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Abstract: The ab initio method is used to calculate the electronic, elastic, lattice-dynamic, and
thermoelectric properties of the semimetal Half-Heusler compound HfIrAs. Density Functional
Theory within Generalized Gradient Approximation is used to carry out calculations of lattice
parameters, band structure, electronic density of states, phonon band structure, phonon density of
states, elastic moduli, specific heat at constant volume, the Seebeck coefficient, electrical conductivity,
the power factor, and the dimensionless figure of merit. The electronic band structure reveals that
the compound is semimetal. The phonon dispersion shows that HfIrAs is dynamically stable. The
projected phonon density of states, which shows the contribution of each constituent atom at every
frequency level, is also reported. The ratio of bulk modulus to shear modulus is 2.89; i.e., the material
is ductile, and it satisfies stability criteria. The thermoelectric properties of this compound at different
temperatures of 300 K, 600 K, and 800 K are reported as a function of hole concentration for the first
time to the best of our knowledge. The dimensionless figure of merit of HfIrAs is 0.57 at 800 K when
the doping concentration is 0.01× 1020 cm−3. Therefore, this compound is predicted to be a good
thermoelectric material.

Keywords: first-principles; elastic; thermoelectric; electronic; phonon; compounds

1. Introduction

First-principle Density Functional Theory (DFT) has been widely used to predict the
properties of materials [1–4]. The properties predicted by DFT cut across many fields,
which include Materials Science, Computational Chemistry, Condensed Matter Physics,
Engineering, Solid Earth Physics, and other areas of materials science. The DFT probe
of materials can reveal the intrinsic properties of the materials. It can be employed to
obtain materials’ desirable properties for specific applications. The accuracy of DFT as
a computational tool is excellent, as it introduces more approximations into the Kohn–
Sham equations to solve various categories of material systems of materials [5–8]. DFT
is increasingly employed to determine the properties of materials for energy harvesting
and conversion.

The HfIrAs half-Heusler compound has been extensively studied theoretically in
many works of literature; for instance, its optoelectronic properties and thermoelectric
performance as a function of carrier concentration and chemical potentials were reported
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by Chibani et al. [9]. The spin–orbit coupling effect on the structural, electronic, and optical
properties of the HfirAs half-Heusler compound, in addition to theoretical estimation
of some of its other physical properties, were reported by Gautier et al. [10]. Wang and
Wei [11] studied topological phases changes and atom substitutions in the HfIrAs half-
Heusler compound and predicted the HfIrAs compound as a nontrivially topological semi-
metal. Arikan et al. [12] presented the eletronic, elastic, vibrational, and thermodynamic
properties and the effect of spin–orbit coupling on the HfirAs half-Heusler compound. The
present work majorly addressed the thermoelectric properties of p-type HfIrAs at different
temperature as a function of holes concentration, which is scarce in most studies to the best
of our knowledge. The elastic and dynamical properties of HfIrAs were also computed to
affirm its mechanical and dynamical stability, while the electronic and optical properties
were calculated to compare them with other theoretical observations.

The half-Heusler (HH) compounds are among the most widely studied compounds
both theoretically and experimentally because of their potential applications in thermo-
electrics and spintronics [13–16]. This is by the virtue of their remarkable and exceptional
properties, such as their high Seebeck coefficient, low thermal conductivity, high thermal
stability, high electrical conductivity, high power factor, high figure of merit, and high
electronic fitness function [17–19]. The exciting properties of HH compounds have gained
the attention of materials physics researchers, who are now expanding their search for
materials with a high figure of merit, high electronic fitness function, and high thermal
stability. The attention given to HH compounds is tremendous and perpetual because
of global demands for maximum energy from fossil fuels. The waste of a large portion
of fossil energy is in the form of heat. The waste heat from fossil fuels causes a rise in
temperature, which results in global warming and its accompanying adverse effects on
living and non-living things. According to Bian, converting waste heat into energy will
increase the energy output from fossil fuels while also reducing global warming [20].

HH compounds have a general chemical formula, XYZ, where X and Y are transition
metals and Z is the main group element. HH compounds crystallize in the C1b Face Centre
Cubic (FCC) structure; the space group of HH is F4̄3m, space group number 216.Three
atoms occupy the face-centered cubics (FCC) positions X, Y, and Z, while one Y position
is empty. The most electropositive transition metal will occupy Wyckoff’s position 0.25
0.25 0.25. In HH compounds, the atoms on Wyckoff positions 4a (0, 0, 0) and 4b (0.5, 0.5,
0.5) form the ionic NaCl-type substructure, and the atoms on 4a and 4c build the covalent
ZnS-type substructure [21–24]. HH compounds with valence electron counts (VEC) of 8 and
18 electrons are semiconductors and semimetals, respectively [11,25–33]. HH compounds
with 8 or 18 VEC are high-performance thermoelectric materials with stable structures in
the temperature range of 0–1000 K. In recent times, tremendous simulation work on energy
production has focused on the properties of HH compounds. The work on HH is due to its
simple structure and applications in piezoelectrics, optoelectronics, magnetism, solar cells,
half-metallicity, superconductivity, and thermoelectricity [16,34–39].

