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In this study, theoretical investigation on structural, electronic, magnetic, elastic and thermoelectric properties
of the full Heusler CorYPb (Y =Tc, Ti, Zr and Hf) alloys have been performed within density functional theory (DFT).
The exchange and correlation potential is addressed using two approximations: the generalized gradient approx-
imation (GGA) and the GGA augmented by the Tran-Blaha-modified Becke-Johnson (mBj-GGA) approximation,
which provides a more accurate description of the energy band gap. The electronic and magnetic properties re-
veal that the full-Heusler alloys CopYPb (with Y = Tc, Ti, Zr, and Hf) display half-metallic ferromagnetic behavior.
Furthermore, the elastic properties suggest that CopYPb are mechanically stable, with ductile characteristics.
p-type full Heusler alloys exhibit positive Seebeck coefficients and high ZT values, indicating good thermoelec-
tric performance in terms of electrical and thermal conductivity. This leads us to the conclusions that these
compounds are very interesting in improving the performance of embedded automotive systems and can also
be used in spintronic devices.
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1. Introduction

Heusler compounds were discovered in 1903 by the German chemical engineer Friedrich Heusler [[1]],
who synthesized the compound Cu, MnAl. He observed that this material exhibited a ferromagnetic (FM)
character, although none of its constituent atoms were intrinsically ferromagnetic. In 1934, an X-ray
diffraction study by Bradley and Rodger revealed that the ferromagnetic phase of this type of alloy adopts
an ordered structure at room temperature [2f]. Since their discovery, these alloys have attracted increasing
scientific interest due to their potential applications in spintronic devices such as tunnel magnetoresis-
tance (TMR), giant magnetoresistance (GMR) [3| 4], magnetic random-access memories (MRAM) and
magnetic sensors [5} 6], thermoelectric applications, skyrmion and superconductivity [7].

In 1983, half-metallic ferromagnetic (HMF) was first predicted in the half-Heusler alloys NiMnSb
and PtMnSb by de Groot et al. [6], as well as in the full-Heusler alloy Co,MnSn by Kiibler et al. [9]. The
first Heusler alloys studied crystallized in an L.2; structure composed of four face-centered cubic (fcc)
sublattices. It was later found that certain alloys take on a C1b structure, with one of the four sublattices
remaining vacant.

Half-metallic magnets (HMMs) are characterized by exhibiting a metallic conductivity for one spin
channel, while the opposite spin channel behaves semi-conductively with an energy gap at the Fermi level.
This unique electronic structure results in a fully spin-polarized state at the Fermi level, where the spin-up
density of states at the Fermi level (N1gr) is non-zero, while the spin-down density (N|gr) is zero [10].

*Corresponding author: ben_wissam @yahoo.fr

This work is licensed under a|Creative Commons Attribution 4.0 International License. Further distribution 43701-1
of this work must maintain attribution to the author(s) and the published article’s title, journal citation, and DOL.


https://doi.org/10.5488/CMP.28.43701
http://www.icmp.lviv.ua/journal
https://orcid.org/0009-0004-5343-8572
https://orcid.org/0009-0006-1622-5564
https://orcid.org/0000-0003-4634-6210
https://orcid.org/0009-0007-3676-1126
mailto:ben\protect _wissam@yahoo.fr
https://creativecommons.org/licenses/by/4.0/

N. Saidi, A. Abbad, W. Benstaali, K. Bahnes

This spin polarization enables the possibility of a completely spin-polarized current, making HMMs
ideal candidates for applications in spintronic and magnetoelectronic devices due to their enhanced
performance and efficiency.

Heusler alloys, known for their half-metallic ferromagnetic properties, are considered promising
candidates for spintronic applications due to their high spin polarization [11]. However, their electronic
and magnetic properties are mainly determined by the hybridization between elements X and Y and by
the nature of the sp element Z [12]. Heusler alloys are generally classified into two main categories:
half-Heuslers, which follow the general formula XYZ, and full-Heuslers, which have the formula X, YZ.
In these formulas, X and Y represent transition metals while Z denotes a III-V main group element [[13].

The first compound crystallizes in a C1b-type face-centered cubic structure, belonging to space group
F43m (#216). The second compound can adopts two possible structures: the Hg,CuTi type structure,
which also belongs to the F43m (216) space group [14], and the Cu;MnAl type structure, which falls
under the Fm3m (225) space group [[15]]. As for the third compound, it crystallizes in a LiMgPdSn-type
structure with space group F43m (216), exhibiting three distinct crystal configurations (named type-1,
type-2 and type-3) [16]. These structures are characterized by the interpenetration of four face-centered
cubic (fcc) sublattices.

