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ARTICLE INFO ABSTRACT

Communicated by L. Brey In the current work, the structural, electronic, thermoelectrics, and optical characteristics of the double half

Heusler (DHH) ScNbNi,Sny compound are reported for the first time using density functional theory (DFT). The

Keywords: computed band structures show typical semiconductor behavior with an indirect bandgap (0.47 eV) using EV-
DOUblf half-heusler GGA approximation. We also investigated the optical properties such as the dielectric function, optical con-
Optoelectronic

ductivity, refractive index. Boltzmann’s semiclassical theory attempts to explain a simulation concept in the
BoltzTrap software, and the findings were presented and analyzed in terms of electrical conductivity, electronic
and lattice thermal conductivities, the Seebeck coefficient, and the Figure of merit over a 50 K-1000 K tem-
perature range. At room temperature, with a low magnitude of lattice thermal conductivity (ki) (5.30776 W/m.
K) and a maximum value of the merit factor (ZT) is 0.64 at 900 K for ScNbNi»Sn, compound is observed. These
findings suggest that our material may be a viable option for use in high-temperature thermoelectric devices. We
calculated (S, (¢ /7), (k. /7)) along the x, y, and z axes utilizing the EV-GGA method. We found out that our
compound is thermoelectrically anisotropic. We have also studied in EV-GGA the effect of the carrier concen-
tration on the Seebeck coefficnet at T = 600 K. The maximum value of S is 356.9905 pV/K with n = 3.04 x

Thermoelectric properties

10'°Cm~° within GGA and EV-GGA respectively.

1. Introduction

In the last decade, studies into the thermoelectric characteristics of
half-Heusler compounds have garnered a lot of interest [1-3]. Multiple
examples of advanced thermoelectric materials (YFeSb (Y=Nb, Ta) [4,
5], and ZrCoBi [6] are p-type transport materials, while TiNiSn [7,8] is
n-type) included in this group of compounds due to the wide chemical
space available to tailor their characteristics. The remarkable electrical
transport capabilities of half-Heusler compounds are largely responsible
for their outstanding performance [9]. Ternary half-Heusler materials,
however, have a disadvantage when compared to the top IV-VI com-
pounds based thermoelectric materials [10,11] owing to their inherently
high lattice thermal conductivity (ky). When compared to other
high-performance materials with a half-Heusler formula (T = 300 K),
ZrCoBi [6] has a ki, of just 10 W/(m.K), where today’s leading ther-
moelectric material PbTe has an intrinsic k;, of just 2 W/(m.K) [12].
Because of this, it is better to devise a method for locating novel semi-
conductors that exhibit the electronic characteristics of half-Heusler

alloys but have substantially lower k;.

Although ki, is known to be compositionally dependent via phonon
scattering [13,14] and Mechanisms for softening the lattice [6,14], it is
also known to be dependent on the size of the primitive unit cell [15].
The value of ky, relies mostly on N which represent the total number of
atoms in the elementary unit cell, even for solids with comparable bulk
characteristics including Debye temperature, average cell mass, partic-
ular thermal capacity, and Gruneisen values [15]. Lower ki, in complex
materials with higher N is caused by a lesser percentage of high group
velocity (vg) acoustic modes opposed to smaller (vg) optical modes. The
materials LasM00g (N = 624, k, = 0.7 Wm ™ K 1[16] and Yb14AISby1
(N =104, k., = 0.6 Wm~' K1) [15,17] are two illustrious instances of
high N compounds with low ki, values. Nonetheless, N = 3 for ternary
half-Heuslers, revealing a vast untapped resource for the discovery of
materials with low thermal conductivity if the effective N might be
consistently increased. The perovskite type is the basis for a famous
group of materials with a wide range of cell sizes [18]. Ternary perov-
skites ABO3 (eg, BaTiO3) have N = 5, whereas quaternary double
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Fig. 1. Crystal structure of the double half-Heusler ScNbNi,Sn, compound. The red, green, blue, and yellow spheres represent the Sc, Nb, Ni, and Sn atom. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

