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Abstract

The mechanical, electrical, structural, vibrational, and thermodynamic properties of ZrNiX (X-Pb, Sn) half-Heusler
alloys have all been considered using the first principle approach. We establish that the characteristics of the two
alloys are comparable. Their phonon dispersion curve indicates phonon-phonon scattering, which suggests that they
are good thermoelectric materials. It is discovered that both alloys exhibit thermodynamic and mechanical stability.
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Introduction

Half-Heusler (HH) alloys have a wide range of intriguing
physical features that make them one of the most
attractive prospects for usage in spintronics, topological
insulators, optoelectronic, photovoltaic, and
thermoelectric applications (Moodera, 1995; Kdmmerer,
2003; and Prinz, 1999). These alloys are used primarily
because of their good mechanical, structural, electrical,
and thermodynamic stability (Culp et al., 2008; Wang,
2009; Yu et al., 2009; Kimura, 2010 and Wang, 2016).
Investigating sustainable and effective materials in the
half Heusler family that can turn waste heat into power is
one way to prudently address the fast depletion of fossil
fuels and their effects on the environment (Bhat et al.,
2015). The design of thermoelectric (TE) materials has

successfully replaced degenerate semiconductors, which

are made up of heavy, toxic, and scarce tellurium and lead

elements, with inexpensive, non-toxic half-Heusler
compound elements (such as nickel, tin, etc.) because
their properties are similar to those of the TE materials
that are currently on the market (Xia et al., 2000; Wu et
al., 2007; and Muta et al.,2009) . Many studies of half-
Heusler compounds with 18-valence electrons have
resulted from the discovery of 54 thermodynamically
stable half-Heuslers out of 400 that were not previously
reported by Gautier and his coworkers (Gautier et al.,
2015).
compounds, such as (Ti, Zr, Hf)NiSn and (Ti, Zr,

Hf)CoSb, have a comparatively high figure of merit (ZT

It has been observed that certain half-Heusler

values), a high power factor, and average thermal stability
2010).

narrow-gaped

in both n- and p-type materials (Jung et al.,
Although

semiconductors' poor heat conductivity has restricted

these recently created
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their range of applications, numerous attempts have been
undertaken to remedy the drop in thermal conductivity,
with notable documented success (He et al., 2014; Jie et
al.,2013; Lim et al., 2016; Caillat et al., 1997 and
Dresselhaus et al., 2007). The aforementioned indicates
that within the past 25 years, there has been an increase
in interest in half-Heuslers and their general
characteristics, including their mechanical, structural,
thermodynamic, electronic, and lattice dynamics. Both
theoretically (Guo, 2016) and empirically (Kurosaki et
al., 2010), the relationships between the thermoelectric
characteristics and the electronic structure and
thermodynamic stability have been examined. Certain
half-Heusler alloys' lattice thermal conductivities were
shown to be in good agreement with experimental values
using first principle calculations (Muta et al., 2009). Two
distinct thermal analysis approaches have also been used
to evaluate the thermal expansion and melting
temperature of MNiSn type half-Heusler alloys in order
to provide data that can be compared for TE industry
(Kurosaki et al., 2010). Using antisite flaws, Qiu et al.,
2010, performed an ab-initio simulation to investigate the
band structure of MNISn. In order to determine the
parameters employed in the prediction of lattice thermal
conductivity, the effect of adding alloying metals such as
extra nickel was investigated. The electronic structure,
lattice dynamics, elastic, and thermoelectric properties of
ZrNiPb were examined by Wang et al., 2016. They then
used first principle calculations to dope with hafnium,
which allowed them to examine the doping effect and
propose new candidates for high performance
thermoelectric materials, such as Zrx Hf 1.« NiPb in both

p- and n-type. Although various authors have attempted

jnasr@iuokada.edu.n
to address the lattice dynamics, mechanical, electronic,

thermodynamic, and elastic properties of these HH alloys
in different ways, no single paper has addressed all of the
aforementioned properties, as well as the relationship
between the thermal conductivity and figure of merit,
which are the most crucial material properties for an
effective TE material. In order to compare the two HH
alloys and recommend the best suitable material for the
creation of high performance TE devices, we examined
the lattice dynamics, mechanical, electrical, elastic, and
thermodynamic properties of ZrNi(Pb, Sn).

