TB-mBJ-FR approach
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of vibration of the atoms, thus decreasing the number of 
disorder states.

The lattice thermal conductivity (κl) is a critical thermo-
dynamic property that characterizes the ability of materials 
to transfer heat when there is a temperature difference 
between their two ends. It is an essential factor in under-
standing the thermal behavior of materials, particularly in 
applications that involve heat transfer. The lattice thermal 
conductivity of the crystal lattice of the considered materials 
has been numerically estimated by employing the Slack 
model formula [45], which is a widely used model for cal-
culating the lattice thermal conductivity of materials. The 
Slack formula to estimate κl is given by the following for-
mula [45]: �l =

A�D
3V1∕3m

�2n2∕3T

In this context, A = 2.4310−8

1− 0.514
�

+ 0.228
�2

 is a physical constant, and θD, 

γ, V, n and m denote the Debye temperature, Grüneisen 
parameter, the volume per atom, the number of atoms in the 
primitive unit cell and the atomic mass, respectively. The κl 
variation as a function of temperature at some fixed pres-
sures is depicted in Fig. 2 for  LuXNi2Sn2 (X = V, Nb, Ta) 
Heusler compounds. It can be observed that κl decreases 
(increases) with increasing temperature (pressure), and they 
are fitted well with the κl ~ 1/T relationship.

3.3  Electronic Properties

3.3.1  Energy Band Dispersions

The energy dispersions of  LuVNi2Sn2,  LuNbNi2Sn2, 
and   LuTaNi 2Sn 2 compounds  were  computed 
for specif ic high-symmetry directions; namely 
Γ → X → S → Y → Γ → Z → U → R → T → Z  ,  within 
the Brillouin zone. The calculations were conducted using 
two approaches: one considering the interaction between the 
spin and orbital angular momentum of electrons, known as 
spin-orbit coupling (SOC), which represents a full relativ-
istic (FR) calculation, and the other without taking spin-
orbit coupling into account, known as a scalar relativistic 
(SR) calculation. In the context provided, the term “FR” 
is used to denote the inclusion of the spin-orbit interaction 
in the calculations, whereas the term “SR” indicates the 
absence of spin-orbit coupling. The results obtained from 
these calculations are depicted in Fig. 3. The band structures 
of the three investigated compounds exhibit similar charac-
teristics. The SR calculations yield that the three consid-
ered materials possess indirect band gaps, with  LuVNi2Sn2 
and  LuTaNi2Sn2 having gaps between Γ and X points and 
 LuNbNi2Sn2 having a gap between Y and X points, while 
the FR calculations show that the three considered materials 
have indirect band gaps of the Y–X type. These band gaps 
have relatively small values, which do not exceed 0.4 eV. 
Table 3 summarizes the calculated values of the energy band Ta
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gaps (Eg) of the explored materials obtained using two dif-
ferent computational methods, namely the TB-mBJ-SR and 
TB-mBJ-FR approaches. It is worth noting that the energy 
band dispersions obtained from both TB-mBJ-SR and TB-
mBJ-FR calculations are presented in the same figure to 
facilitate comparison. Based on the information provided in 
Fig. 3 and  Table 3, the following conclusions can be drawn.

 (i) When considering the spin-orbit coupling interaction, 
the initially degenerate conduction levels split and 
shift toward the Fermi level. This results in a slight 

reduction in the band gap. Particularly, this reduc-
tion is more pronounced in the conduction region 
between the Γ and X points for the  LuTaNi2Sn2 
compound. The shift values of the conduction bands 
along the Γ and X directions are approximately 0.07 
and 0.09 eV, respectively.

 (ii) The energy band-gap values of  LuXNi2Sn2 double 
half-Heusler alloys exhibit a slight decrease when the 
V atom is substituted with the Nb atom, and a sig-
nificant decrease when substituted with the Ta atom. 
This indicates that the introduction of Nb or Ta atoms 

Fig. 4  3D-representations of 
the crystal direction dependent 
effective masses of electrons at 
X-point and their cross-sections 
in the (001); (ab), (010); (ac) 
and (100); (bc) crystalline 
planes for the  LuXNi2Sn2 
(where X can be V, Nb, or Ta) 
materials
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into the compound affects the energy band structure, 
leading to alterations in the electronic properties.

