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ABSTRACT

This work uses the first-principles method to investigate the electrical, mechanical,
and transport properties of quaternary Heusler compounds ZrRhTiZ (Z=In, Al).
ZrRhTiln and ZrRhTiAl have lattice constants of 6.62 A and 6.44 A, respectively,
which are in good agreement with previous studies. The alloys are semiconducting in
the spin-down state, with indirect bandgaps of 0.39¢V for ZrRhTiln and 0.30eV for
ZrRhTiAl, respectively, but metallic in the spin-up state, resulting in half-metallic
ferromagnets. Several thermoelectric parameters are discussed in the paper, including
the Seebeck coefficient, electrical and thermal conductivities, and power factor. For
ZrRhTiAl and ZrRhTiln alloys, the maximum reported power factors are
1.57x10"Wm'K?s" and 0.66x10"Wm'K>s™, respectively. All of these features point

to the possibility of using these materials in spintronic and thermoelectric devices.
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INTRODUCTION
Heusler alloys (HA) -

Any of the first magnetic alloys, such as the Heusler alloy, consisting of metals that
are not magnetic in their pure state. Fritz Heusler, a German mining engineer and
chemist from the nineteenth century, was the inspiration for the alloys. Heusler alloys
are made up of two parts copper, one part manganese, and one part tin, Aluminum,
arsenic, antimony, bismuth, or boron can be used in place of tin, and silver can be used
in place of copper. Other semiconducting materials, such as Half-Heusler (HH) alloys,
have recently showed significant promise as thermoelectric materials. HH alloys are

composed of low-cost, light-weight, and ecologically benign materials.

Due to their unusual structural, electrical, magnetic, mechanical, and thermodynamic
properties, Heusler alloys (HA) have lately piqued scientific attention [1-9].Due to its
applications in spintronics [10], magnetoelectric [11], magnetocaloric [12], and
ferromagnetic shape memory alloys [13], One of the most significant groups within
the Heusler alloy family is equiatomic Quaternary Heusler alloy (EQH). Because of
their low power dissipation. Because EQH alloys crystallize with the Y-structure, they
are more suitable for a wide range of applications than other HA [14—16]. According
to the stoichiometry, HA can be divided into three categories. (I) equiatomic
Half-Heusler (XYZ), (ii) 2:1:1 full-Heusler (X2YZ) [17-18], equiatomic quaternary
Heusler (XX'YZ), in which X, X', and Y are transition metal elements, and Z is the
main group element [19-21], ZrFeTiZ (Z= Si, Ge, Al), ZrFeTiZ (Z= In, Al, Ge), and
ZrCoTiZ (Z= Al, Ga, Si, Ge) are three Zr-based EQH alloys that have been
investigated for spin-gapless semiconductors [28-30].

The thermoelectric property of Heusler alloy allows it to transform heat energy into
electrical energy (seebeck effects). It's a promising feature of HA since it can be used
to convert heat to electricity in electronic refrigeration and power generation
applications. The Seebeck coefficient, for example, can be used to determine
thermoelectric efficiency (S), electrical conductivity (k), thermal conductivity (T), and

the figure of merit (ZT) [31] as a function of the chemical potential. This work uses



DFT and the BoltzTraP code to report on the structural, electrical, mechanical, and

thermoelectric properties ZtRhTiZ(Z=In, Al).

COMPUTATIONAL METHODOLOGY

2.1. WIEN2Kk -

WIEN2k is a programme that allows you to calculate the electrical structure of solids
using density functional theory (DFT). It employs one of the most precise methods for
determining band structure: local orbitals(Lo) + full-potential (linearized) augmented
plane-wave (LAPW) . WIEN2k is an all-electron system with several features and

relativistic effects.

The Density functional theory (DFT) -

Neighborhood Spin Density Approximation (LSDA) is a useful and accurate approach
in the DFT. A method for solving the crystals' multi-electron issue (the nucleus is in a
certain position). Spin density (1) is a significant number utilized to compute general

electricity.

Etot(pTﬂ pL) = TS(PT:/%) + Eee(,ﬂ'r; pl,)"" ENE(pTv pJ,) + E&:C(pTﬂ pl.) + Enn

Exn 1s considered disgusting. Motion electricity (of non-interacting particles),
electron-electron repulsion, core electron attraction, exchange correlation energy, and
so on were formerly classified as Coulomb electricity of a specific core and digital
contribution. The LSDA is made up of approximations. E,, expects that a collection of
neighbor exchange correlated current densities . instances may be used to describe

it. In general (spin up + spin down) and ii) the p,. shape chosen.

(]



The LAPW method -

The linearized augmented plane wave (LAPW) method is one of the most accurate
methods for detecting crystal electrical structure. It is based on density functional
theory and addresses exchange and correlation using approaches such as the local spin
density approximation (LSDA). In the literature, there are several types of LSDA
potentials, although new advancements employing the generalized gradient
approximation (GGA) are also available. On either a scalar or a vector relativistic
method, relativistic effects in valence states can be incorporated. or a second
variational technique that takes spin-orbit coupling into account The core states are

treated in their entirety relativistically.

