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insic magneto-electronic,
mechanical, thermo-physical and thermoelectric
response of cobalt-based Heusler alloys: an ab
initio insight

Bharti Gurunani and Dinesh C. Gupta *

We conducted a comprehensive analysis of the fundamental properties of CoHfSi and CoHfGe half-Heusler

alloys using density functional theory simulations implemented in Wien2k. To begin, structural optimization

revealed that both alloys effectively adopt a cubic C1b structure, with Y1 as the dominant ferromagnetic

phase. Electronic properties were computed using various approximation schemes, including the

Generalized Gradient Approximation and the modified Becke–Johnson potential. The examination of

electronic band structures and their accompanying density of states using the modified Becke–Johnson

functional approach unveiled their half-metallic nature. In this context, the spin-up channel exhibited

semiconductor behaviour, while the spin-down channel displayed metallic characteristics. Additionally,

the spin-splitting observed in their resulting band structures contributed to a net magnetism within their

lattice structure, making them promising candidates for spintronic applications. We also scrutinized

Seebeck coefficients, electrical conductivity, thermal conductivity, and power factor to gain a better

understanding of their thermoelectric properties.
1. Introduction

The rapid advancement in Heusler alloys is the subject of
interest due to which they display high spin polarisation, great
electronics, thermoelectric properties, etc. They came into the
limelight for industrialists and researchers. They have been
signicantly used for various applications such as shape
memory devices, spin lters, and so on.1 The applicability in
numerous technologies, spintronic materials commonly used
are single spin electron sources and spin injection. Spin-
polarized charge carriers are a source for spintronics, and
Heusler alloys are the best choice.2,3 A little bit of overview on
Heusler alloys is one based on the arrangement of the atomic
locations in a unit cell, such as (i) full Heusler (FH), (ii) half
Heusler, (iii) inverse, and (iv) quaternary.4 The full Heusler
alloys can be used to derive the structure of the HH alloys. The
structural formula of FH alloys is X2YZ, where X and Y are
transition metals (TM) or alkaline earth metals, respectively,
and Z is the primary group element.5 FH alloys have an FCC
(L21) crystal structure with four interpenetrating layers. The
crystal structure of HH alloys is C1b, with the structural
composition formula XYZ.6 Compared to FH alloys, HH alloys
have three interpenetrating FCC lattices and one vacant posi-
tion. A family of quaternary Heusler alloys is characterized by
of Studies in Physics, Jiwaji University,
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the structural formula XX′YZ where X, X′, and Y are all TM, and Z
is the sp-3 element.7

Half-metallic ferromagnets (HMFs) are an excellent choice
since the minority band is semiconducting with a gap at the
Fermi level EF, resulting in 100% spin polarisation at EF, while
the majority band acts like a metal.8–10 Thermoelectric, super-
conductors, topological insulators, spintronic devices, thin-lm
solar cells, and shape memory behaviour are just a few elds
where Heusler alloys are used.

Among the most frequently used materials for practical
spintronic applications, where magnetic sensors and spin
injectors are employed, half-metal ferromagnets (HMFs) are
commonly used. Two different ways of spin characteristics
describe the half-metallic ferromagnets. One is a spin-up with
a metallic nature, and another spin-down state has a semi-
conductor nature.

NiMnSb half-Heusler is the rst half-metal ferromagnetic
material discovered.11 There have since been many experi-
mental and theoretical studies carried out on Heusler materials,
full-Heusler alloys suchMn2IrAl, X2VSi (X= Ti, Co), M2IrSi (M=

Ti, Cr, andMn), Fe2−xCoxTiGe, andM2IrSi (M= Ti, Cr, andMn),
Fe2−xCoxTiGe (x = 0, 0.5, 1, 1.5, 2), Ir2MnSi, Fe2MnP,12–17 and
half-Heusler alloys such as CrFeZ (Z = Si, Sn and Ge), MnZrX (X
= In, C, Si, Ge)18–20 and quaternary Heusler's alloys such as
CoRuFeSi and NiCoMnSb.21,22

Our choice of CoHfSi and CoHfGe half-Heusler alloys is
motivated by their unique properties like electronic and
RSC Adv., 2023, 13, 29959–29974 | 29959
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thermoelectric properties. They exhibit features such as half-
metallicity, high thermoelectric efficiency, and good mechan-
ical stability. Thermoelectric materials like CoHfSi and CoHfGe
have gained considerable attention due to their potential for
converting waste heat into electricity, making them relevant in
the context of sustainable energy solutions. The study of half-
Heusler alloys and their properties is a relatively new and
emerging research area in materials science. These materials
offer opportunities to explore novel physical phenomena and
develop innovative technologies, making them an attractive
focus for research CoHfSi and CoHfGe alloys have demon-
strated versatility in various applications, including thermo-
electric generators and spintronic devices.