Among these compounds, in this study we choose to investigate the structural, electronic, magnetic,
thermoelectric, and elastic properties of cobalt-based full-Heusler alloys. Co,TiPb has been studied
theoretically [17]. For the best of our knowledge, there are no expiremental data for the Co, YPb (Y = Tc,
Ti, Zr, and Hf).

2. Computational details

In this study, calculations were performed using the full-potential linearized augmented plane
wave (FP-LAPW) method, implemented in the WIEN2k code. Within the framework of density func-
tional theory (DFT), the exchange and correlation energies were treated using the Perdew—Burke—
Ernzerhof (PBE) generalized gradient approximation (GGA) [18]], as well as the mBJ-GGA approxi-
mation, designed to optimize the energy bandgap values to better match the experimental results [[19}[20].
We examined the structural stability between two structures: the Heusler Cu;MnAl alloy and the inverse
Heusler Hg,CuTi alloy. In the interstitial region, the plane-wave cutoff value used was RMT X Kp.x = 8,
where RMT represents the smallest value of the muffin-tin sphere radii (MT), and Kp,x is the largest
reciprocal lattice vector used in the plane wave. The maximum angular momentum value for the wave
function expansion within the atomic spheres was limited to /;,,x = 10. The charge density was expanded
in Fourier series with Gpax = 24 (arb. units)~! [21]]. The muffin-tin sphere radius (RMT) values for
the Co, Tc, Ti, Zr, Hf, and Pb atoms used in our calculations are as follows: Co (2.4 a.u.), Tc (2.2 a.u.),
Ti (2.4 a.u.), Zr (2.5 a.u.), Hf (2.3 a.u.), and Pb (2.5 a.u.). These values are associated to the Co, YPb
compounds, where Y is Tc, Ti, Zr, or Hf. The self-consistent calculations are considered converged when
the total energy of the system stabilizes to 10~# Ry. To explore the magnetic behavior, both spin-polarized
(for the FM state) and non-spin-polarized [for the non-magnetic (NM) state] calculations were performed.
For the spin-polarized calculations, in the initialization part, we use the instructions (init-up then init-
dn) to explore the magnetism and for non-magnetic calculation we use the instruction (init-nm). These
initializations ensure a reliable convergence towards the correct magnetic groud state. The initialization
mesh parameter used was taken from [23].

3. Results and discussions

3.1. Structural properties

The key to an access to physical properties of full-Heusler alloys Co, YPb (Y= Tc, Ti, Zr and Hf) is
to first study their structural properties and find a stable state [22H24].

Total energies corresponding to various volumes were evaluated within the framework of the GGA
approximation. The calculations were done for two types of structures: the “CuyMnAl-type” structure
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in space group Fm3m, #225, and the “Hg,CuTi-type” inverse structure in space group F43m, #216.
The calculations were performed for both the ferromagnetic and non-magnetic states, the curves are
represented using the Birch-Murnaghan equation [25]:

BoV ) Vol (Vo)
EV)=Ep+ —>|B) [1- 2]+ (2] -1}, 3.1
V)= o+ g 0( V)+(V) G.1)

where Eg represents the total energy at equilibrium when the temperature is at 0 K, Vj is the volume of
the unit cell at equilibrium, By is the bulk modulus and B6 is the first derivative of the bulk modulus
concerning pressure.

Figure [I] displays the energy variations of four Heusler alloys as a function of cell volume. It can be
observed that the Heusler compounds, Co, TcPb, Co, TiPb, Co,ZrPb and Co,HfPb, converge towards the
minimum energy in the ferromagnetic state of the CuMnAl structure. This indicates that the most stable
structure in which the studied alloys crystallize is the Cu;MnAl structure. Therefore, the properties of
these alloys were analyzed based on this structure.
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Figure 1. (Colour online) Variation of total energy evolution of the full Heusler Co, YPb alloys (Y = Tc,
Ti, Zr and Hf) as a function of unit cell volume, for CuyMnAl and Hg,CuTi type structures, in FM and
NM states.

