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Abstract

The structural, electronic, optical, and thermo-electric properties of LuNiBi and LuNiSb Half-Heusler have been studied
using a full potential linearized augmented plane-wave (FP-LAPW) method. The results of the calculations presented in
this work were obtained through the use of different approximations GGA-PBE, GGA-PBEsol, GGA-WC, and mBJ-GGA.
The electronic band structures exhibit that the LuNiBi and LuNiSb alloys have a small indirect gaps in the valence band and
the conduction band at points I" and X, revealing the semiconductor character in both compounds. The complex dielectric
function € (w), optical conductivity ¢ (w), extinction coefficient k (@), refractive index n (), and reflectivity R (@) as a
function of photon energy are calculated using mBJ-GGA approximation, that is yielding results in good accordance with
available experimental data. On the other hand, the variations of the thermal conductivity, power factor, figure of merit ZT,
Seebeck coefficient, and electrical conductivity, as a function of temperature, have been investigated. Most of the optical and
thermoelectric properties of LuNiSb and LuNiBi materials are not available in the literature; this makes the present work
as a detailed comparative study between both compounds and opens the path for other future accurate theoretical studies to
find the promising substitute for the interesting and more efficient thermoelectric device in industry.

Keywords LuNiBi - LuNiSb - FP-LAPW - GGA-PBEsol - GGA-WC - Semiconductor - Extinction coefficient x (w) -
Thermal conductivity - Refractive index n (@)

1 Introduction

The present work is an ab initio study of the physical proper-
ties (structural, electronic, optical, and thermo-electric) of
LuNiBi and LuNiSb alloys based just on bismuth and anti-
mony using the FP-LAPW method (full-potential linearized
augmented plane wave) method implemented in the WIEN2K
code [1], which has demonstrated the extraordinary efficiency
and which gives the general ideas on all digital tools. Mate-
rials based on bismuth and antimony have been intensively
studied because of their many technological applications,
especially in the field of optoelectronics and thermo-electric
[2, 3, 6]. Half-Heusler, a type of alloy, is chemically defined
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by the formula XYZ [4, 5]. It crystallizes in a cubic structure
(shown in Fig. 1) of space group F-43 m C1b (group no. 216),
where the elements X, Y, and Z, respectively, occupy the
Wyckoff positions 4a, 4b, and 4c in the phase most ordered
chemical [2, 3, 6, 7]. The electronic band structures exhibit
that the LuNiBi and LuNiSb alloys have a small indirect gaps
in the valence band and the conduction band at points I" and
X. This means that the LuNiBi and LuNiSb are semiconduc-
tors. The theoretical results obtained for band structures are
in good agreement with those found experimentally [2, 6].
We have studied optical and thermo-electric parameters as a
function of photon energy and as a function of temperature
respectively using mBJ-GGA approximation in which we
have had good results.

2 Computational Method
This research is designed to study the physical properties

of Half-Heusler LuNiBi and LuNiSb compounds. DFT
calculations [8] were performed using the full-potential
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Fig. 1 Crystal structure of LuNiZ (Z=Sb, Bi)

linearized augmented plane wave (FP-LAPW) method
implemented in the WIEN2K code [1], and to determine
the potential for exchange and correlation, several approxi-
mations used GGA (PBE96, WC, and PBEsol) [9-11] and
the approximation of modified Becke-Johnson (mBJ) [8].
The energy cut-off parameter between the core and valence
state was chosen equal to — 6.0 Ry. We have chosen the
Muffin-Tin radii (RMT) equal to Lu=2.45, Ni=2.45,
and Bi=2.30 (atomic unit) for LuNiBi and Lu=2.5,
Ni=2.5, and Sb=2.35 (u.a) for LuNiSb, respectively.
The reciprocal space has been sampled with k-points grid
(5000 k-points) in the first brillouin zone (BZ) that corre-
sponds to 150 K-points in irreducible BZ. The plane waves
are limited to RMT X Kmax =9.

