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ABSTRACT

Electronic, magnetic, dynamic, elastic, thermodynamic, and thermoelectric properties for Coz-based full Heusler
alloys are investigated theoretically. The full potential-linearized augmented plane wave (FP-LAPW) method
within density functional theory (DFT) incorporated on WIEN2k code is employed in our calculation. Through
this study, we found that the FM-L2; is the most magnetic-structure stable phase for both CoyZrAl and CoZrSi
compounds, as well as they, are dynamically stable where all the calculated of the optic and acoustic phonon
frequencies have positive values. Band structure calculation demonstrated that all compounds exhibit band gaps
of about 0.88 and 1.54 eV using mBJ-GGA potentials for Co,ZrAl and CoZrSi in a localized minority spin
channel (unlike the other direction which appears a metallic behavior) with high spin polarization (100%) in its
ground state. Under high pressure, both compounds keep the same electronic behavior in both spins’ channels
with a little decreasing in gap energy, unlike the total magnetic moment which doesn’t change. The semi-local
Boltzmann transport theory has been used to investigate thermoelectric properties and we found that both
compounds exhibit a high Seebeck coefficient and high-power factor up to 1.25 mV/K for CoyZrSi. Also, the
quasi-harmonic model has been applied to study the temperature effect on heat capacities at constant volume, in
which entropy, Debye temperature and lattice thermal conductivity are analyzed and discussed. To get more
information about the elastic behavior; the elastic stability in the equilibrium state and under two pressures
values (12 GPa and 24 GPa) are found. The findings predicted the stability of these compounds’ properties with
and without pressure, which makes them candidate materials for devices fabrication in several areas such as
spinotronic, thermoelectric, shape-memory and spin filters.

1. Introduction

and do not need moving elements, liquid materials or harmful gases. The
electrical energy produced in thermo-electric transducers under the in-

In recent years, the industrial field has become in need to find
environmentally friendly alternative energy sources, where many at-
tempts to produce electrical energy by obtaining it depending on
another source. Conversion of the thermal energy into electricity
(thermoelectric application) is one of the most important technologies,
especially those that depend on the Seebeck effect which has received
great attention because this technology allows us to recover unused
thermal energy (the thermal energy that emitted out by motors and
electronic devices), also, The most important feature of thermo-elec-
tric converters is that they depend on the properties of the solid material

fluence of Seebeck depends on temperature differences, of course, but
also on the properties of the materials used such as conductors and
semiconductors the study carried out in 2017 by Abdel-Motaleb and
Qadri [1] seems that metals exhibit low Seebeck coefficients, unlike
semiconductors, which exhibit somewhat larger Seebeck coefficients.
Heusler alloys are Among many materials that have a semiconductor
behavior where half and full Heusler alloys have given great motivation
to the development of new technologies devices from the first moment of
their discovery by Friedrich Heusler in 1903[2]. Due to their rich
properties, these materials can behave as metallic, semiconductors,
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semimetals in different types of magnetic order such as ferromagnets,
antiferromagnets and half-metallic ferromagnets. These materials have
attracted much attention especially in the manufacture of power gen-
eration devices, solid-state refrigerators and thermoelectric devices
[3,4], which allows to convert waste heat into useful electricity and
reduce the energy consumption which is lost as heat form. The wide use
of thermoelectric devices in daily life has encountered by several
problems, the most important that the materials used are in low abun-
dance and require careful accurate doping and complex synthesis pro-
cesses, which raises their industry cost. The optimum choice of efficient
thermoelectric materials is the core of much theoretical and experi-
mental research where the efficient performance of thermoelectric ma-

terial is evaluated through the dimensionless figure of merit (ZT) (ZT =
S%6T
K
is the total thermal conductivity, and T is the absolute temperature), so
we can obtain high performance of the thermoelectricity when the
thermoelectric material has high electrical conductivity, high Seebeck
coefficient and low thermal conductivity values. Finding a metal that
achieves these three conditions is very difficult because these factors are
not independent of each other and cannot be controlled individually. For
example, raising electric conductivity often leads to the decreasing of
the Seebeck coefficient or raising the thermal conductivity. Bi;Tes and
SbyTes [5,6] and its alloys are among the most important materials that
gave good theoretical and experimental results at room temperature,
mechanical, magnetic and electronic stability under pressure effect of
these compounds, production cost (tellurium is an expensive element)
and the toxicity of the tellurium element made them undesirable ma-
terials, especially at very high temperatures [7,8].