To evaluate the stability of these compounds, we calculated their formation energy per atom at zero
temperature. This value was obtained by using the formula [26] and is shown in the following equation:

_ CoYPb _ 1.Co,YPb Co Y Pb
AH = Eformation - Etotal (ZEBulk + EBulk + EBulk) . (3.2)

The formation energy represents the difference between the energy of a crystal E [(é ?;IYPb and the sum of

the energies of the elements that make it up (Egl‘]’lk, Egulk et Eg';lk). Negative values of formation energy
are a clear sign of thermodynamic stability. Results in table [I| reveal that all Co,YPb (Y=Tc, Ti, Zr
and Hf) compounds have negative formation energy values, indicating that they are thermodynamically

stable and can be synthesized experimentally.
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Table 1. Calculated equilibrium lattice parameters (a(), bulk modulus (B), derivative of bulk modulus (B’),
equilibrium volume (V})), minimum energy (E g), and formation energy (AH) of the full-Heusler Co, YPb
(where Y = Tc, Ti, Zr and Hf) alloys with GGA.

Alloys ap (A) B (GPa) B’ Vo (réohr) Eg (Ry) AH (Ry/atom)
Co,TcPb 6.22 156.8556  4.7322 407 -56004.41695 —1.423
Co,TiPb  6.19 (6.20 [23]) 150.9835 4.7371 401.44255 —-49138.86721 —1.389
Co,ZrPb 6.38 141.4195 4.8992 439.1654  —54629.6830 —1.439
Co,HfPb 6.35 147.2040 4.8551 433.3244 -77626.90610 -0.876

3.2. Electronic properties

The study of electronic properties aims to clarify the insulating, semiconducting, metallic or even
semi-metallic nature of a solid, as well as the nature of the chemical interaction phenomena linking the
different atoms that make it up. This study will give us a better understanding of the majority physical
properties on a macroscopic scale, as these are strongly linked to the electronic structure. The electronic
properties of the materials studied can be analyzed by calculating the band structure and the electronic
density of state (DOS).

3.2.1. Band structures

The spin-polarized electronic structure is an essential tool for describing the electronic properties of
compounds. In this study, the spin-polarized electronic structure of the compound full Heusler Co, YPb
(Y = Tc, Ti, Zr and Hf) was analyzed at the equilibrium lattice parameters obtained along the directions
of high symmetry in the first Brillouin zone, using the GGA and GGA approximations with the mBJ-
GGA [27].

N WA= N

) / GGA-Up

Energy (eV)‘

Energy(eV})

Figure 2. (Colour online) The band structure of the full Co, TcPb Heusler alloys calculated using the GGA
and GGA-mBJ approximations to the equilibrium lattice parameter for spin-up and spin-down.
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Based on the band structure depicted in figures and [5] we can gain valuable information
regarding the electronic properties of the compounds Co, YPb (Y = Tc, Ti, Zr, and Hf). On examination
of the Fermi level, it is apparent that the compounds exhibit metallic properties in their spin-up state,
but in the spin-down state, we notice the presence of an indirect band gap between the conduction and
valence bands for Co,TiPb (0.2 eV), Co,ZrPb (0.3 eV) and Co,HfPb (0.2 €V) but a metallic behavior for
Co, TcPb using the GGA approximation. And when applying the mBJ-GGA method, the obtained energy
band gap is higher compared to the GGA approximation, with values of 0.5 eV, 0.9 eV, 1 eV, and 0.8 eV
for Co, TcPb, Co, TiPb [23]], Co,ZrPb [28]], and Co,HfPb, respectively (see table [2).

Table 2. Calculated band gaps (in eV) for Co, YPb (Y = Tc, Ti, Zr and Hf) using the GGA, and mBj-GGA
approximations.

Compounds GGA (V) mBIJ-GGA (eV)

Co,TcPb metal 0.5
Co,TiPb 0.2 0.9
Co,ZrPb 0.3 1.0
Co,HfPb 0.2 0.8
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Figure 3. (Colour online) The band structure of the full Co, TiPb Heusler alloys calculated using the GGA
and GGA-mBJ approximations to the equilibrium lattice parameter for spin-up and spin-down.
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Figure 4. (Colour online) The band structure of the full Co,ZrPb Heusler alloys calculated using the GGA
and GGA-mBJ approximations to the equilibrium lattice parameter for spin-up and spin-down.
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Figure 5. (Colour online) The band structure of the full CopyHfPb Heusler alloys calculated using the
GGA and GGA-mBJ approximations to the equilibrium lattice parameter for spin-up and spin-down.
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3.2.2. Density of states

To fully understand the transition of the conduction band (CB) and valence band (VB), it is necessary
to represent the total and projected density of states of the full Heusler X, YZ alloys. In figures [6H0] we
exhibit the spin-polarized total and partial density of states to demonstrate the orbital hybridization of
Co,YPDb (Y =Tc, Ti Zr and HY) alloys.