Human activities wholly depend on energy and the world’s energy supply depends
on fossil fuels. The burning of fossil fuel is not environmentally friendly and contributes in
no small measure to global warming. Given this, there is a need to search for an alternate
energy source. This search can be achieved by converting waste heat from burning fuel to
electricity and converting geothermal energy to electricity. For decades, the attention of
material scientists has shifted to the study of HH compounds. HH compounds are studied
because of their ability to convert heat to electricity, and these compounds can be harnessed
to serve as an alternative energy source by converting heat into electricity [40–66]. Based
on the ability of HH compounds to convert heat to electricity, materials scientists focus
on calculations of the properties of these compounds to discover more high-performance
thermoelectric materials.
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2. Computational Details

The FCC structure of HfIrAs (Figure 1) is simulated using DFT [42–46] within the Gen-
eralized Gradient Approximation to the Exchange Correlation (XC) Functional [47–49], with
the Perdew–Burke–Ernzerhof (PBE) parameterization favor for solids (PBEsol) (Perdew) as
implemented in the quantum ESPRESSO package [51–53]. The optimized energy cutoff
of 60 Ry is used in this calculation to expand the plane wave. The convergence thresh-
olds on total energy (a.u) and forces are 10−4 Ry and 10−3 Ry/au, respectively. Brillouin
zone (BZ) integration was carried out by using the tetrahedron method over a special
k-points mesh of 10× 10× 10 using the standard technique of Monkhorst and Pack [54].
The atomic arrangement of HfIrAs on Wyckoff’s positions is as follows: Hf is located at
(0.50, 0.50, 0.50), Ir is located at (0.25, 0.25, 0.25), As is located at (0.00, 0.00, 0.00), and the
position (0.75, 0.75, 0.75) is vacant.

Figure 1. Crystal Structure of HfIrAs half-Heusler compound.

The system geometry was relaxed using the Broyden–Fletcher–Goldfarb–Shanno(BFGS)
algorithm, and various values of lattice parameters were minimized with respect to the
ground-state total energy of the system to obtain the optimized equilibrium lattice parameter.
Phonon dispersion was obtained from the dynamic matrix at q-points of 4 × 4 × 4 grid
in the first BZ. The thermoelectric properties of this compound were obtained by solving
the semi-classical Boltzmann transport equation with a constant relaxation approximation
as implemented in the BoltzTraP code [55,56]. Semi-classical Boltzmann theory equations
were solved to obtain energy (E), carrier concentration (n), temperature (T), Seebeck’s
coefficient (S), electrical conductivity (σ), thermal conductivity (k), power factor (PF), and a
dimensionless figure of merit (zT) according to the following equations [57]:

Sαβ(T, µ) =
1

eTΩσαβ(T, µ)

∫
σ̄αβ(ε)(ε− µ)

[
∂ fo(T, ε, µ)

∂ε

]
dε (1)

σαβ(T, µ) =
1
Ω

∫
σ̄αβ(ε)

[
− ∂ fo(T, ε, µ)

∂ε

]
dε (2)

Ko
αβ(T, µ) =

1
e2TΩ

∫
σ̄αβ(ε)(ε− µ)2

[
− ∂ fo(T, ε, µ)

∂ε

]
dε (3)
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The transport distribution function σ̄αβ that appears in Equations (1)–(3) is defined as

σ̄αβ(ε) =
e2

N ∑
i,k

τiVα(i,
−→
k ).Vβ(i,

−→
k ).

δ(ε− ε
i,
−→
k
)

dε
(4)

PF = S2σ (5)

zT = (S2σ/k)T (6)

The moduli of elasticity of this compound are obtained by calculating the Bulk mod-
ulus (B), Shear modulus (G), Young modulus (E), Poisson’s ratio, and anisotropic factor
(A) [58–63]

B =
(c11 + 2c13)

3
(7)

Gv =
(c11− c12 + 3c44)

5
(8)

GR =
5c44(c11 − c12)

4c44 + 3(c11 − c12)
(9)

G =
Gv + GR

2
(10)

E =
9BG

3B + G
(11)

v =
(3B− 2G)

2(3B + G)
(12)

A =
2c44

c11 − c12
(13)

a = 1, (14)