With the great importance of thermal-electric technology particu-
larly by alternative energies, it has become a great challenge to found
new materials which are cheap, environment-friendly, easy to synthe-
size. Many of these new materials are not suitable for large-scale
application because of complex and expensive or contained a toxic
element. An analysis of some theoretical and experimental studies of
electronic band structure considered the half-Heusler alloys which
behave as semiconductors (narrowband gaps) are efficient thermoelec-
tric materials [9,10]. Tino Jaeger et al [11] reported that Half-Heusler
alloys like MNiSn (M = Ti, Zr, and Hf) are promising candidates to in-
crease the thermoelectric figure of merit ZT by decreasing thermal
conductivity. Mastronardi et al [12] in his studies shows that the half-
Heusler alloys based on LnPdSb, where Ln = Ho, Er, and Dy are suc-
cessful thermoelectric (TE) materials and maybe a general characteristic
of the large class of semiconducting materials with the half-Heusler
structure type, and that related compounds yet to be tested may also
be excellent thermoelectric.

Recently the new research interest has been focused on the new full
Heusler (FH) alloys due to its mechanical properties, stability, high
Curie temperature, and their environment-friendly constituents. Some
theoretical studies revealed that several Heusler alloys have ZT values
are around unity one [13]. Teng Fang et al [14] found that Half-Heusler
(HH) compounds, with a valence electron count of 8 or 18, have gained
popularity as promising high-temperature thermoelectric (TE) materials
due to their excellent electrical properties, robust mechanical capabil-
ities, and good high-temperature thermal stability.

Ternary Heusler alloys have X,YZ formula composed by three ele-
ments: X and Y are two transition metals while the Z is in the p-block and
in some cases. Recently, compounds with Mnj and Co; based are among
the most studied families, Mny-based Heusler alloys have been studied
both experimentally and theoretically where the half-metallicity
behavior of compounds was explored [15-19]. Cobalt full Heusler al-
loys family have studied by Shakeel et al [20] for both Co2ScSb and
Co,TiSb compounds under High Pressure-Temperature effects and the
half-metallic behavior has been confirmed with an indirect energy gap.
Other compounds with Coy based Heusler are studied in different ways
like CoaCry_x MngAl [21], CooYZ (Z = P, As, Sb, and Bi) [22], Co,YAI (Y

where S is the Seebeck coefficient, ¢ is the electrical conductivity, k
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= Fe, Ti) [23] and X5YZ (X = Co, Y = Mn, Z = Si/Ge) [24].

Our work is mainly based on the CoyZrAl and Co2ZrSi compounds as
Coy based Heusler compounds, where we aim behind this work pri-
marily to verify the stability of the characteristic properties of these type
of compounds, such as the half-metallic electronic behavior, the total
magnetic moment value, as well as their elastic properties, and to check-
up whether these characteristics would change under the influence of
any pressure affecting them. Therefore, we have examined the stability
of the two compounds, in terms of structural, electronic, magnetic, and
mechanical (elastic) properties. This work is achieved by calculating
several coefficients and parameters of the aforementioned properties at
certain pressures. Also, we explored the thermodynamic and thermo-
electric properties under the temperature influence.