An investigation of the structural, mechanical, electronic,
magnetic, thermodynamic and thermoelectric properties of
half-Heusler compounds CoHfSi and CoHfGe are presented.
Despite their half-metallic nature, these two compounds have
not been previously investigated either experimentally or theo-
retically. In this study, the main goal is to analyse these alloys in
detail and explore some of their new properties.

2. Computational method

At the atomic scale, computational methods have gained
substantial signicance for analyzing systems, be they mole-
cules or solids. These methods serve as a crucial foundation for
interpreting experimental results. In our study, we employed
the Wien2k simulation package23 to compute various physical
properties of CoHfSi and CoHfGe. This involved solving Kohn–
Sham equations using density functional theory (DFT).24

During the DFT calculations, we utilized different exchange–
correlation functionals, namely the generalized gradient
approximation (GGA) and Tran and Blaha modied version of
the Becke–Johnson (TB-mBJ) potential.25,26 In the GGA
approach, the exchange–correlation (EXC) is determined by the
local charge density and its associated gradient. However, GGA
can encounter limitations when dealing with systems con-
taining d/f electrons due to issues like self-interaction effects
and inadequate potential representation for highly localized
states. Consequently, to achieve more accurate descriptions of
such systems, the GGA method oen needs to be supple-
mented with modied approximations. Therefore, we adopted
the mBJ method, which offers a reasonably straightforward
and ab initio approach, to provide precise treatments for highly
correlated d/f electron systems. Our computational approach,
known as the FP-LAPW (Full-Potential Linear Augmented Plane
Wave) method, divides the crystal space into non-overlapping
muffin tin spheres, with RMT representing the radius of these
muffin tin (MT) spheres. The regions beyond these muffin tin
Table 1 Summarizes three possible equivalent atomic arrangements for

Alloys Phase X

CoHfSi and CoHfGe Y1 (0.25, 0.25, 0
Y2 (0, 0, 0)
Y3 (0.50, 0.50, 0

29960 | RSC Adv., 2023, 13, 29959–29974
spheres, known as interstitial regions, are treated with a plane-
wave basis set to achieve eigenvalue convergence. To ensure
both charge and energy convergence, we employed a linearized
augmented plane-wave basis set with lmax = 10 and RMTKmax =

7 (where Kmax denotes the highest possible K-value). To explore
the thermoelectric response, we applied semi-classical Boltz-
mann theory, as implemented in the BoltzTraP code.27 To
assess the mechanical properties of these alloys, we conducted
elastic constant calculations using Charpin's Cubic-elastic
package.28 Furthermore, we evaluated the thermal properties
by utilizing the Gibbs2 package in conjunction with the
Wien2k code.29
3. Results and discussions

A comprehensive analysis of CoHfSi and CoHfGe alloys is pre-
sented, covering various aspects, including their structural,
electronic, magnetic, mechanical, thermoelectric, and thermo-
dynamic properties, discussed separately under different
sections.
3.1 Structural details

The half-Heusler compounds are ternary compounds with an
elemental arrangement of 1 : 1 : 1. Its chemical formula is XYZ,
where X and Y represent the transition metals and Z describes
the element in the III-VIA group.30 The half Heusler's alloy of
C1b component XYZ consists of three interpenetrating FCC
subunits, each occupied by X, Y, and Z atoms, as depicted in
Table 1. The Wyckoff positions occupied are 4a (0, 0, 0), 4b (1/
2, 1/2, 1/2), and 4c (1/4, 1/4, 1/4).31 The structural representa-
tion of half Heusler's alloys CoHfSi and CoHfGe is shown in
Fig. 1.