perovskites (AyB’B”Og, for instance, SroFeMoOg (N = 10), LaCuSnOg
(N = 40)) possess N > 10 [19]. When compared to single perovskites,
double perovskites provide more flexibility in terms of modifying their
functions for photovoltaic devices, magnetoresistive characteristics, etc
[18,20-22]. When compared to single perovskite compounds, double
perovskites can be found in vastly greater quantities, thanks to the
possibilities presented by the introduction of a second element [18,20].
Half-Heuslers can be made from a wide variety of elements, similar to
perovskites, with each site possessing a different group from the periodic
table. According to the valence balancing rule [23], in the most stable
forms, the combined net valence (NV) of the three elements is zero.
Therefore, this data can be utilized to select the most appropriate
ternary half-Heusler elements (mostly XYZ) to implement. Isovalent
substitution between compounds with no distinctive valence balanced
combination is typically the focus of studies on the quaternary combi-
nations of the half-Heusler phases (such as TigpsZrgsNiSn and
Tig.2Zro.gNiSn), which does not encourage the creation of ordered sub-
stances such as the double perovskites [24]. Many alloy compositions
create disordered solutions that are only maintained at elevated tem-
peratures. Nonetheless, the combination generating 18-electron ternary
half-Heuslers [23] is characterized by aliovalent substitution, which
may result in a novel combination with balanced valence (Iron and
Nickel substitutions on the atomic Y-site of Ti2FeNiSb2 are one
example). Accordingly, we anticipate ordered ground states at these
one-of-a-kind combinations to form stable complexes, precisely as
ternary half-Heuslers [25]. We describe double half-Heuslers (XoY'Y"Z5
vs XYZ, with Y’ and Y” not being isovalent) as the stability of quaternary
compounds is contingent upon aliovalent substitution; this definition is
inspired by the concept of double perovskites, where the “double” might
allude to perovskite formula unit doubling (A3B’B”Og vs ABO3). These
aliovalently substituted materials (for instance, TioFeNiSby) are called
double half-Heuslers to set them apart from other quaternary arrange-
ments containing isovalent alloys (e.g., Tig 5Zro sNiSn), despite the fact
that they may or may not undergo an order-disorder transition at higher
temperatures. The double half-Heusler mixture ensures that the effective
N for kL is greater than 3, despite the disordered phase having a
potentially larger scattering mechanism for phonons. When compared to

the ternary compositions, the double half-Heusler structures’ quaternary
components may offer a much larger spatial structure in which new
compounds can be discovered. Very many stable double half-Heuslers
have been predicted, but none have yet been found in experiments.
For the same reasons that ternary half-Heuslers are being investigated
[26], double half-Heuslers may find utility in areas as diverse as ther-
moelectrics, transparent conductive thin films (e.g., TalrGe [27]), par-
adoxical semi-metals (e.g., HfIrAs [25]), and spintronics (e.g.,
V0.3+5COS|) [28,29]).

Our research aims to characterize SCNbNi2Sn2’s electronic behavior,
including its band structure and density of state (DOS), as well as its
thermoelectric capabilities, including its Seebeck coefficient. Boltz-
mann’s semiclassical theory is used to describe a computational model,
and the resulting electrical conductivity, electronic thermal conductiv-
ity, Seebeck coefficient, and figure of merit are reported. Furthermore,
the optical properties (dielectric function, optical conductivity, etc.) are
determined. However, no similar research exists in the literature.

2. Specifics of the computation

The computations are carried out using the linearized augmented
plane wave [30] as implemented in the Wien2k code [31], which is
founded on first-principles density functional theory (DFT) [32]. The
exchange-correlation energy is parameterized by the generalized
gradient approximation GGA-PBE [33] and the local density approxi-
mation LDA [34], and to obtain a more precise electronic structure the
modified Beck-Johnson potential [35] and Engel-Vosko approximation
(EV-GGA) [36]. Given that the lowest muffin-tin radius (R.M.T) is be-
tween 2.28 and 2.42 atomic units (a.u.), and that the largest modulus of
reciprocal vector Koy occurs in the first Brillouin zone, we set the R.M.T
X Kmax value equal to 9. Within the muffin tin, L,q, = 10 and Gpqx = 14
have been entered as the wave function expansion parameters, with
Gmax denoting the magnitude of the biggest vector in the Fourier
expansion of the charge density. The inclusion of 1000 k-points in the
Brillouin zone guarantees the precision of the calculations. The
self-consistent calculation is considered to be converged when the total
energy difference is 10™* Ry. The Thermoelectric (TE) properties were
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Table 1
The atomic positions of the double half Heusler SCNbNi»Sn,.
Atom X y z
Nb 0.00000000 0.37347500 0.50000000
0.50000000 0.62652500 0.00000000
Ni1 0.00000000 0.13507300 0.73516800
0.50000000 0.86492700 0.23516800
Ni2 0.00000000 0.61712200 0.75465800
0.50000000 0.38287800 0.25465800
Sc 0.50000000 0.12255800 0.98976200
0.00000000 0.87744200 0.48976200
Snli 0.50000000 0.62574100 0.50200300
0.00000000 0.37425900 0.00200300
Sn2 0.00000000 0.87545300 0.98729500
0.50000000 0.12454700 0.48729500
Table 2

Calculated structural parameters lattice (/ek), bulk modulus B (GPa) and its first
derivative B, energy (Ryd), and bond lengths (A) for ScNbNiySn, compound
using GGA and LDA approximations.