DFT & TB-mBJ Calculation of ZrRhTiZ (Z= In, Al) alloys -

The density functional theory was used to determine various parameters of the
ZrRhTiZ (Z= In, Al) alloys. The exchange—correlation potentials were estimated using
the Perdew—Burke—Ernzerhof generalized gradient approximation (GGA-PBE) and
the integrated modified Becke— Johnson GGA (GGA + mBJ). The foundation set for
this study was the linearized augmented plane wave with full potential formalism (FP
LAPW) as implemented in the WIEN2k code. The Perdew—Burke—Ernzerhof
generalized gradient approximation (GGA-PBE) and Tran-Blaha modified

Becke—Johnson methods were used to derive the results (TB-mBJ).

The band gap results have been underestimated when using the GGA technique. To
overcome erroneous estimated values, the Tran-Blaha modified Becke—Johnson
approach was used. The structural relaxation for varying compositional occupancy
was achieved by setting the plane wave cutoff (RKmax) to 7 and using a fine k-mesh
with 8000 k-points in the Full Brillouin-zone to establish a converged ground state.
Finer convergence has been achieved for energy and charge estimates at the cost of the
convergence threshold 0.0001 Ry and 0.001 e, respectively. In addition, the separation
of valence and core states has a cut-off energy of -6.0 Ry. The charge density Fourier
expansion's highest vector magnitude (Gmax) = 13. The Boltzmann transport theory
was used to determine the transport parameters of EQH ZrRhTiZ (Z= In, Al)
(BoltzTraP code).



RESULTS AND DISCUSSION

3.1 Structural Properties

According to reports, depending on the atom positions, the quaternary Heusler
alloy XX'YZ can take three different shapes. Type-1 includes X at 4c, X' at 4d, Y at
4b, and Z at 4a; Type-2 includes X at 4b, X' at 4d, Y at 4c, and Z at 4a; and Type-3
includes X at 4b, X' at 4d, Y at 4¢c, and Z at 4a. [25]. In Type-1, the current ZrRhTiZ
(In and Al) is shown to be the most stable [32-33]. Fig.1 (a) and (b) show the structure
of ZrRhTiln and ZrRhTiAl respectively. The energy minimization approach was used
to get the equilibrium lattice parameter. To obtain the lattice parameter and energy for
the ground state at equilibrium volume, the Birch-Murnaghan method is used. The
obtained equilibrium lattice parameters for ZrRhTiln and ZrRhTiAl are 6.63 A and
6.45 A | respectively. The volume versus energy curves of ZrRhTiln and ZrRhTiAl,
(a) and (b), respectively, are depicted in Fig. 2.

Fig. 1(a). Crystal structure of ZrRhTiln. Fig. 1(b). Crystal structure of ZrRhTiAl.
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3.2 Electron Density

Electron density represents the probability of finding an electron at a specific location
around an atom or molecule. In general, electrons are more likely to be discovered in
areas where there is a large density of electrons. However, due to the uncertainty
principle, it is impossible to pinpoint an electron's exact location at any one time. The
density of electrons in a system containing a single electron is proportional to the
square of the wavefunction. One technique for measuring electron density is X-ray

diffraction crystallography.

When it comes to free radicals, the concept well known is spin density. This is the
major dissimilarity among one spin's total electron density and the other spin's total

electron density. The technique of neutron diffraction is used to map

Understanding the chemical characteristics of elements and atom bonding relies
heavily on electron density maps. The electron density contour plot of both the EQH's
along the 110 Plane is shown in Fig.3 (a) and (b), which helps us understand the
chemical bonding in the alloys. Electron density graphs and contour maps can assist
us comprehend d-d hybridization. The charge accumulations between Zr-Ti atoms are
fewer than those between Rh-Ti atoms and Rh-Al/In atoms, showing that Zr-Ti

interacts via ionic bond whereas Rh-Ti and Rh-Al/In interact by covalent band.
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3.3 Mechanical properties

Within the born-stability conditions, elastic parameters were estimated to
predict the stability of the ZrRhTiZ (In, Al) alloy [34].

C1—Cp,>0,C+2C;,>0,Cly> 0

The elastic parameters are shown in Table 1. Each material is found to satisfy the
stability requirements and thus be mechanically stable.

The following formula is used to compute the bulk modulus B:

C11+ C12

3 (1)

shear modulus G , compressibility and Young's modulus E, , and are determined using
the elastic parameters [35].

9BG,, o)
E 3B+GH ( )
G =cC,, (3)
B = % 4)

The Poisson coefficient (o) is a measurement of a material's ductility or fragility, and
it's written like this:

- 1 __E 5
0 =7 6B )

Furthermore, the Zener’s value (A) can be calculated using the following equation:
A = eq\f(2C44,C11 — C12) (6)

If A equals one unit, the crystal is said to be isotropic; otherwise, the crystal is said to
be anisotropic.