So, this completely denes the absolute geometry of the
resulting half Heusler alloys CoHfSi and CoHfGe where the
atoms are suitably allocated at their corresponding specied
positions, thus creating an opportunity to study the structural
stability in terms of their total ground state energies. For that we
t the total energy versus unit cell volume curve by the expedi-
tion of Murnaghan equation of state (EOS) to optimize the
structural arrangement of atoms within three selected cong-
urations i.e.; ferromagnetic (FM), antiferromagnetic (AFM) and
non-magnetic (NM) phases. The analysis of the total ground
state energy during structural optimization reveals that the
ferromagnetic (FM) phase possesses the lowest energy when
contrasted with the antiferromagnetic (AFM) and non-magnetic
(NM) phases, hence, is energetically more stable as depicted in
Fig. 2. Alongside this, it is worth mentioning that the other
thermodynamic ground state parameters like volume V0 (nm

3),
CoHfSi and CoHfGe alloys

Y Z

.25) (0.50, 0.50, 0.50) (0, 0, 0)
(0.25, 0.25, 0.25) (0.50, 0.50, 0.50)

.50) (0, 0, 0) (0.25, 0.25, 0.25)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Crystal structure of half Heusler alloys CoHfX (X = Si, Ge).

Fig. 2 Optimization curve in Y1, Y2, Y3, antiferromagnetic and non-magnetic phases for CoHfSi and CoHfGe.
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bulk modulus B0 (GPa), its pressure derivative B0
0 and the

minimum energy E0 (eV) have been fetched as well as collected
in Table 2.
Table 2 The computed values of lattice constant (a0 in 10−2 nm), unit ce
(B0

0) and minimum energy (E0 in eV) and cohesive energy (Ecoh) for CoH

Alloys Phase a0 a0

CoHfSi FM 58.73 59.95 (ref. 32)
NM 58.70
AFM 58.67

CoHfGe FM 58.75 58.92 (ref. 33)
NM 58.71
AFM 58.68

CoHfSb34 FM 59.91
CoZrSb34 FM 60.31

© 2023 The Author(s). Published by the Royal Society of Chemistry
Cohesive energy (Ecoh) is employed to assess the bonding of
strength, a value that corresponds to the numerical difference
between the sum of energies of individual atoms and the overall
ll volume (V0 in nm3), bulk modulus (B0 in GPa), derivative bulk modulus
fSi and CoHfGe alloys

V0 B0 B0
0 E0 Ecoh

0.050 131.07 4.67 −456454.12 2.99
0.048 154.71 4.23 −456453.08
0.046 145.65 4.56 −456452.65
0.051 145.02 4.71 −505659.56 4.22
0.050 146.03 4.90 −505659.42
0.048 151.26 4.65 −505657.59
. 154.86 4.39 .
. 148.63 4.39 .

RSC Adv., 2023, 13, 29959–29974 | 29961
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energy of the alloy. For half Heusler alloys cohesive energy can
be expressed as:

Ecoh ¼
�
ECo þ EHf þ ESi=Ge

�� Etot

3
: (1)

The computed value of Ecoh for both the alloys is recorded in
Table 2.

By utilizing the formula, one can determine the enthalpy of
formation energy (DE) to evaluate the stability of the
compounds.

DE = Etotal − aEA − bEB − dEX (2)

where, Etotal represents the overall energy of CoHfX (X = Si, Ge)
with EA, EB, EX representing the energies of Co, Hf, Si and Ge
respectively. The computed energy value for CoHfSi and
CoHfGe are −2.65 and −3.89 eV respectively. These values
demonstrate that the alloys possess negative enthalpy of
formation energies, thereby substantiating their stability.

We have investigated the structural, mechanical, electronic,
and thermoelectric properties of the CoHfSi and CoHfGe alloys
using the GGA and mBJ methods. It is observed that the ferro-
magnetic phase is stable by the GGA method, while the mBJ
method shows a half-metallic ferromagnetic (i.e., half-metallic)
phase and can be used in spintronic applications.
Table 3 Calculated values of elastic parameters (C11, C12, C44, CP, E, B,
G in GPa), anisotropy factor (A), Poisson's ratio (s), Pugh's ratio (B/G),
and Debye temperature (qD in K)

Parameters CoHfSi CoHfGe

C11 249.93 302.96
C12 73.01 69.64
C44 79.89 99.41
B 131.99 147.41
GV 83.31 106.31
GR 83.10 105.66
G 83.10 105.98
E 206.28 256.49
B/G 1.58 1.39
s 0.23 0.21
A 0.90 0.85
Vl (m s−1) 3.63 3.73
Vt (m s−1) 6.20 6.15
Vm (m s−1) 4.02 4.12
qD 424.58 434.39
3.2 Elastic properties

The important properties of any material are its mechanical
properties, which indicate how the material behaves under
pressure. Calculating the elastic constants of a material is
necessary for investigating its mechanical properties. In tech-
nical applications, elastic constants represent the bonding of
nature, mechanical strength, dynamic stability, hardness, and
thermodynamic parameters of a system.35 There are three
independent elastic constants of the structure under investi-
gation based on its cubic symmetry: C11, C12, and C44.36 The C11

constants can be used to demonstrate longitudinal deformation
in materials. Similarly, C12 can be used to measure the trans-
verse expansion in materials. The C44 constant can be used to
restrict the transverse deformation. Using these constants, we
can dene the material's stability and stiffness. The indepen-
dent elastic constants must satisfy the Born-stability criteria,37

to ensure that these materials are mechanically stable.