Compound Physical parameters Approximation
GGA LDA
ScNbNiySny a(A?) 4.2873 4.1912
31_Pmn2; b 8.6064 8.4133

c 6.0740 5.9389
b/a 2.0074 2.0073
c/a 1.4167 1.4169
Enin(Ryd) —79939.0489 —79854.1487
B(GPa) 120.81 146.09
B’ 4.5349 4.8336
dscnit 2.646 (x3) 2.586 (x3)
dsc.niz 2.758 (x1) 2.697 (x1)
dgc_sn1 3.049 (x3) 2.98 (x3)
dsc-sn2 3.0231 (x3) 2.95 (x3)
dnp-ni1 2.5005 (x1) 2.44 (x1)
dnp-niz 2.6125 (x3) 2.55 (x3)
dnp-sn1 3.05024 (x3) 2.983 (x3)
dnp-sn2 3.0259 (x3) 2.96 (x3)

calculated using the Boltzmann semi-classical transport equation
implemented in the BoltzTraP code [37] under constant relaxation time
approximation (7).

3. Result and analysis
3.1. Structural aspects

This section examines the structural characteristics of our double
half-Heusler ScNbNi,Sn; alloy. This kind of research is of great impor-
tance because it permits the collection of information on microstructure
of compounds, it has major implications for the foreseeing of other
features including electronic, optical, and thermoelectric ones.

Half-Heusler (HH) compounds semiconductors are considered an
ideal candidate for thermoelectric devices which has the chemical for-
mula XYZ. As previously stated, the new class of Heusler compounds is
called double half-Heusler and it is a quaternary compound where the
words “double” refer to doubling the half-Heusler chemical formula
converts to XoY’Y”Z,, where Y/, Y’ are 3d transition metals with
different atomic numbers, X is rare earth and Z is a main-group element).
Just as doubling the unit cell yields double structures, tripling it yields
triple structures as X3Y3Z3 (Y’Y”2X3Z3). Double-half Heusler (DHH) al-
loys with space group [-42d have been proposed by Anand et al. [38]. In
order to improve thermoelectric performance, they synthesized the DHH
TiyFeNiSby and claimed that it has a low lattice thermal conductivity.
Double half-Heusler compositions TisFeNiSby, TisNipInSb, and
ScXCosSb;y (X = V, Nb, Ta) have had their fundamental characteristics,
electronic structure, elastic, optical, and vibrational aspects estimated
and investigated within the context of first principle approaches [39,
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Fig. 2. Total energy as a function of volume for ScNbNi,Sn, compound for both
GGA and LDA approximations.

40]. Crystals of ScNb(NiSn)2 form a simple orthorhombic structure with
the space group Pmn2; (N°31) and have a half-Heusler derivation. This
structure is shown in Fig. 1 and this sort of double half-Heusler structure
is defined by including two substances with a half-Heusler configura-
tion, each of which has its own distinct crystal geometry. We have fully
relaxed the atomic structure (cell parameters) for the purpose of
obtaining the fully stable geometric structures of the ScNb(NiSn). DHH
alloy. Table 1 displays the results of this relaxation in terms of atomic
coordinates. We also conduct structural optimizations on the ScNb
(NiSn), alloy for ferromagnetic (FM) and nonmagnetic (NM) phases in
order to establish the equilibrium lattice constant and define the stable
structure of the investigated DHH alloy. The Birch-Murnaghan EOS [41]
is used to adjust the total energy values as a function of volume using the
two approximation LDA and GGA. ScNb(NiSn)2 was shown to have a
nonmagnetic (NM) state, as predicted by the computations. The opti-
mized findings for the lattice constant a, bulk modulus B (GPa), and its
first derivative B’ are shown in Table 2. The optimization of these cal-
culations for our compound reveals that the lowest energy is in the GGA
approximation with the nonmagnetic state (see Fig. 2), so it can be
concluded that the GGA approximation is the most adequate one to
describe the structural properties. For this reason, we will only display
the GGA and EV-GGA results in the following subsections.