Methodology

The lattice dynamics of ZrNiX(Pb,Sn) have been
calculated using first-principles methods. The density
functional theory (DFT) utilizing the generalized gradient
approximation, as executed in the Quantum Espresso
software (Giannozzi et al., 2003), is employed. The
projected augmented wave (PAW) approach is employed
to formulate the potentials. The convergence test is
initially conducted using a plane wave basis set with
kinetic energy cut-offs of 952 eV for ZrNiPb and 816 eV
for ZrNiSn. Monkhorst Pack meshes of 8x8x8 and 7x7x7
are utilized for the Brillouin zones of ZrNiPb and ZrNiSn,
respectively. The final convergence test is conducted on
the lattice constant, wherein the data file comprising
strained lattice constants and their associated total
energies for each alloy is fitted to the Birch-Murnaghan
equation of state, resulting in the determination of the
optimized lattice constant, bulk modulus, and pressure
derivative. The mechanical and thermodynamic
properties are calculated utilizing the thermocode (Dal

Corso, 2016).
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Table 1: The lattice constant a, bulk modulus B, the pressure derivative B' and the band gap of ZrNiX(X-Pb,Sn)

including results from literature.

Compound Ref a(A) B(GPa) B'(GPa) Eq(eV)

ZrNiPb Present 6.247 109.4 4.65 0.3937
Literature 6.232 112.5 - 0.385%, 0.43?

ZrNiSn Present 6.162 1194 4.40 0.3937
Literature 6.110 124.6 - 0.18%, 0.25¢

[Wang et al., 2016]2, [Rog et al., Grytsiv et al., 2016]°, [Zou et al., 2013]°

Table 2: The elastic constant Cjj, the Young modulus E, the shear modulus G all in GPa and the Poisson ration v, the

bulk modulus-shear modulus ratio B/G, the average sound velocity and the Debye temperature of ZrNiX(X-Pb,Sn).

Compound Cu Ci Cua E G v B/G Vag (M/S) D,

(K)

ZrNiPb 201.1 635 503 1472 57.7 0.2758 1.8960 2691 293
Others 2055 66.0 58.0 179.6 72.8 - - - -
ZrNiSn 219.7 69.3 55.6 161.7 63.5 0.2743 1.8803 3188 353
Others 224.8> 747° 75.1°> 187.7° 75.1° 0.2490°  1.66° - -
Results and discussion Electronic properties

Structural properties The ZrNiX(X-Pb,Sn) electronic band structure and

associated density of state (DOS) are displayed in

A face-centered cubic structure with space group F-43m . .
pace group Figures 1-4. Table 1 displays the band gap of the two

is the crystal structure of the 18-valence electron half- L .

alloys, indicating that they are low gap semiconductors.
Heusler alloys. In our calculations, the Pb and Sn atoms
are at Wyckoff positions 4b (1/2, 1/2,1/2), while the Zr

and Ni atoms are at Wyckoff positions 4a (0,0,0) and 4c

With their conduction band lowest at the high symmetry
point X and their valence band maximum at the gamma
point, these alloys are also indirect band gap
(1/4,1/4,1/4), respectively. During the convergence test, semiconductors. The hybridization between the Zr-d,
Ni-d, and Pb-p orbitals is demonstrated by the DOS of
ZrNiPb shown in Fig. 3. The highest peak is found in the

Ni-d orbital. Additionally, for ZrNiSn, the hybridization

the lattice constants used in this work are determined.
Fitting the strained lattice constants and their
corresponding total energy to the Murnaghan equation of

state yields the bulk modulus and the pressure derivative.
y P occurs (Aigbekaen and Ighrakpata, 2022) between the

Table 1 presents the results. Based on the bulk modulus, . ] . . .
P Zr-p, Ni-d, and Sn-p orbitals, with the Ni-d orbital

we found that ZrNiSn is more resistant to compressibility
than ZrNiPb.