(C11 > 0; C44 > 0; C11 − C12 > 0; C11 + 2C12 > 0) (3)

To determine the stiffness and compressibility of materials,
two important parameters are oen measured, namely the bulk
modulus and the shear modulus,

B ¼ C11 þ 2C12

3
(4)

G ¼ Gv þ GR

2
(5)

while,
29962 | RSC Adv., 2023, 13, 29959–29974
GV ¼ C11 � C12 þ 3C44

5
(6)

and

GR ¼ 5ðC11 � C12ÞC44

4C44 þ 3ðC11 � C12Þ:

where, GR and GV are Voigt shear moduli and Reuss shear
moduli respectively.38–40

The magnitude of Young's modulus is the ratio of linear
stress to strain, and its values are given in Table 3.

E ¼ 9BG

3Bþ G
(7)

The Poisson's ratio is the ratio of the transverse strain to the
axial strain.41

s ¼ 3B� 2G

2ð3Bþ GÞ (8)

If s is less than 0.5, the material is compressible, but if it is
greater than 0.5, the material becomes incompressible. Based
on the evaluated value of s, it can be concluded that CoHfBi
alloy is somewhat compressible. According to Pugh's ratio (B/G),
a material is considered ductile if its value is 1.75 or larger;
otherwise, it is brittle.42 The computed values of B/G, as reported
in Table 3, show that both compounds are ductile. Another way
to analyse the nature of the material to be ductile is if the value
of Cauchy's pressure (CP = C11 − C12) is positive else it is brittle.
The values of CP also signify the ductile character of the CoHfSi
and CoHfGe alloy.

The Debye temperature (qD) is a property of solid materials
that represents the temperature at which the vibrational energy
of the atoms within the material is equivalent to the thermal
energy of its surroundings. The Debye temperature is computed
using the average sound velocity (nm) one can determine the
temperature of a maximum mode of vibration.43
© 2023 The Author(s). Published by the Royal Society of Chemistry
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qD ¼ h

k

�
3n

4p

�
rNA

M

��1=3
nm (9)

where h is Plank's constant, k is Boltzmann's constant, NA is
Avogadro's number, n is the number of atoms per molecule or
the number of atoms per formula unit,M is the molar mass, r is
the density of the unit cell and nmis the average sound velocity.

nm ¼ 1

3

�
2

vs3
þ 1

v13

��1=3
(10)

By applying Navier's equation,41 we have computed the
longitudinal velocity nl and shear velocity ns by using the values
of bulk and shear moduli as:

nl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3Bþ 4G

3r

s
(11)

and

ns ¼
ffiffiffiffi
G

r

s
:

The calculated value of longitudinal velocity nl, shear velocity
ns and average sound velocity are reported in Table 3. The
calculated value of Debye temperature is 424.58 K and 434.39 K
for CoHfSi and CoHfGe alloys respectively. When the Debye
temperature of a material is greater than the room temperature,
it indicates that the vibrational energy of the atoms inside the
material is greater than the thermal energy of the surrounding.
We determined the melting temperature of these materials with
the use of an elastic constant C11 and C33 (ref. 44)

Tm ðKÞ ¼ 354þ 3

2
ð2C11 þ C33Þ (12)

For CoZrSi and CoZrGe, the calculated values of melting
temperature (Tm) are 1935.39 K and 1688.04 K, respectively.
Since CoZrSi & CoZrGe has a high subscript value it is suggested
that the material can maintain its ground state structure over
a wide temperature range.

The anisotropic factor (A) is also an important physical
property. It provides the nature of the bonding in different
crystallographic directions and is described by the equation:

A ¼ 2C44

C11 � C12

: (13)

If A = 1, the crystal is considered totally isotropic; if the
values are less than one, the crystal is elastically anisotropic. As
a result of the computed data in the Table 3, both the half
Heusler's is anisotropic.
3.3 Electronic properties

The signicance of a material's electronic characteristics lies in
their capacity to enable us to examine and comprehend the type
of connections that have developed among the various elements
© 2023 The Author(s). Published by the Royal Society of Chemistry
within the material.45 In electronic band structure, the presence
of energy gaps in materials has amazing applications in spin-
tronic, memory devices, thermoelectric etc. This feature of
electronic structure can signicantly be used to alter the phys-
ical properties required for present-day technological needs.
The essential data concerning band structure and density of
states are fundamental tools for analysing the electronic char-
acteristics of the alloys under study.