As shown in Fig. 2, Sc forms 10-coordinate bonds with 4 Ni and 6 Sn
atoms. Among the four Sc-Ni bond lengths, three are smaller (2.646 A)
and one is larger (2.758 A). There are three Sc-Sn lengths of chemical
bonds that are smaler (3.0231 f\) and three that are larger (3.049 A).
Distorted face-sharing NbNisSne tetrahedra are formed when Nb bonds
with 4 Ni and 6 Sn atoms. One Nb-Ni bond length is shorter (2.5005 i\),
while three are longer (2.6125 ;\) (see Table 2). Three Nb-Sn bond
lengths are 3.0259 A and three are 3.05024 A. Two Ni sites are non-
identical to one another. Ni forms a body-centered cubic connection
with 1 Sc, 3 Nb, and 4 Sn atoms in the first Ni site. The shortest Ni-Sn

Table 3

The elastic constants for SCNbNi»Sn, computed using GGA.
ScNbNi,Sn,
Ci1 210.4750 GPa
Ca2 235.4668 GPa
Css3 234.2404 GPa
Cus 74.3929 GPa
Css 72.3223 GPa
Ces 72.9843 GPa
Ci2 77.6167 GPa
Ciz 78.0717 GPa
Ca3 90.5160 GPa
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Fig. 3. The band structure along the symmetry lines of the BZ of DHH
ScNbNi,Sn, using GGA and EV-GGA approximations.

bond length is 2.55 A, while the three longest are 2.65 A. When looking
at the second Ni site, we see that it is connected to 3 Sc, 1 Nb, and 4 Sn
atoms via a body-centered cubic shape. Specifically, three of the Ni-Sn
bonds are smaller (2.60 A) and one is larger (2.72 ;\). Both Sn sites are
distinct from one another. At the first Sn site, there are 10 coordinates in
Sn with 3 Sc, 3 Nb, and 4 Ni atoms. Ten-coordinate bonds connect a
second Sn atom to 3 Sc atoms, 3 Nb atoms, and 4 Ni atoms.

To further demonstrate the stability of these compounds, we calcu-
late the elasticity constants Cij using the stress-strain method in the GGA
approximation. Nine separate constants (Cj1, Ca2, C33, C12, C13, C23, Ca4,
Css, and Cgg) entirely characterize the elastic behavior of an ortho-
rhombic structure. In Table 3 we show the GGA approximation values
for the anisotropic elastic constants of SCNbNi2Sn2 in the orthorhombic
structure. Based on these Cij values, it seems this material exhibits
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Table 4
Calculated fundamental energy band gaps (Eg in eV) of ScNbNi,Sn, compound.
ScNbNiySny Eg (Y —X) (eV)
GGA LDA EV-GGA mBJ-GGA mBJ-LDA
0.373 0.382 0.470 0.379 0.388
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Fig. 4. Orbital electronic density of states for ScNbNiSn, compound using EV-
GGA approximation.

elastic anisotropy. In Table 3 we show the GGA approximation values for
the anisotropic elastic constants of ScNbNisSny in the orthorhombic
structure. Based on these Cij values, it seems this material exhibits
elastic anisotropy. ScNbNi2Sn2 has a stiffer orthorhombic structure in
the [010] direction than in the [001] or [100] directions
(C22>C33>C11). Mechanical stability of the Pmn2; structure of
ScNbNiySny is indicated by the values of the elastic constants deter-
mined at 0 GPa with GGA, which confirm all the stability conditions
stated in equation (1).
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3.2. Electronic structure

The valence and conduction band electron distributions are the
primary determinants of the electronic features, band structure, and
state density, we have calculated these properties of DHH ScNbNiySnj in
their equilibrium condition with their lattice parameter optimized. The
band structure of ScNbNipSny was obtained using GGA, mBJ-GGA, LDA,
mBJ-LDA, and EV-GGA approximations. Fig. 3 shows that the X point is
the minimum of the conduction band (CBM) in ScNbNi;Sny, and that the
Y point is the maximum of the valence band (VBM) in the first Brillouin
Zone, establishing that ScNbNiySny is a semiconductor and displays an
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€8]

indirect bandgap equal t00:47 eV with EV-GGA which gives us the best
bandgap value according to Table 4.