2. Computational details

Our calculations were carried out using the FP-LAPW method, as
implemented in the WIEN2k code [25]. The exchange—correlation
interaction was treated using the generalized gradient approximation
(GGA) by Perdew, Burke, and Ernzerhof (PBE) potential [26] in all
studied properties. On the other hand, the modified Becke-Johnson
potential (mBJ) [27] was adopted to obtain the electronic band struc-
ture, total (DOS), and partial (PDOS) densities. Getting accurate results
requires a well-chosen of the entered parameters, so we divided the unit
cell into two regions; inside the no overlapping atoms sphere, in this
case, the charge density and the potential are expressed via spherical
harmonic expansion, so, we had chosen 2.1, 2.2 atomic units (a.u) as
Ryt radius of Co, Zr and 2.0 for Al and Si atoms. While outside the
atomic spheres, the wave functions are expanded in terms of plane
waves with a wavevector cutoffs of Ryt * Kyax equal to 9 for all com-
pounds where Koy is the largest reciprocal lattice vector used in the
plane wave expansion and Ry represents the smallest MT sphere radii.
For Brillouin zone (BZ) integration, 72 special k-points for all alloys in
the irreducible wedge have been used to minimize the total energy for
all compounds. Checking the dynamic stability was done through
phonon band dispersion and phonon DOS analysis of both compounds
using the PHONOPY package [28].

To study the elastic properties of the cubic structure to which
CoyZrAl and Co2ZrSi compounds belong, it is necessary to calculate
three independent elastic constants Cy;, C12 and Ca4. This is done by
applying small strains to the unstrained lattice and then using Taylor
expansion of the total energy of the system.

The electronic configurations (for valence electrons) are for Co:
3d74s%, Zr: 4d? 5 s2, Al: 3s23p' and Si: 3s?3p2. The separation energy
between valence and core states was set to — 6 Ry. The charge conver-
gence was set to 10~> and simultaneously the energy convergence cri-
terion was set to 107>, Also, the electronic properties are calculated
within the modified Becke Johnson approximation (mBJ) [27] which
serves for optimization of the corresponding potential for electronic
band structure calculations. To calculate the thermoelectric transport
properties, we have used BoltzTraP code [29], which is based on semi-
classical Boltzmann theory. Effect temperature and pressure on ther-
modynamic properties such as heat capacity, Debye temperature en-
tropy .etc. are estimated using the quasi-harmonic approximation
implemented GIBBS2 code [30,31].

X9YZ Heusler alloys contain four atoms, according to the position
occupied by these atoms, we distinguish two types of structures sym-
bolized L2;-type (CupMnAl structure, space group Fm-3 m (225)) and X,
(Hg,CuTi type) with space group F-43 m (216). Each atom in the alloys
can occupy one of the following four sites: A(0.0.0), B(1/4.1/4.1/4), C
(1/2.1/2.1/2), and D (3/4.3/4.3/4). As it is also known that the physical
properties of crystals depend directly on their structural properties,
therefore any change in the arrangement of the atoms’ position in all the
two phases affects the properties of the compound as we will see later. In
both types of structures, X and Z atoms take places A and D, while the
difference between the two phases remains in the place that the atom Y
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will occupy. As shown in Fig. 1, we note that the Y atom takes place C in
the X, phase, while it occupied B site in the other phase (L2;).

3. Results and discussions

3.1. Structural-magnetic and dynamic stability of CosZrZ(Z = Al, Si)
Heusler alloys

In order to estimate the lattice constants, bulk modulus and the
cohesive energy of CoyZrZ (Z = Al, Si) corresponding to the ground state
structure of each alloy; and to find the favorable magnetic state, we
compute the total energy E of the cell at different volumes V for the two
different possibilities of site occupations in three different magnetic
orders (ferromagnetic (FM), paramagnetic (PM) and anti-ferromagnetic
(AFM)) and fitting the obtained data with Murnaghan equation Eq. (1)
of state (EOS)[32] given by the formula:

B
v<&) Y,

\Y%
where Eg and Vj are the total energy and the volume at equilibrium,
respectively. B and B’ are the modulus of compressibility and its de-
rivative, respectively.