3 Results and Discussion
3.1 Structural Properties

In the first step, we carried out a systematic theoretical study
of structural properties (lattice parameter, bulk modulus, and
its derivatives). Figure 2 shows the total energy versus volume
curves for the two materials LuNiBi and LuNiSb, respectively.
The calculations were performed using the three approximations
of the exchange and correlation potential, GGA-PBE, GGA-WC,
and GGAPBEsol. Fitting of these curves using the Birch Mur-
naghan equation of state [12] yields values of a, B), and B’ in
good agreement with the experimental results [2, 3, 6] as it is
displayed in Table 1. Therefore, the values obtained for the lat-
tice parameters are overestimated compared to the experimental
results due to the use of GGA-(PBE, WC, PBEsol). The lattice
parameter, bulk modulus, and its pressure derivatives obtained
for LuNiBi and LuNiSb are in good agreement with the availa-
ble experimental and theoretical data [13—15]. We also note that
the GGA-PBE approximation always has the lowest total energy
unlike the other approximations (PBEsol and WC) for the two
materials LuNiBi and LuNiSb. This means that the structure is
more stable for the GGA-PBE approximation.

3.2 Electronic Properties

The electron energy band structures of LuNiBi and
LuNiSb were calculated along high lines of symmetry in
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Fig.2 Total energy versus volume curves of LuNiZ (Z=Bi, Sb) using GGA (PBE96, PBEsol, and WC)
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Table 1 Lattice constant a, (in Present work a ( A) B (GPa) B E, Ry)
A), bulk modulus B (in GPa),
its pressure derivative B’, and LuNiBi
?;r(‘inmﬁry“d‘;rl‘:l‘fé 28‘[1:“(1;,%;:}1912’ GGA-PBE 6.4309 82.6840 4.5964 ~75,367.224079
PBEsol, and WC) GGA-PBEsol 6.3228 95.0379 5.1427 —75,344.315982
GGA-WC 6.4306 82.6293 4.6195 —75,367.224055
Experimental 6.335 [6-13] - - -
Other calc 6.4180 [14] 81.752 [14] 4.642 [14] -
6.2387 [14] 102.915 [14] 4718 [14] -
LuNiSb
GGA-PBE 6.2866 95.7671 4.4107 —45,171.441390
GGA-PBEsol 6.1903 110.8236 4.4132 —45,154.360274
GGA-WC 6.1988 110.1933 4.3594 —45,166.994128
Experimental 6.155 [2] - - -
Other calc 6.277 [15] 112.95 [15]

the Brillouin zone [16]. The results obtained are calculated
across different potentials using the GGA approximation.
The usual problem of underestimating the DFT gap has
encouraged researchers to find an appropriate solution; mBJ
is a modified version of the exchange potential proposed by
modified Becke-Johnson (mBJ) [9]. This mBJ-GGA version
was also used in order to find the forbidden band in bet-
ter agreement with the experimental band gap. The results
obtained are shown schematically in Fig. 3 for LuNiBi and
LuNiSb, respectively. The two compounds have small indi-
rect gaps following the I'-X direction, where the valence
band maximum is located at point I" and the conduction
band minimum is at point X. Consequently, the two materi-
als studied present a semiconductor character. In Table 2,

Fig.3 The band structure

we display together the different gap values of the two com-
pounds, for the two approximations GGA-PBE and GGA-
mBJ. Good agreement between the theoretical and experi-
mental results is confirmed [13—17]. The electronic density
of states is one of the most interesting electronic properties
in solid state physics. We calculated the total (TDOS) and
partial (PDOS) density of state in each compound using the
mBJ-GGA. The results obtained are illustrated in Figs. 4
and 5. The energy of the Fermi level (Ej) is indicated by
a dashed vertical line located at 0.0 eV (E;=0.0 eV). The
main characteristics occur between the energy interval of
the Fermi level Ep—15.0 eV and E;+10.0 eV for the two
compounds. The valence band of each compound is mainly
dominated by the states of the Lu-f and Ni-d orbitals, with
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Table 2 The calculated values of band gap of LuNiZ (Z=Bi, Sb) at
T=0K and P=0 GPa

Present work Indirect gap (eV) I' -X

LuNiBi
mBJ-GGA 0.12
GGA-PBE 0.113
Experimental 0.116 [6]
0.121 [3]
Other calc 0.20 [13]
LuNiSb
mBJ-GGA 0.220
GGA-PBE 0.148
Experimental 0.190 [2]
Other calc 0.200 [15]
0.078 [16]
0.227 [17]

small contribution from the Bi-s, Bi-p, Sb-s, and Sb-p orbit-
als for LuNiBi and LuNiSb, respectively. The conduction
band is mainly formed by the states of the orbitals Lu-d,
Ni-d, Bi-p, and Sb-p, for LuNiBi and LuNiSb, respectively.