3.3.2  Charge Carrier Effective Masses

To determine the effective masses of charge carriers in the 
studied materials, we performed numerical estimates nor-
malized to the free electron mass  (m0) for both holes and 
electrons. These estimates were obtained by fitting the 
energy band dispersion E(k) in the vicinity of the Valence 
Band Maximum (VBM) and the Conduction Band 

Minimum (CBM) to a parabolic function, E(k) = Ak2. The 
effective mass (m*) for holes and electrons, denoted as m∗

h
 

and m∗
e
 , respectively, can then be deduced using the fol-

lowing relationship: 1
m∗

= m0
ℏ2

�2E(k)
�k2

|

|

|k=k0
 , where ħ is the reduced 

Planck’s constant, �2E(k)
�k2

 represents the second derivative of 
the energy dispersion with respect to the wave vector k, 
and k0 is an extreme point in the Brillouin zone. The cal-
culated effective masses for holes and electrons; m∗

h
 and 

m∗
e
 , respectively, at the VBM and CBM are presented in 

Table 3. These extreme points are located at the Y and X 
points, and the effective masses were calculated with 

Fig. 5  3D-representations of 
the crystal direction depend-
ent effective masses of holes at 
Y-point and their cross-sections 
in the (001); (ab), (010); (ac) 
and (100); (bc) crystalline 
planes for the  LuXNi2Sn2 
(where X can be V, Nb, or Ta) 
materials
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directions towards Γ, S, and T for holes, and towards S, Γ, 
and U for electrons in the Brillouin zone. Notably, the 
directions Y → Γ/X → S, Y → S/X → Γ, and Y → T/X → 
U in the Brillouin zone correspond to the [100], [010], and 
[001] crystalline directions, respectively. It is observed 
that the effective mass of holes is greater than that of elec-
trons along the [010] and [010] directions. Conversely, the 
effective mass of electrons is greater than that of holes 
along the [100] direction. This indicates that the contribu-
tion of holes to the electrical current will be significantly 
larger than that of the same concentration of electrons 
along the [100] direction. Similarly, the contribution of 
electrons will be larger than that of the same concentration 
of holes along the [010] and [001] directions. The heaviest 
effective mass for electrons is observed along the [100] 

direction, while the heaviest effective mass for holes is 
along the [001] direction. It is known that charge carrier 
effective masses are inversely (directly) proportional to 
electrical conductivity (the Seebeck coefficient). Thus, the 
title compounds are expected to exhibit the smallest elec-
trical conductivity but the highest Seebeck coefficient 
along the [001] direction for holes, and along the [001] 
direction for electrons.

The effective masses of holes and electrons in an arbi-
trary direction, infinitesimally close to the extreme points, 
in an orthorhombic system can be obtained using the fol-
lowing relationship [46]: m∗=

1

cos2(�)/m∗
[100]

+cos2(�)/m∗
[010]

+cos2(�)/m∗
[001]

 , 
where α, β, and γ are the angles between the specific direc-
tion and the [100], [010], and [001] crystalline directions, 

Fig. 6  The calculated diagrams of the total and partial densities of states (TDOS and PDOS) for the  LuVNi2Sn2,  LuNbNi2Sn2 and  LuTaNi2Sn2 
compounds using the TB-mBJ potential with including the spin-orbit coupling (SOC).
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respectively. Figures 4 and 5 illustrate three-dimensional 
representations of the crystal direction dependencies of 
effective masses for holes and electrons at the Y and X 
points, respectively, as well as their two-dimensional rep-
resentations in the (100), (010), and (001) crystalline 
planes. These representations clearly demonstrate that the 
charge carrier effective masses in the title compounds 
exhibit strong anisotropy. Consequently, transport param-
eters such as mobility and the Seebeck coefficient are also 
expected to exhibit significant anisotropy.

3.3.3  Density of States

Figure 6 illustrates the total and atomic-projected l-decom-
posed densities of states (TDOS and PDOS) for the com-
pounds under investigation. The upper valence band group 
(V1 in Fig. 6) is formed by the hybridized Ni: 3d and X: 
nd orbitals, where X represents V (n = 3), Nb (n = 4), or Ta 
(n = 5). This group spans the energy range from approxi-
mately − 3.6 to 0 eV. The valence band group, designated 
as V2 in Fig. 6, which ranges from approximately − 4.9 to 
− 3.6 eV, is predominantly influenced by the Lu: 5d states, 
with a minor contribution from the Sn: 5p states. Another 
valence band group, labeled as V3 in Fig. 6, which cen-
tered around − 5.5 eV, is primarily attributed to the Lu: 
f states. The lowest energy valence band group, denoted 
as V4 in Fig. 6, which spans from approximately − 9 to 
− 7 eV, is originated from the Sn: p states. The conduction 
band bottom is also composed of states associated with 
the [LuX] blocks. Consequently, both the valence band 

maximum (VBM) and conduction band minimum (CBM) 
are entirely composed of the Lu: 5d and X: nd states from 
the [LuX] blocks.