By using the GGA approximation we estimate the electronic
band structure along with the Brillion zone. The obtained
results are labelled in Fig. 3 and 4, which demonstrate that the
alloys have a metallic character in the up-spin channel and
down-spin channel of CoHfSi and CoHfGe in GGA approxima-
tion. To overcome this ambiguity, we have employed a more
precise band structure based on themBJ scheme, as well-known
approximations GGA underestimate the overall electronic
structure of these alloys. The band structures obtained from the
mBJ method are proled in Fig. 5 and 6. By adding mBJ
potential to GGA, the alloys exhibit semiconducting behaviour,
with an indirect band gap in the up-spin channel, whereas the
opposite channel has a metallic character. The band gap in the
spin-up channel increases and comes out to be 0.89 eV and
0.97 eV for CoHfSi and CoHfGe along G–X symmetric point,
giving rise to the overall half-metallic nature. Additionally, the
half-metallic nature of present alloys can also be revealed by
analysing the calculated total density of states (TDOS) and
partial density of states (pDOS), displayed in Fig. 7–9.

From the total DOS, in the spin-down state, few energy
states are occupied at the reference level, which is a clear
indication of metallic nature in the respective state, but in the
opposite spin state, there is a splitting of energy states, which
creates a gap, can be seen in Fig. 7. There is no DOS at the
Fermi level, indicating semiconducting nature in mBJ
approximation. From Fig. 8, it can be seen that in the spin-up
channel, the energy states are away from the Fermi level,
exhibiting a gap near the Fermi level and revealing its semi-
conducting nature. In the spin-down channel, the energy
states are occupying the Fermi level revealing its metallic
character. In spin down channel all the atoms have their
contribution to DOS (cobalt and hafnium have a majority
contribution), and half-metallicity is also conrmed from the
total DOS. This can be understood further from the partial
density of states (pDOS) as shown in Fig. 8 and 9.
3.4 Magnetic properties

The Slater Pauling's rule (SP) is one of the best methods used to
determine the magnetic moment of Heusler alloys. The total
magnetic moment is expressed as Mtot, which is calculated by
using the following equation:

Mtot = Ztot − 18 (14)

where (Mtot) is the spin magnetic moment and (Ztot) is the total
number of valence electrons represented in this equation. This
method can be used by subtracting 24 from the total valence
electrons in full Heusler alloys and 18 from the total valence
RSC Adv., 2023, 13, 29959–29974 | 29963
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Fig. 3 Spin polarised band structure of CoHfSi alloy via GGA method.

Fig. 4 Spin polarised band structure of CoHfGe alloy via GGA method.

29964 | RSC Adv., 2023, 13, 29959–29974 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Spin polarised band structure of CoHfSi alloy via mBJ method.

Fig. 6 Spin polarised band structure of CoHfGe alloy via mBJ method.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 29959–29974 | 29965
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Fig. 7 Calculated total density of states for CoHfSi and CoHfGe by GGA and mBJ.

Fig. 8 pDOS for CoHfSi half Heusler's alloy by mBJ calculation in both spins.
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electrons in half Heusler alloys.46 The electronic congurations
of the elements Co, Hf, Si and Ge are as follows:

Co: [Ar] 3d74s2, Hf: [Kr] 4d25s2, Si: [Ne] 3s23p2 and Ge: [Ar]

3d104s24p2.
29966 | RSC Adv., 2023, 13, 29959–29974
In the CoHfSi and CoHfGe alloys, the total number of
valence electrons (Ztot) is 17. The total magnetic moment of the
CoHfSi and CoHfGe alloys is equal to 1.00 mB, according to the
SP rule (Mtot = Ztot − 18). Both the GGA and mBJ approximation
produce 1.00 mB total magnetic moments. Our ndings are
matched with the SP rule. The transition metal Co contributes
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 pDOS for CoHfGe half Heusler's alloy by mBJ calculation in both spin.
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the most to the total magnetic moment. The total magnetic
moment of both alloys is recorded in Table 4.