3. Results and Discussion
3.1. Lattice Constant of HfIrAs

The ground-state total energy of the magnetic and non-magnetic phases of HfIrAs
was calculated. The ground state total energy obtained for the two phases is given in
Table 1. The result obtained for total energy minimization with respect to the phases show
that the non-magnetic phase is energetically favored to be more stable; therefore, HfIrAs
is a non-magnetic semi-metal HH compound. The HfIrAs structure is optimized using
converged energy cutoff and k-point values. The optimized lattice parameter used for this
work was obtained by calculating the total energy at different values of lattice parameters
chosen around the lattice parameters from the studies [11,25–33]. Furthermore, the total
energy–lattice parameters relationship was fitted to the Birch–Murnaghan third-order
equation of state to obtain the equilibrium lattice constant. The obtained equilibrium lattice
constant of HfIrAs is 6.07 Å, and this value is in very good agreement with the previously
obtained value of the HrIrAs equilibrium lattice constant [11,12].

Table 1. Table of magnetic phases of HfIrAs.

Compounds Phase Total Energy

HfIrAs Non-Magnetic −380.37197933
HfIrAs Magnetic −380.37195502

3.2. Elastic Properties of HfIrAs

There are three independent elastic constants in the cubic system: c11, c12, and c44.The
stability criteria are c11 > 0, c44 > 0, c12 > B > c11, c11− c12 > 0, and c11 + 2c12 > 0 [64–67];
the compound is mechanically stable. The three independent elastic constants obtained
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in this work are given in Table 2. The bulk modulus, shear modulus, Young’s modulus,
ratio of bulk modulus to shear modulus, Zener anisotropy factor, and Poisson’s ratio
are also given in Table 2. The bulk modulus of HfIrAs obtained is 176.71 GPa, which
is higher than the bulk moduli of steel and aluminium [68]. This shows that HfIrAs is
mechanically strong. The ductility or brittleness of materials can be determined based on
Pugh’s scale [69]; on this scale, materials with B/G > 1.75 are ductile. The B/G value of
HfIrAs in this work is 2.89; this shows that HfIrAs is ductile. Table 2 shows that HfIrAs is
an anisotropic compound. The shear modulus of HfIrAs is 61.14 GPa; this is the measure
of the resistance of HfIrAs to shear deformation. The dynamical stability of materials is
determined by the condition c11− c12 > 0; HfIrAs meets this condition, so we can conclude
that it is dynamically stable.The Poisson’s ratio of the material is 0.34; this is the measure
of the plasticity of this material. According to Rogl, the Poisson’s ratio of this material
is relatively high when compared to that of other half-Heusler compounds. The elastic
constants obtained in this work are in good agreement with those in previous work [12].

Table 2. Table of elastic constant of HfIrAs.

Elastic Constants HfIrAs Ref [12]

c11 (GPa) 240.92 222.42
c12 (GPa) 144.60 129.84
c44 (GPa) 71.71 94.20
B (GPa) 176.71 156.20
G (GPa) 61.14 70.83
E (GPa) 164.44 185.26

B/G 2.89 2.27
n 0.34 0.31
A 1.49 2.03

3.3. Band Structure of HfIrAs

The electronic band structure and electronic Density of States (DOS) of HfIrAs are
shown in Figure 2a. In this band structure, a pair of bands touch at the gamma (Γ) point
in the momentum space. Materials that have this feature of touching pairs of bands are
semimetals. Semi-metal Heusler compounds behave like semiconductors and are materials
of interest in energy generation [70,71]. The semimetal HfIrAs half-Heusler compound has
a parabolic band that improves conductivity as well as a flat band in the K-space between
(Γ) and L points.The flat bands enhance the Seebeck coefficient, thereby making materials
better thermoelectric candidates. According to the DOS, the d-orbital of the H f atom
dominates the conduction band of HfIrAs, while the d-orbital of the Ir atom contributes
significantly to the valence band.

3.4. Lattice Dynamics and Thermodynamic Properties of HfIrAs

The lattice dynamic and thermoelectric properties of HfIrAs were obtained from Den-
sity Functional Perturbation Theory (DFPT) within harmonic approximation (QHA). The
phonon band structure of HfIrAs is shown in Figure 2b. The three atoms in this compound
result in four transverse optical (TO) modes, two longitudinal optical (LO) modes, two
transverse acoustic (TA) modes, and one longitudinal acoustic (LA) mode. The phonon
band structure has nine branches in total.This is an expected property of compounds with
three atoms per unit cell, as well as a property of half-Heusler compounds [32,72].According
to the phonons DOS in Figure 2b, the As atom dominates the optical mode in the frequency
range of 175–210 cm−1. In the acoustic mode, the highest contribution comes from the Ir
atom. There is a frequency band gap between the optical mode and acoustic mode, and
the frequency band gap reduces thermal conductivity. The absence of negative frequencies
in the band structure confirms that the compound HfIrAs is dynamically stable. The gap
between the frequencies of acoustic and optical modes is a function of differences in the
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masses of the atoms that make up the compounds. The masses’ difference is directly
proportional to the gap in the frequencies.
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Figure 2. (a) Electronic band structure and corresponding partial density of state, and (b) phonon
band structure and projected phonon density of state for HfIrAs half-Heusler compound.