3.4  Optical Properties

The optical properties of double half-Heusler compounds 
exhibit variations depending on their composition and 
crystal structure. Some compounds demonstrate signifi-
cant absorption in the ultraviolet region, while others 
exhibit strong absorption in the visible region [29, 30]. 
These optical properties play a crucial role in applications 
such as photovoltaics, where efficient light absorption is 
necessary for effective energy conversion.

In this study, we conducted calculations to determine the 
optical properties of  LuXNi2Sn2 (X = V, Nb, and Ta) com-
pounds within an energy range of 0 to 20 eV. We focused on 
evaluating the dielectric function as a function of frequency, 
which allowed us to derive additional optical properties 
such as optical conductivity, refractive indices, absorption 
coefficient, and optical reflectivity. Figure 7 illustrates the 
spectra of the imaginary part of the optical dielectric func-
tion ( ���

2
(�) ; � = x, y, z) for incident electromagnetic waves 

with electric field vectors E parallel to the three principal 
crystalline axes, namely E||a, E||b, and E||c. Each spectrum 
of the materials under consideration exhibits four distinct 
structures labeled A, B, C, and D in Fig. 7. In the spectrum 
���
2
(�) of  LuVNi2Sn2, the A and B peaks overlap, whereas 

in  LuNbNi2Sn2 and  LuTaNi2Sn2, these peaks are well dis-
tinguished. These peaks arise from direct electronic transi-
tions occurring between occupied states in the valence band 

Fig. 7  The Calculated frequency-dependent imaginary part (ε2(ω)) and real part (ε1(ω)) of the complex dielectric function for the  LuVNi2Sn2, 
 LuNbNi2Sn2 and  LuTaNi2Sn2 compounds using the TB-mBJ potential with including the spin-orbit coupling (SOC)
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and unoccupied states in the conduction band. Analysis of 
Fig. 7 reveals that the energy positions and magnitudes of 
the major peaks in the spectra of ���

2
(�) ( � = x, y, z) differ 

considerably within the energy range of 1 to 7 eV, while they 
appear almost superimposed in the remaining energy range. 
Furthermore, the magnitude of the structure corresponding 
to E||b is slightly larger than those corresponding to E||a 
and E||c. These observations indicate a distinct anisotropy in 
the imaginary part of the dielectric function ( �2(�) ) within 
the energy range of 1 to 7 eV, while it demonstrates nearly 
isotropic behavior in the remaining energy range for both 
studied compounds. An intriguing avenue for further inves-
tigation is to elucidate the nature of the optical transitions 
responsible for the observed structures in the spectrum. By 
referring to the partial density of states (PDOS) diagrams 
presented in Fig. 6, one can assign the observed structures 
A and B in the spectrum to electronic transitions from the 
valence sub-bands V1 and V2 to the conduction sub-band 
C1. These transitions involve the filled Ni-3d and X-nd states 
transitioning to the empty Lu-5d and X-nd states (where 
n = 3 for V, n = 4 for Nb, and n = 5 for Ta). Structure C can 
be attributed to the electronic transition from the V2 valence 

sub-band to the C1 conduction sub-band, involving the filled 
As-4p and Ga-4p states transitioning to the empty Sr/Ba-nd 
states (where n = 3 for Sr and n = 4 for Ba). Finally, struc-
ture D corresponds to the electronic transition from the V3 
valence sub-band to the C1 conduction sub-band, where the 
filled As-4p and Ga-4p states transition to the empty Sr/
Ba-nd states (where n = 3 for Sr and n = 4 for Ba).