The same formula applies to Reuss shear modulus, Cauchy's pressure, Voigt shear

modulus and Hill shear modulus.

G =C_—-°C
p 12 44

G = 5(C11+C12)C44
R 4C44+ 3(C11 _C12)

€, =€, +3C,

G =
v
G +G
_ R v
G, >
, . B
Pugh’s ratio = —

(7)

(8)

)

(10)

(11)

TABLE NO. 2. Elastic parameters of ZrRhTiln and ZrRhTiAl

Elastic parameters ZrRhTiln ZrRhTiAl
C: (GPa) 144.381 134.209
Ci, (GPa) 118.126 128.502
C,44 (GPa) 44.592 54.788
Ci1 -C; (GPa) 27.552 12.737
C,, +2Cy, (GPa) 380.663 391.213
G (shear modulus) (GPa) 44.592 54.788
Cp (Cauchy’s pressure) (GPa) 73.534 73.714
B (Bulk modulus) (GPa) 126.445 126.395
B (compressibility) 0.0079 0.0079
Pugh’s ratio (B/G) 2.835 2.306
A (Zener's value) 3.2369 8.602
V (Poisson coefficient) 0.207 0.41146

The Pugh's ratio (B/G) can be used to determine if a material is ductile (>1.75) or



brittle (1.75). The computed Pugh's ratio for ZrRhTiln is 2.83, indicating that the
material is ductile, whereas the Pugh's ratio for ZrRhTiAl is 2.30, indicating that the
material is also ductile. The Cauchy pressure (C12 — C44), which is positive for
ductile materials and negative for brittle, supports this. For non-central force v 0.25
and 0.25 0.50 for central force, the Poisson ratio forecasts the nature of the forces
present. The computed Poisson ratio for ZrRhTiln is 0.20, indicating that there is a
non-central force present, whereas it is 0.41 for ZrRhTiAl, indicating that there is a
central force present. The Poisson ratio can also aid in better understanding the nature
of bonding. If is close to or greater than 0.25, it indicates ionic bonding, whereas less
than 0.25 indicates covalent bonding. The Zener's value (A) for ZrRhTiln is 3.23 and
for ZrRhTiAl is 8.60, indicating that both materials are anisotropic (other than unity).

3.3 Electronic Properties

The TB-mBJ potential was wused to calculate The Brillouin zone's
spin-polarized band structure with high symmetry orientations. Both ZrRhTiZ (Z= In,
Al) materials a metallic character when spin up and a semiconductor character when
spin down, with a band gap approaching Fermi. ZrRhTiln has a band gap of 0.38 eV,
while ZrRhTiAl has a band gap of 0.29 eV. The maximal valence band and the
minimum conduction band of the ZrRhTiZ (Z=In, Al) alloys are situated at and L,
respectively, indicating an indirect band (Fig. 4 and 5). The occurrence of a band gap
at the fermi level in the down spin state implies that these alloys have 100 percent spin

polarization.
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Fig. 4(a). Within the TB-mBJ approach Fig. 4(b). Within the TB-mBJ approach
for spin up state, spin polarised band for spin down state, spin polarised band
structure of ZrRhTiln. structure of ZrRhTiln.
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Fig. 5(a). Within the TB-mBJ approach for Fig. 5(b). Within the TB-mBJ approach for
spin up state, spin polarised band structure of spin down state, spin polarised band structure
ZrRhTiAl of ZrRhTiAl

There are three possible explanations for the origin of the band gap in Heusler alloy.
Covalent bonding, d-d hybridization, and charge transfer are the three processes. The
hybridization of the Zr-4d and Rh-4d atoms in the compounds produces 5 bonding
bands (BB) and 5 non-bonding (NB) bands, with 3t2g and 2eg in BB and 2eu and 3tu
in NB. The bonding and antibonding bands were formed by the Ti 3d orbital
hybridizing with the 4d orbitals of 5 Zr-Rh BB, while the 5 NB 4d orbitals remained
unhybridized. As a result, 15d orbitals are assigned to the spin-up and spin-down
states, which are labelled 3t,,, 2e,, 2e,, 3t,,, 3y, 2€,, 3t 2€,, 3t;,, 3t2g, 2e,, 3t,, Z
(In, Al) has totally filled 1s and 3p orbitals



3.4 Transport property

Thermal conductivity (e), Seebeck coefficient (S), ), Electrical conductivity (o), and
power factor (PF) as a function of temperature up to 1200 K were investigated using
the semiclassical Boltzmann transport theory-based BoltzTraP code [36]. The
following equations are used to compute the electrical conductivity and Seebeck
coefficient using the general Boltzmann transport equation [37]:

. BERICEES
Ga'ﬁ(s) = It v (i, k) VB(l, k) ———— (12)

S =ENT ' = (o)a_lvaj (13)

Where, ¢, N and t are band energy, number of k-points and relaxation time,

respectively. v, (£,k) is group velocity & The tensor indices of electrical conductivity

are oo and B [37].