Both CoHfSi and CoHfGe HH alloys exhibit a half-metallic
nature, supported by the band graphs, DOS, and total magne-
tization numerical values. From an application perspective,
spin injectors require a high TC. As such, we determined the TC
for these alloys using the mean eld approximation (MFA). The
MFA calculates TC based on the energy difference between the
NM and FM states, which is expressed in the equation below.

TC ¼ DENM-FM

3 KB

(15)

where KB be the Boltzmann constant, is involved in the formula
for energy difference between NM and FM phases, which is
represented by DENM-FM = ENM − EFM. The TC values are esti-
mated and listed in Table 4, with computed values greater than
ambient temperature, indicating the suitability of these mate-
rials for spintronic applications.
Table 4 Evaluated magnetic moment (mB) and energy band gaps (eV)
for CoHfSi and CoHfGe alloys

Alloys Methods Co Hf Si/Ge Int Total Band gap TC

CoHfSi GGA 0.20 0.62 0.11 0.03 0.97 0.00 491
mBJ 0.64 0.08 0.04 0.22 1.00 0.87

CoHfGe GGA 0.14 0.65 0.05 0.03 0.88 0.00 462
mBJ 0.75 0.04 0.05 0.14 0.98 0.97

© 2023 The Author(s). Published by the Royal Society of Chemistry
3.5 Thermoelectric properties

The thermoelectric (TE) material can convert waste heat energy
into benecial electric energy and is employed as green
energy.47 Thermoelectric properties are interconnected through
an electronic band prole, which determines the electronic
properties. The TE characteristics are obtained using the semi-
classical Boltzmann theory under constant time relaxation. The
TE performance is predicted by the dimensionless gure-of-
merit mathematically illustrate as;

zT ¼ S2sT

ktotal
(16)

The quantity S2s symbolizes the power factor, which
comprises of Seebeck coefficient (S), electrical conductivity (s),
and ktotal total thermal conductivity. The total thermal
conductivity is contributed by electronic (ke) and as well as
lattice (kl) parts illustrated mathematically as k = ke + kl.48–50

3.5.1. Seebeck coefficient. The ability of a substance to
generate voltage as a function of temperature is explained by the
vital phenomenon called as Seebeck coefficient (S). It serves as
a useful parameter for characterizing a material's thermoelec-
tric efficiency. The amount of voltage that a material develops in
response to a temperature differential across it can be deter-
mined by the Seebeck coefficient by using the following
equation.51
RSC Adv., 2023, 13, 29959–29974 | 29967
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S ¼ sð[ÞSð[Þ þ sðYÞSðYÞ
sð[Þ þ sðYÞ (17)

In this current analysis, we have examined CoHfSi & CoHfGe
alloys to demonstrate the Seebeck throughout in a selected
temperature range. The geometrical interpretation of the See-
beck coefficient (S) of the two half-Heusler alloys is exhibited in
Fig. 10. The substantial reduction in S value dignies the
semiconducting performance of a material mainly because
enhanced carrier transporters and therefore offers more and
more electron–hole pair, cause scattering possessions and
henceforth reduce the Seebeck coefficient value. The calculated
value of Seeback coefficient for CoHfSi at 50 K and 900 K is
656.10 mVK−1 and 226.76 mVK−1 in spin-up channel, 5.91 mVK−1

and 72.68 mVK−1 in spin-dn channel respectively. For the
CoHfGe the value is 636.60 mVK−1 and 280.76 mVK−1 in spin-up
channel, 3.61 mVK−1 and 80.96 mVK−1 in spin-dn channel
respectively. These both alloys which exhibit a good value of the
Seebeck coefficient directly suggested that these materials may
nd a suitable root for the thermoelectric applicability.

3.5.2. Electrical conductivity. Electrical conductivity is
a crucial property in electronic devices, and materials can be
categorized as metals, ceramics, semiconductors, etc. The
electrical conductivity mechanism varies among thesematerials
due to differences in their Fermi level width. Metals have free
electrons and a narrow band gap, while semiconductors have
a small band gap. External factors like temperature, electric
eld, and magnetic eld inuence the electrical conductivity of
materials signicantly. Among these factors, temperature vari-
ations play a vital role in affecting the electrical conductivity of
the material. In Fig. 11 the electrical conductivity (s/s) of the
Heusler materials is gured out in both spin congurations. In
Fig. 10 Variation in Seeback coefficient (S) with temperature in both sp