The total and partial density of states of the DHH ScNbNiySnj alloy at
his equilibrium lattice constant have been computed using the GGA,
mBJ-GGA, LDA, mBJ-LDA, and EV-GGA approximations, providing us
with insight into the genesis of the electronic structure in our semi-
conductor. Fig. 4 represents to total and partial density of states (DOS).
Valence bands emerge between —4.8 eV and Ef in the plot DOS around
the Fermi level, which is due mostly to the biggest contributions of d-
orbitals of Ni atoms. Sn contributions are negligible while the rest or-
bitals of Sc and Nb atoms have small contributions. Due to the modest
contribution of the d-orbitals of Nb and Sc, there is simple predominance
of the conduction band within the energy ranges of 0.47 eV and 6.9 eV.
All other atoms’ rest orbitals, on the other hand, are extremely small in
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Fig. 5. Variation of (a) the real part €, (b) the imaginary part of the dielectric function, (c) electrical conductivity, and (d) absorption coefficient.
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Fig. 6. Optical spectra as a function of photon energy for ScNbNi,Sn, within EV-GGA approximation: (a) the extinction coefficient, (b) the refractive index, (c)

reflectivity spectra, and (d) the energy loss function.
comparison.
3.3. Optical properties

We have computed in this subsection, the optical characteristics
along the x, y, and z axes from 0 to 40 eV, including the dielectric
function variation ¢(w), the optical conductivity o(w), the refractive
index n(w), the extinction k(w), the absorption I(w) and reflection co-
efficients R(w), and the energy loss spectrum L(w) for ScNbNiySny using
EV-GGA approximation.

The complex dielectric function demonstrates how the optical
properties of a material are affected by the incident wavelength of light
and can be defined as:

(2)

e(w)=¢(w) + iez(w)

where €3 represents the imaginary part, and the following formula de-
picts it

2
qgeh 2 3
= M [ - k
& (w) Py VZC /BZ\ v (k)|"8[wcy (k) — w]d (3
with q is the charge of the electron and m is the mass.
My (k) = (uer|eVuer) C)

My (k) represents the matrix elements for the transitions between
valence and conduction band with e the polarization vector of the
electric field.

)

ocy(w)=Ecx — Eyg

wcy(w) is the energy of excitement.

On the other side ¢;(w) represents the real part of the dielectric
function can be obtained from the imaginary part Kramers-Kroning
relation [42]:

2 Toew),
e (w)=1 +—P/w2€2—(wz)dm (6)
n 0 — @
0
P represents the main value of the integral.
The absorption coefficient I(w) is presented as:
2n
I(w) == k(w) )

Where 1 represents the wavelengths of the light in a vacuum.
The refractive index depends on the frequency of the light beam.
%
€%(w) + &*(w)
2 2

(8
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Table 5

Calculated ¢ (0), n(0), R(0), and L(0) ScNbNiySn, compound within GGA, mBJ-GGA, LDA, mBJ-LDA, and EV-GGA.
ScNbNiSny £1(0) n(0) R(0) L(0)
Approximations E1xx €1yy E1gz Tyex nyy Ny Ry Ry R, Ly Lyy Ly,
GGA 17.6755 17.6611 17.4793 4.2042 4.2025 4.1808 0.3790 0.3789 0.3769 0.3896x10~* 0.3861x10~* 0.39016x10~*
EV GGA 17.2252 17.2534 17.0558 4.1503 4.1537 4.1298 0.3741 0.3744 0.3722 0.3954x10~* 0.3925x10~* 0.3962x10~*
mBJ GGA 18.0074 17.9752 17.8159 4.2435 4.2397 4.2209 0.3826 0.3823 0.3806 0.3928x10~* 0.3897x10~* 0.3937x10~*
LDA 17.3615 17.3581 17.1902 4.1667 4.1663 4.1461 0.3756 0.3756 0.3737 0.3815x10~* 0.3777x10~* 0.3819x10~*
mBJ LDA 17.5958 17.5837 17.4184 4.1947 4.1933 4.1735 0.3782 0.3780 0.3662 0.3857x10~* 0.3821x10~* 0.3865x10~*

The extinction coefficient k(w) and the reflection coefficient R(w) are
given by the following relations:

1

o) = | - 20) ver@) eto) ©
n+ik—1
@)= 1 (6

The influence of photon energy on the %, y, and z components of the
estimated dielectric functions ¢; (w) and &;(w) is shown in Fig. 5 (a) and
(b). The calculated static value for the real part & (w) of dielectric
function for ScNbNiySny along the three crystallographic directions is
found to be 17.2252 for &,«(0), 17.2534 for &;,,(0) and 17.0558 for
€122(0), respectively. The average static value ¢, (0) is 17.1781. As we can
see in Fig. 5. (a) from the zero frequency limit they start increasing and
reach the maximum value of 34.06 for &1, (®), 37.46 for &, (w) at 2.108
eV, and 31.63 for ¢1,,(w) at 2.13 eV, respectively. After that they start
decreasing. furthermore, in addition under the energy ranges shifting
from 4.7 to 18.7 eV ScNbNiySn, demonstrates metallic behavior because
€1 (w) is negative, as a result of our compound’s ability to reflect incident
photon radiant energy in this area.