Figure 7 also presents the spectra of the real part of the 
dielectric function (ε1(ω)) for the three crystal axes, namely 
���
1
(�) ( � = x, y, z). Notably, these spectra exhibit clear ani-

sotropy within the energy range of approximately 2 to 6 eV 
for all the compounds studied. Each curve of ���

1
(�) ( � = x, 

y, z) shows an increasing trend as the photon energy rises 
from its static value, reaching a maximum, and then gradu-
ally decreasing. The magnitudes of the ���

1
(�) ( � = x, y, z) 

spectra do not exhibit consistent differences. The maximum 
magnitude of �1(�) is approximately 38.6 at around 1.26 eV 
in  LuVNi2Sn2, 33.29 at around 1.39 eV in  LuNbNi2Sn2, and 
31.23 at around 1.43 eV in  LuTaNi2Sn2. Furthermore, the 
calculated values of the electronic static dielectric constant 
for all three polarizations ���

1
(� → 0) ( � = x, y, z) are identi-

cal. The value of ���
1
(0) ( � = x, y, z) is 23.8 in  LuVNi2Sn2, 

Fig. 8  The Calculated 
frequency-dependent absorp-
tion coefficient α(ω), The 
Reflectivity R(ω), refractive 
index n(ω) for the  LuVNi2Sn2, 
 LuNbNi2Sn2 and  LuTaNi2Sn2 
compounds using the TB-mBJ 
potential with including the 
spin-orbit coupling (Full relativ-
istic calculations)
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21.4 in  LuVNi2Sn2, and 20.6 in  LuVNi2Sn2. These val-
ues follow a decreasing trend according to the sequence: 
LuVNi2Sn2 → LuNbNi2Sn2 → LuTaNi2Sn2 . This obser-
vation aligns with Penn’s model [47], which proposes an 
inverse proportionality between ε(0) and the bandgap value.

Certain optoelectronic devices, such as sunlight convert-
ers, rely on the absorption spectra of semiconductors for 
their functionality. The absorption coefficient, denoted as 
α(ω), provides a measure of the energy absorbed per unit 
length of a medium when it is exposed to an electromagnetic 
wave of frequency ω. In this study, the frequency-dependent 
absorption coefficient curves were calculated for the spe-
cific compounds under investigation within an energy range 
up to 25 eV. The incident electromagnetic radiation was 
polarized parallel to the [100], [010], and [001] crystalline 
directions, denoted as αxx(ω), αyy(ω) and αzz(ω), respectively 
(see Fig. 8a). Each absorption αyy(ω) spectrum within the 
considered energy range exhibited a prominent absorption 
band spanning from the absorption threshold to 25 eV. It is 
worth noting that the αxx(ω), αyy(ω) and αzz(ω) curves initi-
ate from the same absorption threshold and exhibit similar 
rapid growth rates, indicating an isotropic band edge. For 
the three compounds analyzed, αxx(ω), αyy(ω) and αzz(ω) dis-
play values higher than ∼ 169 ×  104  cm−1 within an energy 
range approximately ranging from 5 to 11 eV. Moreover, 
the magnitude of the absorption coefficient surpasses  106 
 cm−1 over a significant energy span ranging from approxi-
mately 3 to 15 eV. Notably, for  LuVNi2Sn2,  LuNbNi2Sn2, 
and  LuTaNi2Sn2, the absorption coefficient magnitude 
exceeded 5 ×  105  cm−1 across a wide energy range spanning 
approximately from 1.6 to 20 eV, 2 to 19.5 eV, and 2.2 to 
19 eV, respectively. It is worth mentioning that these energy 
ranges align closely with the optimal band gap of 1.4 eV 
for solar cell absorbers. Consequently, these compounds 
demonstrate a strong absorption capacity for electromag-
netic waves in the Near-UV region and visible spectrum. The 
considerable absorptivity of electromagnetic waves within 
the visible spectrum and Near-UV region suggests that these 
compounds hold promise as potential candidates for opto-
electronic applications that rely on the absorption of electro-
magnetic radiation within the aforementioned energy ranges.

Figure 8b illustrates the relationship between the reflec-
tivity spectra (R) and the energy of incident electromagnetic 
radiation when polarized parallel to the [100], [010], and 
[001] crystalline directions. It is evident that the reflectiv-
ity spectra exhibit pronounced anisotropy. The magnitude 
of reflectivity demonstrates distinct behavior for each crys-
talline direction. In  LuVNi2Sn2, the static value of reflec-
tivity (R) is 44%, which gradually increases to a maxi-
mum of approximately 60% at around 1.9 eV for E||a. In 
 LuNbNi2Sn2, the initial reflectivity is 42%, and it reaches 
approximately 55% at around 4 eV for E||b. Similarly, in 

 LuTaNi2Sn2, the reflectivity starts at 40% and reaches 
approximately 55% at around 4 eV for E||b. For all three 
compounds, the magnitude of reflectivity (R) remains above 
40% within an energy range from 0 to approximately 13 eV. 
Within this range, the reflectivity curve exhibits several 
maxima and humps, indicating complex behavior. However, 
for photon energies higher than approximately 13 eV, the 
reflectivity spectra (R) rapidly decrease and tend towards 
zero for all the materials studied in this research.