3.4.1 Seebeck Coefficient

Thomas Johann Seebeck, a German physicist, discovered in 1821 that when two strips
of different electrically conducting materials were separated along their length but not
across their width, united at their ends by two "legs," a magnetic field formed around
the legs as long as the two junctions had a temperature difference. After his
observations, which he presented the next year, the Seebeck effect was named.
Seebeck, on the other hand, could not determine the source of the magnetic field. The
magnetic fields produced by the two metal-strip legs are equal but opposite. An
electric potential differential across the junctions causes these currents, which is
caused by temperature fluctuations in the materials. If one link is open, no current

exists, but the temperature differential stays constant.

A material's Seebeck coefficient, commonly known as thermopower or thermoelectric
power, magnitude of an induced thermoelectric voltage in response to a temperature
gradient across a material is measured, it is brought about by the Seebeck effect (one
of the thermoelectric effects). In some materials, the Seebeck coefficient can be

negative for negatively charged carriers (photons) and positive for positively charged



carriers (electrons) (electron holes). Over a wide temperature range, the Linseis LSR
provides for simultaneous measurement of the Seebeck coefficient and four terminal

electrical resistivity of a bulk or thin film sample.

The Seebeck Coefficient describes the amount of an induced thermoelectric voltage
caused by a temperature differential across a material [38]. Thermoelectric
applications benefit from materials with a high Seebeck Coefficient [39]. The Seebeck
Coefficient in relation to temperature for contemporary alloys is shown in Figure 6
(a-b). The Seebeck Coefficient found for the ZrRhTiAl is positive for the majority of
the temperature range, indicating that the alloy is a P-type semiconductor, as shown in
Fig.6 (a).The importance of Seebeck At 150K, the coefficient starts at 15.7 VK™,
drops to -1.83 VK™ at 550K, and then rises to 4.01 VK™ at 1200K. Its value at 300K is

2.67 VK!, which is not very high when compared to other materials.

The fluctuation of the Seebeck coefticient for ZrRhTiln alloys is shown in Fig.6 (b),
and It's worth noting that it is negative for most temperature ranges, indicating that
this alloy is an N-type semiconductor. Its value begins at-101.2 VK'at 150 K, drops
to -9.20 VK at 350 K, and then returns to a positive value with a rise in temperature
up to 800 K, with a value of 5.47 VK''. Its value at room temperature is roughly
-25.40 VK, indicating that it is more energy efficient than the former.
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3.4.2 Electrical conductivity (o/1)

Electrical conductivity [40] measures the amount of electric charge or heat that can
travel across the Fermi level. Figure 7 depicts the fluctuation of electrical
conductivity(c)) with temperature(T) for both alloys (a-b). The electrical conductivity
value increases with temperature from 65.6 x 1020 (Qms)"' at 150K to 73.0 x 1020
(Qms)"' at 600K and then starts to drop until 71.7 x 1020(Qms)" at 1200K. The
electrical conductivity value at room temperature is 71.23 x 1020 (Qms)' for
ZrRhTiAl alloy. The electrical conductivity of the ZrRhTiln alloy shows a roughly
linear fluctuation with temperature, as shown in fig.7 (b). Electrical conductivity
increases with increasing temperature, starting at 0.049 x 1020(Qms)" at 150K. At
1200K, the value of o/t is 0.535 x 1020 (Qms)"' , while the value of electrical

conductivity at ambient temperature is ~0.103 x 1020 (Qms)™ .
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3.4.3 Electronic Thermal conductivity (x./T)

Since a material's thermal conductivity is inversely proportional to its thermoelectric
performance, it should be kept as low as possible in order to achieve a better merit
score. [41]. The electrical component of thermal conductivity varies as a function of
temperature, as seen in Fig.8(a-b). The electronic thermal conductivity of the
ZrRhTiAl increases linearly from 2.72 x 10" (W m™K™'s™!) to 194 x
10'°(Wm ™K *'s™"), as shown in Figure 12(a). At room temperature, electronic thermal
conductivity equals 5.64 x 10'® (Wm 'K *s™%). Similarly, Fig.7(b) depicts that, with
increasing temperature, the electrical thermal conductivity of ZrRhTiln grows
exponentially from 0.043 x 10" (Wm ™K *s™) to 0.568 x 10'* (Wm™ 'K *s™?), with a
room temperature value of ~ 0.017 x 10" (W m™ *K™'s™!) . Because ZrRhTiln has a

lower value than ZrRhTiAl, the former will be more beneficial because heat

dissipation in the ZrRhTiln alloy is lower.
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3.4.4 Power Factor

The power factor is a parameter which determines the efficiency of the material for

the thermoelectric application. The power factor is defined by,

SZO'