The thermodynamic properties are obtained from the quasi-harmonic Debye
model [73–75]. Figure 3 depicts the entropy, internal energy, heat capacity, and vibrational
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free energy as a function of temperature. The thermodynamic properties of HfIrAs reveal
the behaviour of this material under various temperatures, and information about this
behaviour is mostly obtained from the heat capacity curve. The heat capacity at constant
volume of HfIrAs in the temperature range of 0–1200 K is displayed in Figure 3. The heat
capacity at constant volume (Cv) increases with temperature on its own.The Cv becomes
fairly constant at a temperature above 300 K. At this temperature, the thermal energy
excites all the phonons. The coefficient of vaporization Cv of this material becomes constant
at temperatures above 400 K; at constant Cv, the material obeys Dulong–Petit’s law [76] at
a temperature of around 600 K and a Cv of 74 Jmol−1K−1.

 0

 50

 100

 150

 200

 250

 0  200  400  600  800  1000  1200

E
n

tr
o

p
y

 (
J.

m
o

l−
1
.K

−
1
)

Temperature (K)

Entropy
 0

 10

 20

 30

 40

 50

 60

 70

 80

 90

 100

 0  200  400  600  800  1000  1200

In
te

rn
al

 e
n

er
g

y
 (

k
J.

m
o

l−
1
)

Temperature (K)

Internal−energy

(a) (b)

 0

 10

 20

 30

 40

 50

 60

 70

 80

 0  200  400  600  800  1000  1200

H
ea

t 
ca

p
ac

it
y

, 
C

v
 (

J.
m

o
l−

1
.K

−
1
)

Temperature (K)

Heat−capacity

−160

−140

−120

−100

−80

−60

−40

−20

 0

 20

 0  200  400  600  800  1000  1200

V
ib

ra
ti

o
n

al
 f

re
e 

en
er

g
y

 (
k
J.

m
o

l−
1
)

Temperature (K)

Vibrational−free energy

(c) (d)

Figure 3. Thermodynamic properties of HfIrAs half-Heusler.

3.5. Thermoelectric Properties of HfIrAs

The thermoelectric properties were computed using BoltzTraP code [55,56]; this code
assumes that the carriers in the narrow energy range near the Fermi level majorly contribute
to the transport properties of materials. Therefore it is assumed that the relaxation time for
all carriers within this range are constant. The following parameters can be used to evaluate
materials’ thermoelectric performance: the Seebeck coefficient, the power factor, and the
dimensionless figure of merit. The electrical conductivity of the material slightly decreases
with an increase in temperature (see Figure 4a). The Seebeck coefficient as a function of
carrier concentration is given in Figure 4b. The maximum Seebeck coefficient obtained in
this calculation is 210 µV/K, a value that is comparable to the Seebeck coefficient of good
thermoelectric materials [77]. Therefore, HfIrAS is predicted to be a good thermoelectric
candidate. The power factor of the material increases with an increase in temperature
(Figure 4c). Its values at 300K, 600K, and 800K are 3.90, 10.28, and 14.85, respectively.
The material conversion of thermal energy to electrical energy is favored by the rise in
temperature. The dimensionless figure of merit (ZT) of HfIrAs at 300 K, 600 K, and 800 K
is 0.23, 0.5, and 0.57, respectively (see Figure 4d). The ZTs obtained in this work are
comparable to that of a good thermoelectric candidate from previous similar work [78].
The ZT of HfIrAs increases with an increase in temperature, and the ZT of 0.57 shows that
HfIrAs is a good thermoelectric material.
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Figure 4. Transport coefficients of HfIrAs half-Heusler.

4. Conclusions

This work calculated the electronic, elastic, optical, and thermoelectric properties of
HfIrAs, a semi-metal in the half-Heusler phase. The touching of the bands at γ shows
that the compound is a semi-metal. The compound ratio B/G demonstrates that HfIrAs is
ductile and meets mechanical stability conditions. According to the phonon dispersion, the
compound is dynamically stable. The specific heat at high temperatures reveals that the
material obeys the Dulong–Petit law. The Seebeck coefficient and electronic dimensionless
figure of merit show that the material is a good thermoelectric compound.
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