From Fig. 5. (b) there is strong absorption in the energy range
2.19-4.83 eV. The absorption peak value is 35.52 for eay (@), 27.28 for
€2yy(w), and 32.70 for es,;(w) at 2.89 eV, 3.76 eV, and 2.81 eV respec-
tively, which indicates that ScNbNi,Snj is anisotropic.

The optical conductivity ¢(w) is shown in Fig. 5. (c), it begins to
increase at 1.5 eV and develops to the value of 12.52 at 2.92 eV for
0xx(0),12.45 at 3.79 eV for oy (@), and 11.18 at 2.84 eV for 0,,(w) then it
gradually decreases until it reaches 28 eV. After that it increases again
with the appearance of other medium peaks up to 40 eV.

The absorption coefficient I(w) from Fig. 5. (d) starts from the energy
1.5 eV, in which the absorption begins to increase until reaching the
value of about 200.909 x 10* Cm™! at an energy range of 9.72 eV then it
begins to increase again to arrive at an extremely intense about 304 at
34 eV along the x axe.

In Fig. 6. (a), the extinction coefficient k(w) reflects the maximum
absorption in the medium at 2.95 eV for k. (w),4 eV for k,, (@), and 4.23
eV for k,,(w) with average value 3.43. The refractive index is shown in
Fig. 6. (b) from the plot n(w) emerges from 4.1503, 4.1537 and 4.1298
for ngy (0), nyy (0), and n, (0) directions respectively. So, the average
value of n(0) is equal to 4.1446 and it is obtained from the real part of
the dielectric function to be n(0) = /&1 (0) = v/17.1781 = 4.1446 (see
Table 5) and arrives to a highest value 5.94, 6.21, and 5.73 for ny, nyy,
and n,, directions respectively, at 2.13 eV energy. It then begins to
decline with multiple, smaller peaks and continues to decline up to 20
eV and it begins to rise slightly forming very small peaks at the end of the
energy range.

Fig. 6 (c) defines the reflectance variation of ScNbNiySny, at the zero
frequency the value of the reflectance is about 37.3% where the greatest
value emerges at 57.3% in the energy range 2.83-8.47 eV. The variation
of the energy loss spectrum function is shown in Fig. 6. (d) the peaks
correspond to the plasma resonance and the corresponding frequencies
called the resonant energy loss occur at an energy of 18.92 eV and 35.5
eV for all directions.

3.4. Thermoelectric features

3.4.1. Lattice thermal conductivity
To quantify the effectiveness of thermoelectric power production,

. . . . . 2 .
scientists use a metric known as the figure of merit ZT = ,fikTL where S is

the material’s Seebeck coefficient, ¢ is its electrical conductivity, T is its
absolute temperature, and k. and k;, are its electronic and lattice thermal
conductivities. Low lattice thermal conductivity is required for prom-
ising thermoelectric materials. The total thermal conductivity (k7or = ke
+ k) is the sum of the lattice thermal conductivity «; and electronic
thermal conductivity .. The slacks equation is a standard approxima-
tion for calculating lattice thermal conductivity [43,44].

Slack’s equation was utilized to determine the lattice thermal con-
ductivity k;, while the BoltzTraP algorithm was utilized to evaluate the
electronic thermal conductivity k.. We estimated the Debye temperature
utilizing a quasi-harmonic Debye model incorporated in the original
Gibbs software [45-48].

We have used the constant relaxation time approximation 7 = 3 x
10~ s, in the temperatures range from 50 K to 1000 K are considered in
our calculations. How temperature affects k; is seen in Fig. 7 (a).
ScNbNiySn; is predicted to have lattice ky, values between 5.3070 W K!
m~! (at 300 K) and 1.3465 W K~! m~! (at 1000 K). As temperature
increases, there is an increase in phonon vibrations, leading to a
considerable decrease in the value of k. So, compounds are thought to
be promising candidates for usage as excellent thermoelectric materials
because of their low lattice thermal conductivities. Considering this, it is
necessary to look at the transportation options available. Fig. 7 (b)
shows that, on the other hand, ke rises as a function of temperature.
Wiedemann and Franz’s formulation gives an account of how k. and ¢
are related (ke = 6LT), where L stands for the Lorentz number. As seen in
Fig. 7 (c), krot continues to decrease with increasing temperature until T
exceeds 400 K. When this happens, the trend begins to reverse. The
value of roughly 6,0284 W/(m.K) is derived based on the comparatively
low thermal conductivity at 400 K.