PF =-— (15)

o/t is the electrical conductivity, and S is the Seebeck coefficient [42]. Figure 8(a-b)
shows the PF versus temperature for both EQHs. Fig.13(a) shows the plot of PF
against temperature for ZrRhTiAl from 150K to 1200K. It can be shown that the PF
reaches its maximum value of ~17.74 x 10" W m K %s™! at 150K, then declines till
it reaches ~0.2101x 10" W m ™K *s™! at 500K, then grows slowly or becomes
almost constant. At room temperature, the value of PF for ZrRhTiAl alloy is ~1.57 x
10" W m™*K~*s™!.Similarly, for the ZrRhTiln alloy, Fig.13. (b) shows the fluctuation
of PF as a function of temperature. The PF value at 150K is 5.56 x 10" W m ™K %7,
while the PF value at 1200K is~12.11 x 10" W m ™K %s™%. At room temperature, the

value of PF is found to be ~0.66 x 10" W m 'K ?s~%.
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Conclusions

We investigated the electrical, mechanical, and thermoelectric properties of the
equiatomic quaternary Heusler alloys ZrRhTiln and ZrRhTiAl using a density
functional theory approach and semi-classical methods in this study. Both alloys were
discovered to be semiconducting with an indirect band gap in the spin-down state.
They are suitable for thermoelectric applications due to their tiny band gap. The
obtained band gap results are consistent with those previously reported[25]. At 300K,
the Seebeck coefficient for ZrRhTiln is -25.40 pVK™' and for ZrRhTiAl is ~2.67
uwVK'!, with Power factors of ~1.57 x 10" W m K™% and ~0.66 x 10" W

m 'K %! respectively. In comparison to ZrRhTiAl, ZrRhTiln is a more promising

thermoelectric material. Although the reported values are insufficient for use, they can

be enhanced by using appropriate electron and hole doping.
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1. Introduction

Heusler alloys (HA) have recently attracted scientific attention
due to their unique structural, electrical, magnetic, mechanical,
and thermoelectric properties [1-3]. Among the family of Heusler
alloy, Equiatomic Quaternary Heusler alloy (EQH) is one of the
important categories due its application in the spintronics, magne-
toelectric, magnetocaloric, ferromagnetic shape memory alloys[4-
6]. EQH alloys crystallise with the Y-structure, which are more
suitable for various applications than other HA because of low
power dissipation. HA can be classified into three categories
depending upon the stoichiometry, viz. (1) Half-Heusler (XYZ),
(2) full-Heusler (X,YZ) and (3) quaternary Heusler (XX'YZ),
where X, X', and Y are transition metal elements, and Z is an ele-
ment from the main group [7,8]. The EQH has space group 216-
F43m with atoms X and X’ at the 4a (0, 0, 0) and 4b (0.5, 0.5, 0.5)
positions, atom Y at the 4c (0.25, 0.25, 0.25) position, and main
group element Z at the 4d position (0.75, 0.75, 0.75) [9]. The occu-
pation rule aids in the formation of a highly ordered rather than
disorderly structure. Various quaternary Heusler compounds have

* Corresponding author.
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(M. Singh).

mukhtiyarsingh@dtu.ac.in, msphysik09@gmail.com

https://doi.org/10.1016/j.matpr.2022.04.483
2214-7853/Copyright © 2022 Elsevier Ltd. All rights reserved.

been described as novel Half-metals using both experimental and
theoretical studies. The ZrFeTiZ (Z = Ge, Al, Si), ZrFeTiZ (Z = In, Al,
Ga), and ZrCoTiZ (Z = Ga, Al, Ge, Si) are Zr-based EQH alloys that
have been explored for spin-gapless semiconductors [10,11].

Heusler alloy has thermoelectric properties that allows it to
transform heat energy into electrical energy (Seebeck effects)
[12]. It’s a promising attribute of HA since it can be exploited in
electronic refrigeration and power generating applications that
transfer heat to electricity[13,14]. Certain parameters, such as the
Seebeck coefficient, electrical and thermal conductivities as a func-
tion of chemical potential and temperature, can be investigated to
estimate the thermoelectric efficiency. This study uses DFT and the
BoltzTraP code to report on the structural, electrical, mechanical,
and thermoelectric properties of ZrRhTiZ (Z = In, Al).

2. Computational methodology

The Density functional theory (DFT) was used to determine var-
ious parameters of the ZrRhTiZ (Z = In, Al) alloys. In the work, the
extremely accurate all electrons linearized augmented plane wave
approach developed in the WIEN2k code was used. The Perdew-
Burke-Ernzerhof generalised gradient approximation (GGA-PBE)
and Tran-Blaha modified Becke-Johnson (TB-mB]) methods were
used to derive the results. When the GGA approach has been
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employed, the band gap results have been underestimated. To
overcome erroneous estimated values, the Tran-Blaha modified
Becke-Johnson approach was used. The structural relaxation for
different compositional occupancy has been achieved with RK.x
(plane wave cutoff) is set to 7 and a converged ground state is cre-
ated utilising a fine k-mesh with 8000 k-point in the Full Brillouin-
zone. Finer convergence has been achieved for the energy and
charge estimation at the cost of the convergence threshold
0.0001 Ry and 0.001 e, respectively. In addition, the separation of
valence and core states has a cut-off energy of —6.0 Ry. Highest
vector magnitude in charge density Fourier expansion (Gpax) = 13.
The Boltzmann transport theory (BoltzTraP code) was used to
determine the transport parameters of EQH ZrRhTiZ (Z = In, Al).