Figure 8c presents the predicted relationship between 
the refractive index (n(ω)) and the energy of the incident 
electromagnetic radiation for three different polarizations. 
The refractive index exhibits some degree of anisotropy. The 
curve initially departs from its static value 4.96/4.63/4.45 
for  LuVNi2Sn2/LuNbNi2Sn2/LuTaNi2Sn2, respectively, 
and increases as the energy of the incident photons rises. 
It reaches a maximum value in the visible spectrum, spe-
cifically at approximately 6.40/5.85/5.64 for  LuVNi2Sn2/
LuNbNi2Sn2/LuTaNi2Sn2, respectively, at energies around 
1.39/1.47/1.62 eV. Subsequently, the refractive index experi-
ences a rapid decrease to a weak value.

3.5  Thermoelectric Properties

The present study focused on investigating the dependence 
of various thermoelectric coefficients on the concentration 
of electrons and holes at temperatures of 300 and 500 K. 
Specifically, the thermoelectric coefficients examined 
were the Seebeck coefficient (S), electrical conductivity 
over relaxation time (σ/τ), electronic thermal conductiv-
ity over relaxation time (ke/τ), Pauli magnetic susceptibil-
ity parameter (χ), power factor (PF), and figure of merit 
(ZT). The coefficients examined were calculated including 
and excluding spin-orbit coupling effects. However, for 
the sake of complete representation and meticulous analy-
sis, we exclusively present the results derived from the 
complete relativistic calculations in Fig. 9. This choice is 
based on two main justifications. First, the global relativ-
istic approach incorporates the totality of interactions, thus 
offering an increased degree of precision in the resulting 
results. Second, this selection is also motivated by a delib-
erate aspiration for greater lucidity in presentation, a pri-
mary consideration in scientific discourse. One significant 
finding was that the magnitude of the Seebeck coefficient 
(S) for holes is greater than that for electrons in all three 
compounds studied. This indicates that p-type doping of 
the considered materials is more favorable for thermoelec-
tric applications compared to n-type doping. The Seebeck 
coefficient value decreases with increasing charge car-
rier concentration and increases with rising temperature. 
Additionally, the nature of the X atom (X = V, Nb and Ta) 
has a minimal impact on the magnitude of the Seebeck 
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Fig. 9  Charge-carrier concentration dependence of the Seebeck coef-
ficient (S, in mV  K−1), electrical conductivity over relaxation time 
(σ/τ, in Ω−1  cm−1  s−1), electronic thermal conductivity over relaxation 
time (ke/τ, in  W−1  m−1  s−1  K−1), Pauli magnetic susceptibility param-

eter (χ, in  m3.mol−1) Power factor (PF, in W  cm−1  s−1  K−2) and figure 
of merit (ZT, dimensionless) at two selected temperatures T: 300 and 
500 K
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coefficient. Notably,  LuVNi2Sn2 exhibits a higher Seebeck 
coefficient value compared to the other compounds at the 
same concentration and temperature. For example, when a 
temperature difference of 1 K is applied between two ends 
of  LuVNi2Sn2, an electrical voltage of 0.25 mV could be 
generated. The inclusion of spin-orbit coupling only has 
a discernible effect in  LuTaNi2Sn2 due to the larger size 
of the Ta atom. Analysis of the charge carrier depend-
ence of electrical conductivity over relaxation time (σ/τ) 
unequivocally demonstrates the advantage of electron con-
ductivity over holes in all three compounds.  LuVNi2Sn2 
exhibits slightly higher electron conductivity compared to 
 LuNbNi2Sn2 and  LuTaNi2Sn2. The study also examined 
the relationship between electronic thermal conductivity 
(ke/τ) and charge carrier concentration at 300 and 500 K. 
The results indicated that the ke/τ increases with higher 
temperatures and greater charge carrier concentrations, 
implying that a larger number of charge carriers leads to 
increased thermal conductivity. Notably, in  LuVNi2Sn2, 
holes contribute somewhat more to thermal conductivity 
than electrons, whereas in  LuNbNi2Sn2 and  LuTaNi2Sn2, 
electrons are the dominant contributors. The Pauli mag-
netic susceptibility parameter (χ), which describes the 
behavior of conduction electrons in the presence of an 
external magnetic field, increases with increasing concen-
trations of both holes and electrons, but decreases with 
rising temperature.