exhibiting the largest peak. As seen in (Aigbekaen et al.,
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2023; lyorzor et al., 2021 and Okunzuwa and Aigbekaen, -
2020), the DOS of both materials exhibits a strong

Pressure = 0GPa
Band gap = 0.3937cV

£ T

increase in the valence band close to the Fermi energy,

which is a sign of significant thermopower. In the

pdos (states/eVicell)

ZrNiPb alloy, we found that the bond between Ni and Pb 1

is greater than that between Ni and Zr, whereas in the o3

ZrNiSn alloy, the binding between Ni and Sn is stronger = = 0 2 +

Energy (¢V)
than that between Ni and Zr.
Fig3: Partial density of state of ZrNiPb
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Fig2 : The electronic band structure of ZrNiSn
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Fig5: Phonon dispersion curve of ZrNiPb
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Fig6: Phonon dispersion curve of ZrNiSn

The ZrNiX (X=Pb,Sn) phonon dispersion curves, which
provide information on the lattice dynamics of materials,
have been calculated and are dynamically stable since the
high symmetry points do not have any negative
frequencies. These curves are displayed in Figs. 5 and 6.
With three acoustic and six visual modes, Figs. 5 and 6
exhibit comparable phonon dispersion curves. We found

that ZrNiPb exhibits a larger gap between the acoustic

mode and the lower optical mode than ZrNiSn,

indicating a stronger phonon-phonon scattering.
Additionally, we observed from the phonon dispersion
curves that the formal has a larger group velocity because
the acoustic mode of ZrNiSn is more disseminated than
that of ZrNIPb at higher frequencies. Low thermal
conductivity is indicated by this phonon-phonon
scattering, particularly in bulk semiconductors (Gudelli

et al., 2015 and Zou et al., 2013).
Mechanical Properties

ZrNiPb and ZrNiSn mechanical characteristics have
been calculated and are shown in Table 2. Since the
alloys crystallize in a cubic form, the mechanical
parameters include, Poisson ratio, shear modulus, and
elastic constants Ciy, Ci2, and Cas. When it comes to
determining the mechanical stability of solid materials
and the forces keeping them together, the elastic
constants are crucial. According to equation 1, both

alloys meet the requirements for mechanical stability.
Cu >0, (C 11+2Cy2) > 0, C44>0, and C11>Cra. (1)

The Voigt-Reuss-Hill approximation is used to compute
the young modulus and the shear modulus, which
demonstrate how resistant these alloys can be to volume
and shear deformation. Table 2 makes it evident that
ZrNiSn is more difficult than ZrNiPb. Both materials are
brittle according to the B/G ratio since their B/G ratios
exceed 1.75.

Thermodynamic properties
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Fig7: Thermodynamic properties of ZrNiX(X=Pb, Sn),
(a) the specific heat capacity at constant volume. (b) the
entropy, (c) the internal, and (d) the free energy.

The internal energy, Gibb's free energy, entropy, specific

heat capacity at constant volume, and Debye
temperature, melting temperature, and average sound
velocity of the two alloys have all been calculated and
are displayed in Fig. 7. As we can see from Fig. 7a, the
specific heat capacities of the two alloys comply with the
Dulong-Petit rule at high temperatures and the T3 law at
low temperatures. Both alloys' curves for the other
thermodynamic parameters are comparable and meet the
requirements of thermodynamics. ZrNiPb and ZrNiSn
have zero point energies of 8.2358 kJ/Nmol and 9.86452
kJ/Nmol, respectively. We observed that at high
temperatures, the two alloys' specific heat capacities and
internal energies converge. We also used equation (2) (

Fine et al., 1984).

T = (607+9.3B£300)K
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where B is the bulk modulus, to calculate the theoretical
melting temperatures of both alloys, which came out to
be 1347K for ZrNiPb and 1429K for ZrNiSn,
respectively.

Conclusion

The electrical, structural, mechanical, vibrational, and
thermodynamic properties of ZrNiX (X=Pb, Sn) have
been calculated from first principles. We establish that
each of these alloys exhibit thermodynamic and
mechanical stability. It is mentioned how the phonon
dispersion curve, the electronic band structure, and the

thermoelectric properties are related.
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