3. Results and discussion
3.1. Structural properties

The quaternary Heusler alloy XX'YZ are reported to have 3 pos-
sible configurations depending on how the atoms are arranged. The
positions of X, X, Y, and Z atom are at 4c, 4d, 4b, and 4a; 4b, 4d, 4a
and 4c; 4c, 4b, 4d and 4a, respectively [15]. The current ZrRhTiZ
(Z = In, Al) is found to be most stable in Type-1.. The energy min-
imization approach was used to find the equilibrium lattice param-
eter. The Birch-Murnaghan equation is explored to determine the
lattice parameter and the energy for ground state at equilibrium
volume. The obtained equilibrium lattice parameters are found to
be 6.63 A and 6.45 A, respectively for ZrRhTiln and ZrRhTiAlL
Fig. 1(a) and (b) shows the volume vs energy curve of ZrRhTiln
and ZrRhTiAl respectively.

3.2. Electron density

Understanding the chemical characteristics of elements and the
bonding between atoms relies heavily on electron density charts.
Fig. 2 (a) and (b) shows the electron density contour plot of both
the EQH’s along the 110 Plane, which helps us to know the chem-
ical bonding in the alloys. Electron density plots also help us to
understand the d-d hybridization via contour plots. It can be
observed that the charge accumulations between the Zr-Ti atoms
is comparatively less than Rh-Ti atoms and Rh-Al/In atoms indicat-
ing in Zr-Ti interacting via ionic bond while Rh-Ti and Rh-Al/In
interacting via covalent band.
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& .
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T - ]
~HI243 216 - 4
- . : : ;
450 480 47O 480 490 500 S0 520
Volume (a.u’)
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3.3. Mechanical properties

C11 — €12 > 0,¢11 + 2¢12 > 0,c44 > 0 Within the born-stability
conditions, the elastic parameters were estimated to forecast the
stability of the ZrRhTiZ (Z = In, Al) alloy [16]. i.e., The estimated
elastic constants are shown in Table 1. It is observed that each
material satisfies the stability conditions hence are mechanically
stable. The following formula is used to compute the bulk modulus
B[17];

B:C11-3‘1-C12 1)

The elastic constants are used to compute the shear modulus
(G), Young’s modulus (E), and compressibility, which are calculated
using the conventional relationships listed below [17].

9BGy

E=357 Gy @

G=Cu 3)
1

B=3 (4)

The Poisson ratio (V) is a measurement of a material’s ductility
or fragility, and is represented as follows [17]:
1 E
V=268 ®)
Furthermore, the Zener’s value (A) can be calculated using the
following equation [17]:
_ 2C44
C11 — C12

(6)

It is commonly understood that if A equals one unit, the system
is isotropic and anisotropic otherwise.

Reuss shear modulus, Cauchy’s pressure, Voigt shear modulus,
and Hill shear modulus all have the same formula [17].

Gy =Ci, —Cy

5(C11 4+ €12)Caa

Gp =
R~ 4C4 +3(Cyy — Cp)

_ Ci1 — Ci2+3Cu4

G, S 9

7GR+G,;

Gu 5

(10)

(b)
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Fig. 1. (a) Energy vs Volume curve of ZrRhTiln and (b) ZrRhTiAl.
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Fig. 2. Electronic charge density contour in (110) plane for (a) ZrRhTiln and (b) ZrRhTiAl

Table 1

Calculated elastic parameters for the ZrRhTiln and ZrRhTiAl Heusler alloys.
Elastic parameters ZrRhTiln ZrRhTiAl
Cy1 (GPa) 144.381 134.209
Cy, (GPa) 118.126 128.502
Ca4 (GPa) 44.592 54.788
Cy1 - C12 (GPa) 27.552 12.737
Cy1 + 2Cq3 (GPa) 380.663 391.213
G (shear modulus) (GPa) 44,592 54.788
Cp (Cauchy’s pressure) (GPa) 73.534 73.714
B (Bulk modulus) (GPa) 126.445 126.395
B (compressibility) 0.007908 0.007911
Pugh'’s ratio (B/G) 2.8355 2.306
A (Zener’s value) 3.2369 8.602
GR (Reuss shear modulus) (GPa) 23.5342 13.557
GV (Voigt shear modulus) (GPa) 160.031 340.0142
GH (Hill shear modulus) (GPa) 91.7826 23.7858
E (young’s modulus) (GPa) 221.704 67.1454
V (Poisson coefficient) 0.207 0.41146