The power factor (PF) is an important parameter in 
thermoelectric materials as it reflects the efficiency of 
converting temperature gradients into electrical power. 
 LuVNi2Sn2 demonstrates the highest power factor value 
for a hole concentration of  1021  cm−3. The figure of merit 
(ZT) is a crucial indicator of the overall thermoelec-
tric performance of a material. The value of the figure 
of merit was calculated using the following formula : 
ZT = �S2T/(ke + kl) , where S (in V  K−1 unit) is the so-
called Seebeck coefficient or thermopower, σ (in Ω−1  cm−1 
unit) is the electrical conductivity, ke and kl are electron 
and lattice thermal conductivities (in W  cm−1  K−1 unit), 
respectively, and T is the absolute temperature (in K unit). 
At 500 K,  LuVNi2Sn2 displays the highest ZT value of 0.6 
for a charge carrier concentration of  1020  cm−3. This sug-
gests that  LuVNi2Sn2 possesses promising thermoelectric 
properties, particularly at elevated temperatures.

It should be noted that our findings underscore that 
the compounds examined possess a commendable figure 
of merit (ZT) value over the XFeSb counterparts (where 
X = V, Nb, and Ta), whose values remained confined 
within the bounds of 0.4 [48]. Notably, previous endeav-
ors to enhance this metric through atom substitution with 
Hf or Ti [48] yielded minimal success. This distinction 
emerges due to the relatively low lattice thermal conduc-
tivity exhibited by the  LuXNi2Sn2 alloys (where X = V, 

Nb, and Ta), attributed to their distinctive resistance to 
phonon propagation compared to the XFeSb counterparts 
(where X = V, Nb, and Ta) in their simple cubic crystal 
structure [48].

4  Conclusion

In this study, the properties of  LuXNi2Sn2 (where X = V, 
Nb, and Ta) double-half Heusler alloys were investigated 
using density functional theory (DFT) based FP-LAPW 
calculations, both with and without including spin-orbit 
coupling. The calculations covered various aspects such as 
equilibrium crystal structure, thermodynamic properties, 
electronic structures, linear optical coefficients, and ther-
moelectric parameters. The equilibrium lattice parameters 
and atomic positions were successfully determined using 
the GGA-PBEsol functional, which accurately modeled 
the exchange-correlation energy. To confirm the thermody-
namic stability of the materials, the formation enthalpy was 
calculated. The behavior of macroscopic thermodynamic 
parameters with temperature and pressure was predicted 
using the quasi-harmonic Debye–Slater model. By analyz-
ing the energy band dispersions obtained from FP-LAPW 
calculations with the TB-mBJ potential, it was determined 
that the three compounds studied are semiconductors with 
indirect band gaps (Y–X). The density of states projected 
on orbitals and atoms provided insights into the electronic 
states composing the valence and conduction bands. It was 
observed that the valence band maximum (VBM) and con-
duction band minimum (CBM) are predominantly formed by 
Lu: 5d and X: nd states from the [LuX] blocks. The effec-
tive masses of charge carriers at the extremes of the energy 
bands were found to exhibit significant anisotropy. Linear 
optical coefficients were calculated for incident electromag-
netic radiation polarized parallel to the [100], [010], and 
[001] crystal directions, revealing a noticeable anisotropy 
in the optical properties. The studied compounds exhib-
ited strong absorption in the visible spectrum and near-UV 
region, as well as a high reflection coefficient in the visible 
light range. The dependence of thermoelectric properties on 
charge carrier concentration was investigated using Boltz-
mann semi-classical transport theory. Among the studied 
compounds,  LuNbNi2Sn2 demonstrated the highest figure 
of merit, reaching approximately 0.6 at a charge carrier con-
centration of  1020  cm−3. This indicates its favorable poten-
tial for efficiently converting heat into electricity if one is 
able to reduce its lattice thermal conductivity. Overall, this 
comprehensive analysis provides valuable insights into the 
structural, electronic, optical, and thermoelectric properties 
of  LuXNi2Sn2 double-half Heusler alloys, paving the way 
for their potential applications in various optoelectronic and 
thermoelectric devices.
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