29968 | RSC Adv., 2023, 13, 29959–29974
a spin-up channel graphical plot, (s/s) increases linearly as
a function of temperature that display the semiconductor
character, hence the charge carrier increase with temperature.
In the spin-dn plot, (s/s) decreases with increasing temperature
which shows the metallic character. However, the elevated
temperature causes a rise in the charge carrier and hence
denes the s value. The electrical conductivity (s), as well as the
charge carrier, are interlinked through mathematical relations
illustrated by s= nem, here e and m symbolize the electric charge
and mobility of the charge carrier. The calculated s/s values are
2.45 (U−1 m−1 s−1) in the up-spin channel and 1.92 (U−1 m−1

s−1) in the down-spin channel at a higher temperature (900 K)
for CoHfSi alloy, while in, 2.66 (U−1 m−1 s−1) in up spin channel
and 1.67 (U−1 m−1 s−1) in the down spin channel for CoHfGe
Heusler alloys.

3.5.3. Thermal conductivity. Thermal conductivity (k)
pertains to the transmission of heat, primarily resulting from
the continual motion of atoms within the material. This motion
encompasses various forms, such as rotation, translation, and
vibration. The atomic vibrations can produce heat or thermal
energy in the material. As a result, two processes are dened,
either through electrons or phonons or atoms vibrating at
a single frequency to carry out the operation of transmitting
heat inside amaterial. As a result, both the electronic and lattice
vibrations of the total thermal conductivity ktotal = kelectronic +
klattice are taken into account for their overall contribution.
Good conductors are those materials that possess a high value
of electrical conductivity. The lattice thermal conductivity can
be gured out through the Slacks equation.52,53 The geometrical
plots depict the increasing trend in the electronic thermal
conductivity (ke) of CoHfSi and CoHfGe from a low value of
3.42 W mK−1 and 1.55 W mK−1 at 300 K to their values of
11.03 W K−1 and 10.65 W mK−1 at 900 K respectively.
in channels of CoHfSi and CoHfGe alloys.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Variation in electrical conductivity (s/s) with temperature in both spin channels of CoHfSi and CoHfGe alloys.
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Furthermore, the gured-out value for CoHfSi and CoHfGe
alloys is 3.22 W mK−1 and 3.73 W mK−1 at 300 K and 0.97 W
mK−1 to 1.14 W mK−1 at a higher temperature of 900 K, the
lattice thermal conductivity in both of these half-Heusler
exhibits an exponentially decreasing trend as a function of
temperature as shown in Fig. 12.
Fig. 12 Variation in thermal conductivity (k) with a temperature of CoHf

© 2023 The Author(s). Published by the Royal Society of Chemistry
3.5.4. Power factor. The power factor (PF) is also an
important parameter for determining the efficiency of the
materials. The power factor is mathematically symbolized
as PF = S2s where S is the Seebeck coefficient and is the
electrical conductivity, consequences in high output
generation form low input from the compound. The power
Si and CoHfGe alloys.
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Fig. 13 Variation in power factor (PF) and figure of merit (ZT) with a temperature of CoHfSi and CoHfGe alloys.
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factor designates the interlinked electrons that execute
a critical part in rening the TE response. Fig. 13 illustrates
the variation of the PF as a function of temperature. The
graphical plot of PF directly suggested a rising trend with
temperature. The collected value of PF is 3.02 W mK−2 and
3.27 W mK−2 at room temperature for CoHfSi and CoHfGe
alloys respectively.
Fig. 14 The variation of specific heat with the temperature at different p

29970 | RSC Adv., 2023, 13, 29959–29974
3.5.5. The gure of merit (ZT). The typical way to assess the
thermoelectric performance of a material is by utilizing
a parameter known as the gure of merit (zT). The maximum
reliability (h) of a thermoelectric device is dened as the ratio of
the energy provided to the load (W) and the heat energy dissi-
pated at the hot junction (Q). The gure of merit (zT) mathe-

matically express as: zT ¼ S2sT
ltotal

.

ressure of CoHfSi and CoHfGe half Heusler alloys.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 The variation of thermal expansion coefficient with the temperature at different pressure of CoHfSi and CoHfGe half Heusler alloys.
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The graphical plot of zT as a function of temperature is
presented in Fig. 13. The observed value of zT is 0.27 and 0.29
for CoHfSi and CoHfGe alloys respectively at 900 K. This vital
capability denes that both the materials nd a suitable route
towards thermoelectric applicability.
3.6 Thermodynamic properties