3.4.2. Transport parameters

The transport coefficients (o, S, and k,) of the ScNbNi»Sny compound
may be determined using the relaxation time assumption, they can be
expressed as [49-52]:

1D

Where ¢ is the electrical conductivity, fj is a Fermi distribution function,

T and Vo signify the relaxation time and the group velocity associated

with k state, respectively. It can be shown that the Seebeck coefficient
can be calculated using

_ oo E — U
_ 1
S=eKzo Ek <7£ TV KT

Where ¢ is the band energy, p is the chemical potential. The definition
of the electronic contributions to thermal conductivity is:
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Table 6
The calculated of the Seebeck coefficient tensor of ScNbNi,Sn, at 300 K and
1000 K, using EV-GGA approximation.

Compound T(K) Sxx (WV/K) Syy (WV/K) S,z (WV/K)
ScNbNi,Sn, 1000 209.90 213.70 212.03
300 157.43 184.56 177.89

Simax 210.73 (900 K) 241.32 (600 K) 240.15 (650 K)

Table 7
The calculated electrical conductivity tensor of SCNbNi,Sn, at 300 K and 1000 K,
using EV-GGA and GGA approximations.

Compound Approximations T(K) o*1 018(W.m.S)’1
Oxx Oyy Gzz
ScNbNi,Sn, EV-GGA 1000 13.47 3.45 8.75
300 4.66 0.65 1.82
GGA 1000 13.02 3.30 8.08
300 4.47 0.56 1.58
of P
_ g2 _ Y% k—HY 2
k. —KBT;( 3 TV KT ToS (13)

Wiedemann-Franz equation is also useful for determining the elec-
tronic thermal conductivity parts [53], L is the Lorentz number

K.=LTo a4

In Fig. 7 (d), as the temperature increases, so does the electrical
conductivity as measured by the relaxation time (¢ /7) of SCNbNiySny. It
seems to vary linearly with temperature, as expected by the band
structure analysis, and so confirms the semiconducting property.
ScNbNi,Sny was found to have a (0 /7) of 2.3823*10'® (Qms)™! at a
temperature of 300 K. The value of 8.5611*10'® (Qms) ! was deter-
mined at a temperature of 1000 K.

Coefficients of Seebeck S of double half-Heuslers alloys is influenced
by the electronic band structure of the alloys. Evaluation of the mate-
rial’s capacity to generate a voltage in reaction to a change in temper-
ature. S of ScNbNiySn, has been seen to rise with temperature until 750
K, after which the tendency reverses. Fig. 7 (e) demonstrates that the
values of S for ScNbNiySny grow from 173.2968 V K~ ! at 300 K to
211.8817 V K1 at 1000 K, indicating that S is continuously positive
across the whole temperature range. Given that S is positively charged,
holes are projected to be the principal charge carriers in ScNbNiySny
material, which plays a crucial role in conduction. ScNbNi,Sn; is a p-
type compound because, regardless of temperature, its S value is always
positive.

The ZT phenomenon is comparable to that of electrical conductivity.
ZT rises as a function of temperature (as predicted, as seen in Fig. 7(f))
up to around T = 900 K, after which it decreases. As the temperature
rises from 600 K to 900 K, the ZT values rise from 0.5237 to 0.6391.

RbCrC has a ZT of 0.94 at 800 K [54], ZT equal to 0.73 at 300 K for
RATiSb [55], n-type of Bi,Al,Seg has ZT value off 0.76 when n equal to -
6.448+10'® cm® [56], at T = 700 K (T = 810 K) ZT = 0.5 (ZT = 0.1) for
VCoSb (ScNiSb) [57,58], ZT~ 0.99 (CuPNz: n = —1.7 *10'°cm?) for
n-type, (HPN2: n = 1.4 *1019cm3) for p-type, (LiPNz or NaPNy, n =
0.4*10'%cm?) for p-type [59,60], and at 700 K CaZn,Sb; has ZT of 0.33
[61]. For n-type of LiCrZ (Z = S, Se, Te), ZT equal to 0.68, 0.9495, and
0.9507 when n = —97.77%10%! cm3, n = —84.85%10%! cm3, and n =
67.48+10%! cm3, respectively [62]. For CoFeTiGe (CoFeCrGe), ZT = 0.25
and 0.404 (0.243 and 0.644) for n and p-type, respectively, when n =
-5.75*10%° cm® and n = 18.61¥102! em® (n = —10.83*10% cm® and n
= 60.52*10%! cm3), respectively [63].

