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Abstract: FeVSb, a family of Half-Heusler alloy, is categorized as an n-type semiconductor which has a high
figure of merit that makes this material to be one of the promising candidates for a thermoelectric device. In
FeVSb, Fe and V atoms which have d-orbitals can be considered to have spin-orbit interaction that can affect
the electronic structure and thermal properties of this material. In order to investigate how strong the spin-orbit
interaction affect this material, we do the first-principles study by implementing the spin-orbit interaction to
investigate the change of the band structure and thermal properties of FeVSb. Our results show that the spin-
orbit interaction affects the band structure of the material indicated by the energy splitting in the electronic
structure which increase the Seebeck coefficient, electrical conductivity, and thermal conductivity but slightly

reduce the figure of merit values of FeVSb.
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I. INTRODUCTION

The discovery of Heusler Alloy (HA) can be traced to the
last of the 90th century when F. Heusler found that CuyMnAl
become magnetic although Cu, Mn, and Al are not magnetic
by itself [1]. HA, having a general formula of X5 YZ for full-
Heusler (FH) and XYZ for half-Heusler (HH), consists of X
and Y atoms that are transition metal elements, while Z is
the main group elements [2]. Fascinatingly, the magnetic mo-
ment of this material can be predicted by counting its valance
electrons, called the Slater-Pauling rule [2, 3]. To obtain the
desired physical properties of HA, one can modify the HA
by changing its compositions through chemical substitutions
and structural motifs [4]. Because of high tuning capability,
the exploration of HA has been extensively explored to be
implemented in technology such as spintronics [5, 6], shape-
memory materials [7], superconductors [8], and thermoelec-
tric (TE) devices [9].

HH as one of the families of HA has been broadly explored
because of its high figure of merit (ZT) value around ZT ~ 1
[9, 10]. A high ZT value can be obtained by decreasing the
thermal conductivity caused by electron and phonon, there-
fore there are several experimental methods that can be used
to obtain a high ZT value such as nano-sized sample [11, 12],
the void filling method [13], and manipulate the atomic size
with higher size atom [14, 15].

By using first-principles study, Sukumu et al. report that
half-Heusler compounds CoMSb (M = Sc, Ti, V, Cr, and Mn)
as nonmagnetic compounds have carrier concentration depen-
dence of Seebeck coefficient (S) which are in good agreement
with experimental values [16]. The cobalt based Heusler al-

loys have been vastly studied by many researchers and show
the good in agreement with the experimental results, however
the iron-based Heusler alloys have not studied as much as the
cobalt-based Heusler alloys. In order to explore and to give
the information about the electronic and thermal properties of
the iron-based Heusler alloy, we therefore perform a theoret-
ical study to investigate the thermal properties of FeVSb as
one of the iron-based Heusler alloys family by performing the
density-functional theory (DFT) calculation using Quantum-
Espresso package [17, 18], followed by BoltzTraP calculation
to obtain the thermal properties (electronic part) of the sys-
tem [19]. In this study, we only deal with the thermal proper-
ties contributed by the electron because the thermal properties
contributed by phonon needs quite expensive calculation.

II. METHOD

To obtain the electronic properties of FeVSb, we perform
the DFT calculations by running Quantum-Espresso (QE)
package [17, 18] under a parallel scheme by using Mes-
sage Passing Interface (MPI) to reduce the computational
time [20]. We use Perdew-Burke-Ernzerhof (PBE) exchange-
correlation with semi core electron states for system with-
out spin-orbit (wo-SO) interaction, while to do calculation
of system with spin-orbit (SO) interaction, we use the full-
relativistic pseudopotential of the same type from the Psili-
brary [21]. The wave function and the charge density cut-off
used in this calculation for both systems are 60 and 650 Ryd-
berg, respectively. BoltzTraP calculation is then performed to
obtain the thermal properties of FeVSb system [19].

FeVSb crystalizes in Cly, crystal structure with the lattice
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FIG. 1: (a) The conventional unit cell and (b) the primitive unit cell
of FeVSb. The Fe, V, and Sb atoms are illustrated in red, blue, and
yellow, respectively.

constant of 5.7758 A. Fig. 1 is generated by Xcrysden to vi-
sualize the FeVSb crystal structure with Wyckoff positions of
Fe (crimson red), V (metallic light blue), and Sb (metallic yel-
low) placed at (0,0,0), (0.25,0.25,0.25), and (0.75,0.75,0.75),
respectively [2].

III. RESULTS AND DISCUSSION
A. Band Structure

The band structures of FeVSb for both systems are calcu-
lated through the self-consistent field (SCF) calculation with
101010 k-points grid mesh. In the non-self-consistent field
(NSCF) calculation, we dense the k-points grid mesh into
606060 and use the tetrahedron method to obtain a very ac-
curate chemical potential value. For the band structure calcu-
lation, we use 100 k-points along the k-paths for each band
to acquire a very smooth band structure. The convergence
threshold for SCF, NSCF, and BANDS calculations are set to
be 1075, The Fermi energy (Er) for both systems is 13.68
eV and lies at the edge of the conduction band indicating that
both systems are n-type semiconductor which in agreement
with the experimental result [22]. In order to obtain an accu-
rate band gap value, we then rerun the NSCF calculation by
choosing the “occupations = fixed” to treat the system as an
insulator.