3.3 Optical Properties

In the calculations of the optical properties of the com-
pounds LuNiBi and LuNiSb, we used the GGA-mBJ
(modified Becke-Johnson) [9]. The results of calculations
of the imaginary part €, (@) and of the real (dispersive)
part €, (@) of the dielectric function [18-20] in the energy
range from O to 13.5 eV for these compounds are illus-
trated in Fig. 6a—b. Analysis of these spectra shows that
the first critical points of the imaginary part €, (@) of the
dielectric function which corresponds to the fundamen-
tal absorption thresholds starts at around 0.11 eV and
0.22 eV for LuNiBi and LuNiSb, respectively. The origin
of these points is due to the optical transition between
the highest valence band and the lowest conduction band,
and then, the values of the critical points correspond to
the transition (I'v-Xc) for LuNiBi and LuNiSb. Thus,
we notice next to the fundamental peak the main peaks,
which reflect the maximum absorption, are located at
2.1 eV for the two compounds. The calculated results of
the real part €, (w) show that the zero crossing of the
two spectra means the non-existence of scattering. We
have noticed that for all these compounds, the function
g, (w) is canceled at the following energy values: 4.7 eV
(LuNiBi) and 5.7 eV (LuNiSb), where the dispersion at
these energy values is zero, and therefore, the absorption
is maximum. The reflectivity spectra R (w) [21-23] of the
compounds LuNiBi and LuNiSb are illustrated in Fig. 7a.

@ Springer

The evolution of these spectra shows that the values of the
reflectivity R (w) of the two compounds reach a maximum
value at peaks 65% and 68%, respectively. The refractive
index n (@) spectra [21-23] of the compounds LuNiBi
and LuNiSb are shown in Fig. 7b. The evolution of these
spectra shows that the values of the refractive index n (@)
of the two compounds reach a maximum value at energies
1.31 eV and 1.25 eV, respectively.

The extinction coefficient k¥ (w) [21-23] of the com-
pounds LuNiBi and LuNiSb are shown in Fig. 8a. Their
evolution shows that the values of the extinction coeffi-
cient ¥ (w) of the two compounds reach a maximum value
at energies 5.96 eV and 6.72 eV, respectively. If optical
conductivity is synonymous with the presence of free
charge in the conduction band, then in our case (semi-
conductor at T=0 K), this means that electrons in the
valence band have acquired sufficient energy to cross the
gap. We can therefore estimate that the minimum energy
threshold to have a conduction value is the point on the
energy axis where the curve of ¢ (@) takes a considerable
ascending pace. This energy threshold is in fact only the
indirect optical gap. A reading of Fig. 8b reveals the fol-
lowing optical gaps: LuNiBi: E,=0.12 eV and LuNiSb:
E,=0.22eV.

3.4 Thermoelectric Properties

-Thermoelectricity transforms heat into electricity. In this
case, it is the heat flow that causes a displacement of the
charge carriers and therefore the appearance of an electric
current. At first, we examine the effect of temperature on
electrical conductivity, Seebeck coefficient, thermal conduc-
tivity, power factor, and figure of merit [24, 25].

-The curves of electrical conductivity as a function of
temperature are shown in Fig. 9a. The electrical conductivity
of LuNiBi and LuNiSb compounds increases with tempera-
ture. It reaches a maximum value of 1.48 x 10" (1/Q cm
s)and 1.1x 10" (1/Q cm s) for a temperature of 1000 K,
respectively.