' . B
Pugh sratio = C (11)

The (B/G) Pugh’s ratio helps us to understand nature of the
material whether it is ductile (greater than 1.75) or brittle
(<1.75)[18]. The computed Pugh’s ratio for ZrRhTiln is 2.83, indi-
cating that the material is ductile, whereas the Pugh’s ratio for
ZrRhTiAl is 2.30, indicating that the material is also ductile. The
Cauchy pressure (C;,—C44), Which is positive for ductile materials
and negative for brittle, supports this. Poisson ratio predicts the
nature of the forces present, v < 0.25 suggest the presence of
non-central force, while 0.25 < v < 0.50 indicates central force.
The calculated Poisson ratio for ZrRhTiln is 0.20 which suggests
the presence of non-central force while it is 0.41 for ZrRhTiAl
which suggests the presence of central force. Poisson ratio can also
help in understanding more about the nature of bonding. If v is
near to or more than 0.25 then it signifies the ionic bonding while
it is<0.25 it signifies the covalent bonding. Zener's value (A) is
found to be 3.23 for ZrRhTiln and 8.60 for ZrRhTiAl which shows
that both the materials are anisotropic (other than unity) [19].

3.4. Electronic properties

We have plotted the spin-polarized band structure using the
TB-mBJ potential. Both materials, ZrRhTiZ (Z = In, Al), behave as
metal for the spin up channel and exhibit semiconducting nature
in the spin down channel, with a band gap at the Fermi level.
The value of this band gap is 0.39 eV for ZrRhTiln and 0.30 eV for

ZrRhTiAl The valence band maximum and conduction band mini-
mum are respectively situated at I' and L, revealing a ZrRhTiZ
(Z = In, Al) alloys have indirect band gap. (Figs. 3 and 4). The occur-
rence of a band gap at the fermi level in the down spin state
implies that these alloys have 100 % spin polarization.

There are three possible explanations for the origin of the band
gap in Heusler alloy. 1) - covalent bonding, 2) d-d hybridization,
3) - charge transfer. The hybridization of the Zr-4d and Rh-4d
atoms forms 5 bonding bands (BB) and 5 non-bonding (NB) bands
in the compounds, with 3 t; and 2 e; in BB and 2 e, and 3 t,, in NB.
The 3d orbital of the Ti hybridised with 4d orbitals of 5 Zr-Rh BB
forming the bonding and antibonding bands, while 5 NB 4d orbitals
remain unhybridized. As a result, 15d orbitals are assigned to the
spin-up and spin-down states, which are designated as 3 tyg,
2 eg 2 €y, 3 tyy, 3 tag, 2 €4 organised between higher and lower
energy levels. The 1 s and 3p orbitals of Z (In, Al) are completely
filled and are below the 15d hybridised orbitals. Because the triple
degenerated t;, states are vacant, a band gap forms between the
tiu (NB) and t,g (BB) orbitals in the spin down state.

3.5. Transport property

The BoltzTraP code, which is based on the Semi-classical Boltz-
mann transport theory, was used to investigate the transport beha-
viour of these compounds by calculating various properties i.e.,
Seebeck coefficient, electrical and thermal conductivities, and
power factor with temperature up to 1200 K under constant relax-
ation time (7)[20]. The electrical conductivity and Seebeck coeffi-
cient are calculated using the generic Boltzmann transport
equation [18,21], as shown in the formulae below;

5(8 — Si,k)

045(8) = ZTVo (i, k) Vp(i, k) 5

(12)

S=EAT™" = (0)o vy, 13
J

Where 7, N and € are relaxation time, number of k-points and
band energy, respectively. o and B are electrical conductivity ten-
sor indices and vy, (i,k) is group velocity.

3.5.1. Seebeck coefficient

The material with high Seebeck coefficient is considered to be a
good for thermoelectric applications[22]. Fig. 5 (a-b) shows S as a
function of temperature for current alloys. The obtained Seebeck
Coefficient for the ZrRhTiAl is positive for the majority of temper-
ature ranges, as shown in Fig. 5 (a), which helps us to deduce the
fact that the alloy is a P-type semiconductor. The value of Seebeck
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Fig. 3. Spin polarised band structure of ZrRhTiln within the TB-mB]J approach for (a) spin up state and (b) spin down.
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Fig. 4. Spin polarised band structure of ZrRhTilAl within the TB-mB] approach for (a) spin up state and (b) spin down.

Coefficient starts from ~ 15.7 pVK ! at 150 K and starts falling till
550 K with value ~ —1.83 pVK~! and again increases with temper-
ature up to ~ 4.01 uVK~! at 1200 K. At 300 K its value is ~ 2.67
uVK~! which is not so good value as compared with other materi-
als. Fig. 5 (b) shows the variation of Seebeck coefficient for ZrRhTiln
alloys and it can be seen that for most ranges of temperature, it is
negative which suggests that this alloy is a N-type semiconductor.
Its value starts from ~ —101.2 uVK™' at 150 K, then
decreases till ~ —9.20 uVK~! at 350 K and then again goes into pos-
itive value with an increase in temperature up to 800 K with the
value of 5.47 pVK™'. Its value at room temperature is around
—25.40 puVK™! suggesting that it is better than the former for
energy conservation.