The spin-down channel exhibits a semiconductor behavior, through the Fermi level, while the spin-up
channel shows metallic properties. Using the GGA approach, curves in figures [(H9] show that for both
spin directions, the valence band and the conduction band are mainly composed of the Co-d and d states
of atoms Tc, Ti, Hf and Zr, respectively, with a minor contribution of the Pb-p states. Co, TiPb, Co,ZrPb,
and Co,HfPb compounds exemplified a half-metallic nature whereas Co, TcPb is metallic.

The conduction and valence bands in the spin-down and up channels around the Fermi level are
mainly composed of Co(d) which hybridizes well with the Tc(d), Ti(d), Zr(d) and Hf(d) compared to
Pb(p) states. In mBJ-GGA approximation, this hybridization is responsible for the half-metallic behavior
observed in Co, YPb (Y = Tc, Ti, Zr and Hf).
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Figure 6. (Colour online) Total (TDOS) and partial (PDOS) density of states for Heusler alloys Co, TcPb
calculated using the GGA and GGA-mBJ approximation.
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Figure 7. (Colour online) TDOS and PDOS for Heusler alloys Co,TiPb calculated using the GGA and
GGA-mBJ approximation.
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Figure 8. (Colour online) TDOS and PDOS for the Heusler alloy Co,ZrPb, calculated using the GGA
and GGA-mBJ approximations.
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Figure 9. (Colour online) TDOS and PDOS for the Heusler alloy Co,HfPb, calculated using the GGA
and GGA-mBJ approximations.

3.3. Magnetic properties

In table [3] we present the calculated spin magnetic moments of the constituent atoms in Co, YPb
(Y =Te, Ti, Zr, Hf) compounds, as well as the magnetic moment in the interstitial region, labeled as Miy
which were calculated by GGA and mBj-GGA approximation in the ferromagnetic state of a CuyMnAl-
type structure. In WIEN2k, the magnetic moments are evaluated separately inside the atomic spheres
— referred to as muffin-tin spheres — and in the interstitial region, which is the space outside these
spheres. The values listed under each atom correspond to the integrated spin magnetic moment within
their respective muffin-tin spheres. The M, value represents the spin magnetic moment integrated over
the interstitial region outside the muffin-tin spheres as obtained in WIEN2k code. The total magnetic
moment per formula unit is the sum of the magnetic moments inside the atomic spheres and the interstitial
contribution. Galanakis et al. demonstrated that the total spin magnetic moment of full Heusler alloys
conforms with the Slater—Pauling rule [29]. The rule can be expressed as follows: py = Ny — 24,
where o represents the total magnetic moment and Ny represents the total valence electrons per unit
cell 30, 31]]. We found a total magnetic moment of 2up for Co,TiPb, Co,ZrPb, Co,HfPb and Sup for
Co,TcPb.

According to table [3] in the Co,TcPb compound, both Co and Tc atomic sites exhibit a pronounced
spin polarization, with significant local magnetic moments contributing to the overall magnetization. This
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indicates a strong hybridization and magnetic interaction between Co and Tc atoms. On the other hand,
for Co, TiPb, Co,HfPb, and Co,ZrPb, the magnetic moment is predominantly localized on the Co sites,
with minimal magnetic contributions from Ti, Hf, and Zr atoms, reflecting their relatively non-magnetic
character in these compounds. Importantly, the total magnetic moments per formula unit are integral
values, a hallmark signature of half-metallicity in full Heusler alloys. This integer moment arises from a
fully spin-polarized electronic structure where one spin channel exhibits a band gap while the other one
remains metallic. The results confirm the theoretical prediction of half-metallic ferromagnetism in these
Co, YPb compounds, which is of interest for spintronic applications due to the potential for 100% spin
polarization at the Fermi level.

Table 3. The calculated total (M) and partial (Mo, My, Mpy,, Mjy:) magnetic moments in units of Bohr
magneton (up) of full-Heusler Co, YPb (Y = Ti, Tc, Zr and Hf) alloys using GGA and mBj-GGA.