In Fig. 2, the SO interaction splits the band structure and
gives a slightly difference in some regions especially at the
W point. This situation, of course, affects the electronic and
thermal properties of the material that can be seen in Fig. 3
and 4. The calculated (in-direct) band gap for both system is
around 0.34 eV which is very closed with the experimental
result of 0.32 eV [22].

B. Electrical and Thermal Conductivity

Fig. 3 (a) shows the temperature-dependent electrical con-
ductivity per relaxation time 7 of FeVSb system. We approx-
imate that the value of 7 is taken to be a constant, and its typ-
ical value around 10~'4 - 10~!® seconds for semiconductor
materials.
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FIG. 2: Band structure of FeVSb system with (red line) and without
(black line) spin-orbit interaction with in-direct band gap.
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FIG. 3: The temperature dependent of (a) electrical conductivity (x)
per relaxation time (o) and (b) electron thermal conductivity (ke) per
relaxation time (7) of the FeVSb.

In Fig. 3 (a), the value of ¢/7 for both systems is increased
as the temperature is increased. The o/7 value of the SO sys-
tem is increased sharper than the wo-SO system due to the
split bands that allow more electron to have higher energy than
the wo-SO system. This situation will allow more electron to
jump from the valance band into the conduction band. Our re-
sults show that both systems have good electrical conductivity
values even for high-temperature regimes.

Fig. 3 (b) shows that the electron thermal conductivity
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(ETC) is increased as the temperature is increased. Although
the o values of the SO system are higher than the wo-SO sys-
tem, the x, values of the SO system are higher than the wo-SO
system, which implies that the SO interaction does not only
affect the o but also ., and give higher values of k. that will
lower the figure of merit values as shown in Fig. 5. How-
ever, as we know that the real x is composed of two contribu-
tions which are the electron part and phonon part (ke = ke +
Kph). Experimentally, the lattice thermal conductivity can be
minimized by using such as atomic substitution [14, 15], void
filling method [13], and nano-sized the structure [12, 15].

C. Seebeck Coefficient and Figure of Merit

Fig. 4 shows the S valus of FeVSb in the temperature range
of 300 - 600 K. As we see ini Fig. 4, the S trends are quite
shifted in the temperature range of 300 - 500 K. The negative
sign of the .S values indicates that electron is the major charge
carrier for both systems. Our calculations give a good result to
show that FeVSb is an n-type thermoelectric material even for
high-temperature regime. Our results are also in agreement
with the experimental report that give the Seebeck coefficient
value of around -100 pV/K in the temperature range of 300
- 600 K [23]. Despite our results have different Seebeck co-
efficient values, we have been successful to capture the main
features of the FeVSb as n-type thermoelectric material signed
by the negative Seebeck coefficient values.

From the Fig. 5, the figure of merit (ZT) values of FeVSb
show that there are slightly shifted value for both systems sim-
ilar to the Seebeck coefficient data in the temperature range of
300 - 600 K. Both systems give a high ZT value even at 600 K.
Although the ZT values are still overestimated because we do
not take into account the thermal conductivity contributed by
the phonon. However, our calculation are qualitatively good to
give the information about the main trend of the ZT values of
FeVSb as a good candidate for the n-type thermoelectric ma-
terials. Vandu et al. reported that the ZT value of the HH TiN-
iSn system doped with Zr and Hf can achieve the value around
0.8 - 1.0 [24]. Therefore, there is a high possible chance to in-
crease the ZT value of FeVSb such as by doping the system
using other elements.

IV. SUMMARY

We have done the first-principles density functional theory
calculation to study the effect of spin-orbit interaction on
the thermal properties of half-Heusler alloy FeVSb. The
spin-orbit interaction gives the effect on the electronic and
thermal properties of FeVSb. The energy gap of both systems
is around 0.34 eV which is very closed with the experimental
report. The figure of merit values of FeVSb system with
spin-orbit interaction are slightly lower than the FeVSb
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system without spin-orbit interaction due to its high k./7T
values. The Seebeck coefficient and figure of merit (electron
part) of both systems in the room temperature are around -242
wV/K and 3.2, respectively. Both systems still give a high
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FIG. 4: Seebeck coefficient of FeVSb. The SO interaction gives
higher Seebeck coefficient value than wo-SO system.
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FIG. 5: Figure of merit (electron part) of FeVSb.

Seebeck coefficient and figure of merit (electron part) values
in 600 K for around -234 ;41V/K and 2.2, respectively. Despite
the thermal conductivity contributed by phonon is not taken
into account, our result may not yet give a nearly realistic
prediction if we compare our results with the real material.
However, our results have been successfully captured the
main trend of both the Seebeck coefficient and figure of merit
of FeVSb as the n-type thermoelectric material signatured by
the negative sign of their Seebeck coefficient values.
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