3.5.2. Electrical conductivity (¢/t)

The amount of electric charge or heat that may pass through the
Fermi level is measured by electrical conductivity. Fig. 6(a--b)
depicts the fluctuation in electrical conductivity (¢) with tempera-
ture(T) for both alloys. From the Fig. 6 (a) we can see that electrical
conductivity value first increases as temperature increases,
from ~ 65.6 x 10%° (Qms) ! at 150 K to ~ 73.0 x 10%° (Qms) !
at 600 K and starts decreases till ~ 71.7 x 10%° (Qms)~! at
1200 K, the value of the electrical conductivity at room tempera-
ture is ~ 71.23 x 10%° (Qms)~! for ZrRhTiAl alloy. The electrical
conductivity of the ZrRhTiln alloy shows a roughly linear fluctua-
tion with temperature, as shown in Fig. 6 (b). The value of electrical
conductivity starts from ~ 0.049 x 10%° (Qms)~! at 150 K increases
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Fig. 8. Power factor variation with temperature for (a) ZrRhTiAl and (b) ZrRhTiln.

as the temperature rises. The value of 6/t at 1200 K is 0.535 x 10%°-
(@ms)~'and the value of electrical conductivity for room temper-
ature is ~ 0.103 x 10%° (Qms)~".

3.5.3. Electronic thermal conductivity (K./t)

A material’s thermoelectric performance is inversely propor-
tional to its thermal conductivity. Therefore, for better thermoelec-
tric efficiency, it should be very low|[23]. Fig. 7(a-b) shows the
variation in the electrical part of thermal conductivity with varying
of temperature. Fig. 7 (a) depicting that, that the electronic thermal
conductivity increases linearly from ~ 2.72 x 10'® (W m~'K~'s™1)
to 19.4 x 10'® (Wm~'K~'s™1) for the ZrRhTiAl. The value of elec-
tronic thermal conductivity at room temperature is ~ 5.64 x 10'6-
(Wm~'K~'s™1). Similarly, Fig. 7(b) shows that it increases
exponentially as temperature rises from 0.043 x 10 (Wm~'K~'s™ 1)
to 0.568 x 10'® (Wm'K~'s~!) with room temperature value ~ 0.
017 x 10" (W m~'K~'s™!) for ZrRhTiln. The ZrRhTiln has lower
value than ZrRhTiAl means that the former will be more useful
as heat dissipation will be less in the ZrRhTiln alloy.

3.5.4. Power factor

The power factor (PF) is a parameter which defines the mate-
rial’s efficiency for their thermoelectric application. The PF can be
written as,

PF =S%0/1 (15)

G/t is the electrical conductivity, and S is the Seebeck coeffi-
cient[24]. Fig. 8 (a-b) plots the PF against the temperature for both
the EQH’s. Fig. 8 (a) shows the plot of PF against temperature from
150 K to 1200 K for ZrRhTiAl, it can be observed that the PF has
maximum value of ~ 17.74 x 10" Wm~'K=2s~! at 150 K, as tem-
perature increases the PF decreases till 500 K having value ~ 0.2
101x 10'" Wm 'K s 'and again increase slowly or become
nearly constant. The value of PF at room temperature is observed
to be ~ 1.57 x 10'" Wm 'K 2s~! for ZrRhTiAl alloy. Similarly,
the fluctuation of PF as a function of temperature for the ZrRhTiln
alloy is shown in Fig. 8 (b). It can be seen clearly that the PF has a
value of 5.56 x 10" Wm 'K2s~! at 150 K and the PF value at
1200 K is ~ 12.11 x 10'" Wm™'K~2s~'. The value of PF at room
temperature is observed to be ~ 0.66 x 10" Wm 'K s,

4. Conclusions

In this present paper, we examined the equiatomic quaternary
Heusler alloys ZrRhTiln and ZrRhTiAl using the density functional
theory approach and semi-classical methods for its electronic,
mechanical and thermoelectric properties. Both the alloys have
found to be semiconducting in spin-down state with an indirect
band gap. Because of the small band gap, they are useful for ther-
moelectric applications. The observed results for band gap agree
with the previously reported results[25]. The Seebeck coefficient
for ZrRhTiln is —25.40 uVK~' and for ZrRhTiAl is ~ 2.67 uVK™! at
300 K, the corresponding Power factors are ~ 0.66 x 10''Wm™!-
K2s7!'and ~ 1.57 x 10"" W m—1K~2s~!, respectively. Compara-
tively, ZrRhTiln is a more promising thermoelectric material than
the ZrRhTiAl. The obtained values are not very well adequate for
application but can be improved with appropriate electron and
hole doping.
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