Alloys Study Mc, My Mpy, Mint Mot
Co,TcPb  GGA 149 18 -0.01 0.16 5.00
mBJ-GGA 1.61 1.89 -0.05 -0.05 5.00
Co,TiPb  GGA 1.10 -0.11 0.15 -0.10 2.00
mBJ-GGA 1.31 -0.37 0.00 -0.25 2.00
CoyZrPb  GGA .11 -0.11 001 -0.13 2.00
mBJ-GGA 128 -0.26 0.00 -0.32 2.00
CoHfPb  GGA 1.o9 -0.09 -0.01 -0.11 2.00

mBJ-GGA 125 -0.21 001 -0.29 2.00

3.4. Elastic properties

The multiplicity of elastic properties of solid materials is very important and necessary because it
provides us with information about the stability, ductility, as well as its hardness under the influence
of external strong application that changes the shape and size of the material. Since the structure of
our compounds is a cube that needs only three elastic constants C;j, Ci7, C44 to meet the following
mechanical stability standards (Born criteria): Cj; > 0, C44 > 0, C1; > |Cy2, (C11 +2Cy2) > 0.

It is also worth noting that there are other important mechanical properties of materials, such as bulk
modulus (B), shear modulus (G), Young’s modulus (E), Poisson’s ratio (v), and anisotropy factor (A)
that can be obtained through the calculation of elastic constants using the Voigt—Reuss—Hill approxima-
tion [33}134].

The bulk modulus (B) evaluates the resistance of the material to the volume change, the shear
modulus (G) determines the resistance of the material to the shape change (plastic deformation), while
the Pugh ratio (B/G) is used to describe the ductile/brittle properties of materials. If B/G > 1.75, the
material is more ductile. If B/G < 1.75, the material is more brittle [35]]. For the case of our compounds
Co,YPb (Y = Tc, Ti Zr and Hf), the values of B/G are respectively equal to 7.60, 3.44, 2.25 and 2.00
(see table[d). Thus, all compounds are predicted to be ductile.

The Poisson’s ratio v indicates the material’s response in directions perpendicular to the direction of
loading. According to the Frantsevich rule, if Poisson’s ratio v > 1/3, the material is ductile, but if the
ratio v < 1/3, the material is brittle. Our calculated values (table 4) also suggest ductility for Co, TcPb,
Co,TiPb, and Co,ZrPb (v > 1/3), while Co,HfPb (v = 0.286) is borderline or potentially brittle based
on this criterion alone.

E is the ratio between the stress and strain of a material, which is called the Young’s modulus,
reflecting the stiffness of the material. A higher Young’s modulus £ means a more rigid material. The
values of Young’s modulus shown in table 4] are large for our compounds, indicating they are relatively
stiff.

The anisotropic ratio (A) is a measure of the degree of anisotropy in elastic materials. Anisotropy
refers to the property of a material having different mechanical properties in different crystallographic
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directions. For cubic crystals, it is defined as A = 2C44/(C11 — C12). An isotropic material has A = 1. For
anisotropic materials, A deviates from 1 (either > 1 or < 1). It is now evident that the shear anisotropy
factor (A) of the studied compounds (table [d)) considerably deviates from 1, therefore, we can conclude
that our compounds are anisotropic.

Table 4. The calculated elastic constants C; ; (GPa), bulk modulus B (GPa), Reuss (G r) shear moduli (GPa)
and Voigt (Gy), Hill shear modulus G (GPa), Pugh’s ratio B/G, Young’s modulus E (GPa), Poisson’s
ratio v and anisotropy factor A at equilibrium volume of full-Heusler Co, YPb (Y = Tc, Ti, Zr and Hf)
alloys.

Property CoTcPb  Co,TiPb  CoZrPb  Co,HfPb
Cq11 (GPa)  178.51 175.27 204.36 210.99
Cip (GPa) 162.19 140.09 118.36 117.89
Cy4 (GPa) 41.77 81.72 86.01 101.60
B (GPa) 167.63 151.82 147.03 148.92
Gr (GPa) 15.77 32.29 61.42 68.97
Gy (GPa) 28.33 55.87 68.80 79.58
G (GPa) 22.05 44.08 65.11 74.23

B/G 7.60 3.44 2.25 2.00
E (GPa) 63.38 120.58 170.22 190.96
v 0.43 0.36 0.311 0.286
A 5.11 4.64 2.00 2.18

3.5. Thermoelectric properties

Electrical energy is essential in our daily lives, both in domestic and industrial settings. Therefore, it
is important to find alternatives to non-renewable energy sources, which are causing significant environ-
mental damage. One of the proposed options is the conversion of thermal energy into electrical energy.
To calculate the transport properties of the full Heusler Co, YPb (Y = Te, Ti, Zr and Hf) alloys, in this
study we used the BoltzTraP code [36] as implemented in WIEN2k package.