For reliable thermodynamic property calculations, we used the
Gibbs2 package in conjunction with the Wien2k code. This
comprehensive approach allowed us to obtain accurate data on
Fig. 16 The variation of the Grüneisen parameter with the temperature

© 2023 The Author(s). Published by the Royal Society of Chemistry
the thermodynamic properties of the materials under investi-
gation. Gibbs2 is a computational soware package specically
designed for calculating various thermodynamic properties of
materials. It's commonly used in conjunction with electronic
structure calculation codes like Wien2k to provide a more
complete characterization of materials. Gibbs2 takes this elec-
tronic structure information and performs thermodynamic
calculations based on statistical mechanics principles. It can
calculate properties such as heat capacity (CV), thermal expan-
sion coefficient (a) and the Grüneisen parameter (g) as
at different the pressure of CoHfSi and CoHfGe half Heusler alloys.

RSC Adv., 2023, 13, 29959–29974 | 29971
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Table 5 Values of different thermodynamic parameters at room
temperature and zero pressure of CoHfSi and CoHfGe alloy

Parameters CoHfSi CoHfGe

Specic heat (CV) 56.21
(J mol−1 K−1)

53.69
(J mol−1 K−1)

Thermal expansion coefficient (a) 2.12 (10−5 K−1) 1.80 (10−5 K−1)
Grüneisen parameter (g) 2.63 2.40
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a function of temperature and pressure. Through the use of
a variety of thermodynamic potentials, we have attempted to
describe the nature of the stability of these materials. The high
temperature–pressure dependence of thermodynamic charac-
teristics can be estimated via DFT calculations. The quasi-
harmonic Debye model is used to calculate the approximate
value of these thermodynamic potentials.54

It is important to note that the specic heat at constant
volume (CV) of any material is one of the main factors deter-
mining how it can transport waste heat. In addition, the study
relates the cause and effect of the material's dynamics and
microstructures. As seen in Fig. 14, the graphical variation in
this material shows a greater ability to transport heat concern-
ing temperature T3 at room temperature. This method of
calculating the specic heat under a harmonic scheme indi-
cates a robust relationship between the specic heat and the
temperature. Due to the high-temperature limitation, the
change becomes constant and follows the Dulong–Petit law.55

When the temperature of a material is increased, its
arrangement (length, area and volume) changes. This
phenomenon is known as thermal expansion (a). Fig. 15 depicts
the evolution of the thermal expansion coefficient (a) vs.
temperature, which explains the nature of bonding among the
constituent atoms. These plots demonstrate that it is
temperature-dependent and becomes constant with increasing
temperature, while pressure-dependent and decreases with
increasing temperature. The reason for this is that atoms and
molecules conduct harmonic motion at their equilibrium
positions when the temperature rises, they gain high kinetic
energies, which causes them to vibrate and move, increasing
their interatomic distance, which then causes the material to
expand.

The Grüneisen parameter (g) displays the relationship
between phonon frequency and volume change, and it is
essential parameter to determine thermo-mechanical proper-
ties of any materials. The Grüneisen parameter (g) slowly grows
with the rising temperature at constant pressure as seen in
Fig. 16. A detailed description of the recorded room tempera-
ture is included in Table 5. Meanwhile, CoHfSi and CoHfGe half
Heusler alloys give good results, indicating that these
compounds have a lot of anharmonicities.
4. Conclusion

By employing rst-principle calculations, we conducted
a comprehensive investigation into the structural, magneto-
29972 | RSC Adv., 2023, 13, 29959–29974
electronic, mechanical, thermoelectric, and thermophysical
properties of CoHfSi and CoHfGe half-Heusler alloys. We
assessed structural stability by calculating mechanical stability
criteria. Both CoHfSi and CoHfGe alloys maintain their half-
metallic characteristics when using GGA and GGA + mBJ
approximations with exchange–correlation functions. Accord-
ing to the electronic band structures, CoHfSi exhibits an energy
gap of 0.87 eV, while CoHfGe displays a gap of 0.97 eV. These
gaps are both indirect and occur along the G–X symmetric
point. The magnetic moment of these half-metallic alloys is
precisely 1 mB, an integer value characteristic of half-metallic
materials. Furthermore, both alloys exhibit ductile behavior,
as indicated by their mechanical parameters such as Cauchy
pressure and Pugh's ratio. Moreover, they exhibit favourable
Seebeck coefficients and power factors at room temperature,
making them suitable for various applications, including
spintronics and thermoelectric technology. We have imple-
mented a quasi-harmonic Debye model to describe their
stability under high temperatures and pressures.
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