After demonstrating the strong thermoelectric performance of
ScNbNiySny, we calculate (S, (6 /7), (ke /7)) along the x, y, and z axes
using the EV-GGA method. Tensors (0xx 7 Oyy 7 0s), (Sxx # Syy # Szz)s
(key, 7# ke, 7 ke,,) are diagonal.
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In the temperature range of 50-250 K, as shown in Fig. 8 (a), the S,
Seebeck coefficient has larger values than the Sy, tensor, but this trend is
inverted at T = 300-600 K, where the S, tensor has higher values than
the zz and xx tensors. In the subsequent interval, between T = 650 K and
1000 K, S, is the most dominant. From Table 6, the Seebeck coefficient
value Syy is higher than that found in Syx and S, at T = 300 and 1000 K.
In particular, at T = 300 K (Sx, = 157.43 pV/K S, = 184.56 p V/K, S;; =
177.89 pV/K). The large values of Syy indicates the dominance of
transport along the yy axis. The highest value of all tensors has been
found to be along the axes yy, because Syy in approximation EV-GGA
reaches values of 241.32 uV/K at (600 K) which indicates that the
transport is dominated by the yy-axis. (K, /7) is greater than (K, /7)
and (K., /7) besides that when T = 600 K, (K,,, /7) is 71% of (K., /7) and
(Ke,, /7) is 28% of (K, /7) (Fig. 8 (b)). In addition, at elevated temper-
atures, the disparity between these three characteristics becomes more
significant. T = 900 K at elevated temperatures (o, /7) is 63% of (oxx /7)
whereas (oyy /7) is only 25% of (6xx /7), it is supported by the significant
concentration of states in this direction (Fig. 8 (c)). So, the electrical
conductivity is dominated by the xx-axis in temperature range between
50 K and 1000 K. All the calculated electrical conductivity tensors along
the axes xx, yy, and 2z for temperature equal to 300 K and 1000 K using
the two approximations GGA and EV-GGA are presented in Table 7.

3.4.3. Seebeck coefficient enhancing

Fig. 9 shows how the Seebeck coefficient varies with the temperature
range 300 K-600 K of double half heusler ScNbNiySn,. At 600 K the
value of S is 225.70 pV/K corresponding to a carrier concentration of n =
28.50 x 10'°Cm~2 within EV-GGA and 228.875 pV/K corresponding to
a carrier concentration of n = 24 x 10'°Cm™~2 within GGA. We have also
studied in both approximation GGA and EV-GGA the effect of the carrier
concentration on the Seebeck coefficnet at T = 600 K. The maximum
value of § is 281.8747 pV/Kwithn = 6.9 x 10°Cm™2 and 356.9905 pV/
K with n = 3.04 x 10'°Cm ™2 within GGA and EV-GGA respectively.

4. Conclusion

We have studied the structural, electronic, optical, and thermoelec-
tric properties of the DHH compound ScNbNisSny employing DFT
implemented in the Wien2k code. Our results can be summarized as
follows:

The study of structural properties shows that SCNbNiSn, crystallizes
in the simple orthorhombic Pmn2; space group, the result of the lattice
constants within GGA approximation a, b, and ¢ are 4.287 A, 8.606 A,
and 6.074 A. The energy of the ground state Ep;, compressibility
modulus B, and pressure derivative B’ of the SCNbNi;Sn, compound are

10

reported in this work for the first time.

According to the electronic properties our compound is a semi-
conductor and has an indirect (Y —X) narrow bandgap = 0.47 eV using
EV-GGA approximation. Using the EV-GGA approach we have investi-
gated the optical properties and we concluded that our material is a good
choice for optoelectronic devices. Finally, the effects of temperature on
thermoelectric parameters are investigated using BoltzTraP code we
have calculated the most important properties which are transport
properties such as the Seebeck coefficient, it has a positive value which
indicates that ScNbNiySny is (p-type) semiconductor. We have also
calculated other parameters such as electrical, thermal conductivities,
and ZT. As the temperature rises from 600 K to 900 K, the ZT values rise
from 0.5237 to 0.6391. We calculated (S, (¢ /7), (k. /7)) along the x, y,
and z axes using the EV-GGA method. We found out that our compound
is thermoelectrically anisotropic. We have also studied in both approx-
imation GGA and EV-GGA the effect of the carrier concentration on the
Seebeck coefficnet at T = 600 K. The maximum value of S is 281.8747
uV/K with n=6.9 x 10°Cm 2 and 356.9905 pV/K with n = 3.04 x
10'°Cm 3 within GGA and EV-GGA respectively.
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