With an understanding of the electronic properties of our materials, we decided to calculate the
following thermoelectric properties: Seebeck coefficient (S), electrical conductivity (o-/7), electronic
thermal conductivity (k. /7), and the figure of merit (ZT) over a temperature range of 50 to 1000 K in
order to explore their thermoelectric behavior using a denser K-mesh of 120 000 K-points. Note that
these calculations yield transport coefficients divided by the unknown relaxation time 7. The figure of
merit ZT calculation typically assumes a constant relaxation time, which is a simplification.

3.5.1. Electrical conductivity (o /1)

Electrical conductivity is the measure of the capability of a material to conduct electric current,
which is typically carried by electrons or ions. The graph in figure [I0 shows the evolution of electrical
conductivity per relaxation time (o /7) at different temperatures for our compounds. Between 50 K and
300 K, the electrical conductivity remains almost constant, while from 350 K, in the range of values
that we took, the electrical conductivity increases continuously within the studied temperature range and
reaches its highest calculated value at 1000 K and its values are 6 X 10" Sms™!, 5.6 x 1018 S ms~!,
22.3x 10" Sms~! and 5.5 x 10'® S ms~! for Co,TcPb, Co,TiPb, Co,ZrPb and Co,HfPb, respectively.
The compounds exhibit high electrical conductivity, indicating excellent conduction and low resistivity
for an efficient transport of electrical charges with minimal Joule effect losses. We also observe that the
value of conductivity of Co,ZrPb is the highest one, possibly related to details in its band structure near
the Fermi level (despite having a large gap in the minority channel).
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3.5.2. Seebeck coefficient (S)

This is a physical quantity that measures the amplitude of the electrical voltage generated by a material
when it is subjected to a temperature gradient. It is defined as the ratio between the electrical potential
difference AV induced by a temperature difference AT. It is given as follows S = AV/AT. Figure [T0p
presents the changes in the Seebeck coefficient as temperature evolves. The positive values indicate
p-type behavior for all compounds across the temperature range.

At 100 K, the initial values for Co,TcPb, Co,TiPb, Co,ZrPb and Co,HfPb were approximately
1787.8 VK™!, 1778.8 VK™, 804.9 V K~! and 1474.8 V K~!, respectively. The Seebeck coefficient
for all compounds begins to decrease rapidly with an increasing temperature, reaching minimum values
of 306.7 V K™! for Co,TcPb, 376.4 V K~! for Co,TiPb, 267.1 V K™! for Co,ZrPb and 366.2 V K™!
for Coo,HfPb at the temperature of 1000 K. The decrease in the Seebeck coefficient with an increasing
temperature is related to an increase in collisions between charge carriers and phonons, to an increase in
electronic thermal conductivity, as well as to a change in diffusion processes and the density of electronic
states. This leads to a reduction in the thermal potential difference generated for a given temperature
gradient.
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Figure 10. (Colour online) Thermoelectric properties of Co, YPb (Y= Tc, Ti, Zr and Hf) as a function of
temperature: (a) electric conductivity (o /7), (b) Seebeck coeflicient (S), (c) thermal conductivity («/7),
and (d) figure of merit (ZT).

3.5.3. Electronic thermal conductivity (k. /7)

The electronic thermal conductivity (x. /7) of a material refers to its capability to transfer energy in the
form of heat via electrons. The total thermal conductivity x = k. +«;, where k; represents the contribution
from lattice vibrations (phonons) [37]]. Our calculations only provide the electronic part, k. /7.

Curves in figure show the electronic thermal conductivity (k./7) concerning temperature in
the range 50-1000 K. The electronic thermal conductivity of Co,TcPb, Co,HfPb and Co,TiPb remains
relatively low and constant between 50-350 K, whereas for Co,ZrPb it is constant in the range from 50
to 200 K. Then, we notice a rapid increase in thermal conductivity with temperature. At 1000 K, «./7
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reached approximately 0.09 x 10'® (W K2 ms)~! for Co,TcPb, 0.07 x 10'® (W K2 ms)~! for Co,TiPb,
0.19%10'® (W K2 ms)~! for Co,ZrPb, and 0.07 x 10'® (W K2 ms)~! for Co,HfPb. The increase observed
in electronic thermal conductivity with temperature follows the Wiedemann—Franz law (k. « oT) to
some extent, reflecting the increase in electrical conductivity.