Figure 9b shows the change in the Seebeck coefficient
as a function of temperature. The positive sign of the See-
beck coefficient (S > 0) for the LuNiBi and LuNiSb sug-
gests a conduction of the material made by holes; there-
fore, this material is of type p (S > 0). In these figures,
we notice that the amplitude of the Seebeck coefficient
S deprived with the increase of temperature at 7=200 K
(LuNiBi) and T=350 K (LuNiSb), respectively. Then, we
calculate the seebeck coefficient and we notice that the
electrical conductivity varies in opposite ways. The results
found within this study agree well with experimental find-
ings [7-17].
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Fig.4 The total (a, b) and partial density of states (c, d, e) of LuNiBi: at the equilibrium structure using mBJ-GGA approximation

-Thermal conductivity is composed of two terms, a term
which depends on the lattice parameter and an electronic term,
knowing that each term has different temperature dependence.
At room temperature, thermal conductivity is mainly affected
by the structure of the network (over 98%) [26]. Figure 9¢c
shows a higher thermal conductivity of LuNiBi and LuNiSb
which increases continuously with temperature.

-The variation in power factor as a function of tem-
perature is presented in Fig. 10a. The LuNiBi has a dis-
tinct behavior; its power factor reaches a maximum value
at 400 K, then decreases rapidly (an exponential drop)
from this temperature, and becomes zero above 1000 K.

A similar behavior is observed for the LuNiSb material at
temperature 700 K, but does not drop zero above 1000 K.
The results found within this study agree well with theo-
retical findings [15, 16].

-The variation in figure of merit as a function of tempera-
ture is presented in Fig. 10b. The figure of merit curves are
decreasing for these two materials LuNiBi and LuNiSb over
the whole temperature range. The higher value of ZT =0.76
(LuNiBi) and ZT =0.81 (LuNiSb) is mainly due to its
great thermal conductivity (the figure of merit is defined as
ZT =S%6T/x) [27]. The results found within this study agree
well with theoretical findings [17].
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Fig.9 The variation of the elec-
trical conductivity (a), Seebeck
coefficient (b), and thermal
conductivity (c), as a function
of temperature for LuNiBi and
LuNiSb
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4 Conclusion

To sum up, a comparative study of the structural, electronic,
optical, and thermo-electric properties of the two Half-Heusler
materials based on bismuth (Bi) and antimony (Sb) has been
investigated. The full potential linearized augmented plane-
wave (FP-LAPW) has been used within density functional
theory (DFT), and the potential for exchange and correlation
is treated by different approximations: the generalized gradi-
ent approximation GGA (PBE96, WC, PBEsol) and the mBJ-
GGA approximation that is yielding the more accurate values.
We investigated the physical properties of LuNiZ (Z=Bi, Sb)
with a valence electrons number of 18. The main conclusions
can be summarized as follows: The compounds of LuNiBi
and LuNiSb have small indirect gaps following the I'-X direc-
tion, where the valence band maximum is located at point
I' and the conduction band minimum is at point X. Conse-
quently, both materials present a semiconductor character. The
valence band of each compound is mainly dominated by the
states of the Lu-f and Ni-d orbitals, with small contribution
from the Bi-s, Bi-p, Sb-s, and Sb-p orbitals for LuNiBi and
LuNiSb, respectively. However, the conduction band is char-
acterized by hybridization of the Lu-d, Ni-d, Bi-p, and Sb-p
states of LuNiBi and LuNiSb, respectively. The indirect optical
gaps which are equal to LuNiBi: E,=0.12 ¢V and LuNiSb:
E,=0.22 eV are reasonably close to other calculations. The
variation of the thermal conductivity, power factor, figure of
merit ZT, Seebeck coefficient, and electrical conductivity as a
function of temperature have been obtained using mBJ-GGA
approximation that is yielding good results for LuNiBi and
LuNiSb materials which could be suitable candidates for appli-
cations in the photovoltaic and thermoelectric field. This com-
parative and detailed study may encourage further experimen-
tal efforts for half-Heusler thermoelectric materials in order to
find materials with high thermoelectric performance and may
contribute to the development of more efficient devices used
in the optoelectronic and thermoelectric field.
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