3.5.4. Figure of merit (ZT)

The figure of merit ZT is used to rate the thermoelectric performance of a material. It is calculated
using the formula ZT = (S?>0T)/«. Since we calculated o/t and «./7, and lack «; and 7, the ZT
calculated here, most likely using ZT = [S?(0/7)T]/(x./T), represents an upper bound assuming «; = 0
and requires the relaxation time 7 to cancel out. This provides a relative comparison but not the absolute
ZT value.

Figure[I0d displays how this calculated merit factor ZT  changes with temperature. At 100 K, Co,TcPb
exhibits a high ZT value approaching 0.99, which rapidly decreases as the temperature increases, reaching
aminimum Z7 value of approximately 0.57 at 1000 K. We have also observed that the three other Heusler
alloys Co,TiPb, Co,ZrPb and Co, HfPb, exhibit a slight decline in the merit factor ZT as the temperature
increases from 100 K to 1000 K. The maximum value of ZT is approximately 0.99, 0.98 and 0.99 at
100 K while the minimum value is 0.91, 0.85 and 0.89 at 1000 K for Co,TiPb, Co,ZrPb and Co,HfPb,
respectively. Heusler alloys Co, YPb (Y=Ti, Zr, and Hf) exhibit high ZT values (under the calculation
assumptions) close to unity, particularly at lower temperatures, making them potentially interesting
candidates in the field of thermoelectricity. The small variation observed in the figure of merit ZT for
Co,TiPb, Co,ZrPb, and Co,HfPb with an increasing temperature suggests relatively balanced changes
between S?0- and k. in this range.When these properties change in balance with temperature, the figure
of merit can remain relatively stable.

To place the thermoelectric performance of the Co,TiPb, Co,ZrPb, and Co,HfPb compounds into
perspective, we compare our results with those of well-established thermoelectric materials. Half-Heusler
alloys such as CoTiSb and ZrNiSn have been extensively investigated and are known to exhibit a promis-
ing thermoelectric behavior in the moderate temperature range (300-800 K), with typical figure of
merit (ZT) values approaching or exceeding 1 under optimized conditions [38]. These materials are
already considered viable for integration into waste heat recovery systems in automotive and industrial
environments.

In addition, full Heusler compounds have drawn an increasing attention due to their tunable electronic
and magnetic properties, mechanical stability, and compatibility with high-temperature thermoelectric
applications [39]]. Recent reviews have also emphasized the relevance of Heusler and half-Heusler alloys
for embedded systems in the automotive sector, especially for energy harvesting applications and thermal
management in harsh conditions [40]].

Compared to these well known systems, the Co, YPb (Y = Ti, Zr, Hf) compounds studied here display
competitive Seebeck coeflicients and power factors. Their performance, combined with the possibility
of tailoring their band structure and magnetic behavior through elemental substitution, positions them as
promising candidates for next-generation thermoelectric devices, particularly in embedded automotive
applications.

4. Conclusion

In this paper, we performed first-principles calculations to investigate the structural, electronic,
magnetic, elastic and thermoelectric properties of full Heusler Co, YPD alloys (Y = Te, Ti, Zr and Hf).
We determined that these compounds are more stable in the Cu;MnAl-type structure in the ferromagnetic
state compared to the Hg,CuTi-type structure. Electronic band structure and calculations of density of
states reveal that all these compounds have a half-metallic property while using mBj-GGA. The total
magnetic moment of all the full-Heusler alloys studied adopts an integer value, in accordance with the
Slater—Pauling rule which confirms the half metallicity of the compounds. This electronic structure:
metallic in one spin channel and semiconducting in the other, leads to full spin polarization at the Fermi
level, opening prospects for spintronic applications. The analysis of the elastic properties indicates that the
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Co, YPb (Y =Te, Ti, Zr, and Hf) full Heusler alloys are mechanically stable in their cubic phase and exhibit
a ductile character along with noticeable elastic anisotropy. Moreover, their moderate stiffness suggests
a balanced mechanical response, which may be advantageous for integration into functional devices.
Thermoelectric properties were also studied by varying the Seebeck coefficient, electrical conductivity,
total thermal conductivity and figure of merit (Z7T) as a function of temperature. The Full-Heusler
Co,YPb (Y = Tc, Ti, Zr, Hf) alloys are p-type semiconductors, since their Seebeck coefficients are
positive over the entire temperature range studied. Three alloys show high ZT values, close to unity, at
medium temperatures.

The promising thermoelectric behavior of Co,TiPb, Co,ZrPb, and Co,HfPb, particularly their high
and stable ZT values around 1000 K, make them strong candidates for integration into embedded ther-
moelectric generator (TEG) systems in the automotive sector. TEGs are used to recover waste heat from
engine exhausts or other high-temperature components and convert it into electrical energy, which can
power the onboard electronics or reduce the fuel consumption. For such applications, materials must
maintain an efficient energy conversion at high temperatures, demonstrate mechanical and chemical
stability, and be compatible with standard fabrication techniques. The full-Heusler structure of our com-
pounds is known for its robustness and resistance to degradation under thermal stress. Additionally, their
performance in the 0—1000 K range aligns with typical automotive operating conditions. These charac-
teristics support the practical feasibility of implementing these materials in next-generation embedded
automotive systems.
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MepwonpuHUnNnHe AOCAIAXKEHHA eIeKTPOHHUX, MarHiTHUX Ta
TepmMoeneKTPpUYHUX BNacTUBOCTE NOBHUX cnonyk levicnepa
Co,YPb (Y =Tc, Ti, Zr Ta Hf): 3acTocyBaHHA A0 B6YAOBaHNX
aBTOMOGIILHUX CMCTEM

H. Caiai, A. A66ag, B. beHcTaani, K. baHe

JNlabopaTopia TexHONOrii Ta BAaCTUBOCTeR TBePAMX TiN, GakynbTeT Hayk i TexHonorili, BP227, YHisepcuter
Abaenbxamiga I6H bagica, 27000 MoctaraHeM, Anxnp

Y pamkax meTogy ¢yHKUioHany ryctuHun (DFT) npoBeseHO TeopeTUYHi AOCAIAKEHHS CTPYKTYPHUX, 1eKTPOHHNX,
MarHiTHMX, MPYXHNX Ta TepMOeNeKTpUYHNX BnacTneocTeli NoBHUX cnnasis leicnepa CorYPb (Y = Tc, Ti, Zr Ta
Hf). O6MiHHWIA NoTeHLjan Ta KopensLii po3rnsAalTbCA 33 AONOMOTOH ABOX HAabAVXeHb: y3aralbHeHOoro rpa-
JieHTHOrO HabamxeHHs (GGA) Ta GGA, J0NOBHeHOro MoamndikoBaHUM TpaHoM-bnaxoto HabnmxeHHsM bekke-
JxoHcoHa (MBj-GGA), fke 3abe3neyye TOUHILLNA OMWC LUMPUHU 3a60POHEHOT 30HW. ENeKTPOHHI Ta MarHiTHi
BNIACTUBOCTI NOKa3ykoTb, L0 NOBHi cnnaewu Meiicnepa CorYPb (3 Y = Tc, Ti, Zr Ta Hf) nposBnstoTs HaniBmeTani-
YHy depomarHiTHy nosegiHky. Kpim Toro, npyxHi BnactueocTi cBig4ath, wo CorYPb € MexaHiuHo cTifikumm Ta
MatoTb NNACTUYHI xapakTepuctuku. MoBHI cnnaeu lelicnepa p-Tny MaloTb AoAaTHI KoedilieHTn 3eebeka Ta
BMCOKi 3HaYeHHs KoediLlieHTa AKOCTI, LLIO BKa3ye Ha XOPOLUi TepMOeNeKTPUYUHI XapaKTEPUCTMKUN 3 TOUKMN 30py
€NeKTpo- Ta TenaonpoBigHOCTI. Lie A03B0oASE CTBEPAKYBaTY, O Ui COAYKW € AyXe LikaBUMW ANa nokpalle-
HHSA MPOAYKTUBHOCTI BOYAOBaHMX aBTOMOBINbHNX CUCTEM, a TaKoX MOXYTb 6yTV BUKOPWCTaHi B CMIHTPOHHUX
NpUCTPOSIX.

KnrouoBi cnoBa: TepmoenekTpyka, HaniBMeTaau, MarHitHi crionyku, B6ygoBaHi cuctemy, mBJ-GGA
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