Fig. 2 shows the total energy-volume curves of L2; and X,-type
structures for CosZrAl and CoyZrSi compounds in FM, PM and AFM
states. our results exhibit that both compounds in L2; type with ferro-
magnetic arrangement have the lowest energies at the equilibrium state,
thus, they are energetically more stable compared to paramagnetic and
antiferromagnetic in L2; type and X,-type whatever its magnetic states
where the difference in the total energy between the L2;-type (FM)
structure and X,-type (FM) structure is too large for both compounds
and it reached to 0.12 Ry and 0.11 Ry for CopZrAl and Co2ZrSi com-
pounds respectively. The lattice parameter, bulk modulus and cohesive
energy for all compounds in all type structures are calculated using GGA
approximation and compared to other studies on Table 1 in both
ferromagnetic, antiferromagnetic and paramagnetic states, in our work
the obtained results for lattice parameters in FM state confirm what was
achieved in the other study that he conducted by Ghosh et al [33]. Bulk
modulus symbolized B is a measure of the substance’s resistance to
uniform compression and its obtained values is presented in Tablel.
Indeed, both compounds have a high value of bulk modulus
165.79-182.52 GPa for CoyZrAl and CooZrSi in L2; type with FM state
respectively confirm the high hardness of the considered compounds.

Coherent of compounds and physical stability of the CoyZrAl and
Co4ZrSi can be studied via the cohesive energy, this latter expresses the
energy needed to separate a solid into its various free constituents. In ab-
initio calculations, the cohesive energy of the CoyZrZ alloys is the

E(V) = By +——> FE (V=) )

B'(B —1)

Fig. 1. Cubic Crystal structure of Co,ZrZ (Z = Al, Si) full-Heusler alloys in L2;-
and X,-type structures.

Journal of Magnetism and Magnetic Materials 531 (2021) 167984

difference between the calculated total energy at the equilibrium point
of an elementary cell and the energy of its isolated atoms Co, Zr and Z
like the formula Eq. (2):

Co Zr 02 ZrZ
E, = (2Eamm + Ea7mm +E§rom)_Er€7tJ ? 2
“ Nco + Nz + Nz

where N¢o, Nz;, and Ny are the number of Co, Zr, and Z atoms in the unit-
cell of CoyZrZ compound. According to the calculated results, we can see
that both compounds have high cohesive energy in L2;-type where
Co2ZrSi (6.13 eV) is more coherent than CopZrAl (5.84 eV) compound
these interesting marks emphasize the stability of these compounds. The
calculated total and partial magnetic moments per formula unit codified
in Table.1 are integer for all Heusler alloys studied in this work in FM
state and equal to 1pg for CoyZrAl and 2ug CoyZrSi. The main contri-
bution to the magnetic moment in the total magnetic moment is due to
Cobalt atoms in A and C sites and they have equal magnetic moments in
parallel order whereas in the case of antiferromagnetic state, Cobalt
atoms had antiparallel magnetic moments where the total magnetic
moment is zero. Our results are in good agreement with the previous
results [33] and verified the Pauling-Slater rule [34,35], which is easily
expressed in the following relation Mot = (Nye-24) pp, where My, is the
total magnetic moment and Ny, is the number of valence electrons (Nye
(CoyZrAl) = 25 and Ny, (CoZrSi) = 26).

Now, we want to study the magnetic stability of both compounds
under the influence of pressure which leads to compression or dilatation
of the unit cell and thus an increase or decrease in the lattice constant. In
Fig. 2, we plot the changes in both the total and partial magnetic mo-
ments of the atoms in terms of the lattice constant. Also, it is evident that
the total magnetic moment (horizontal straight line) remains constant
despite the change of the lattice constant. Also, both cobalt atoms in A
and C sites have an equal magnetic moment which increases with
increasing the lattice constant, unlike Aluminum, Zirconium, Silicon
atoms and the interstitial zone where the magnetic moment values
decrease with increasing the lattice constant. The obtained results
proved the magnetic stability of the two studied compounds under the
influence of pressure.

The determination of the most magnetic-structural stable phase
using WIEN2k code was performed at zero temperature, which is based
on the Born-Oppenheimer approximation [36] to neglect the effect of
temperature that causes the atom’s vibration around their equilibrium
position. In this part, we want to study the dynamic stability of the
CosZrAl and Co,ZrSi compounds, where we will be able to calculate the
vibration frequencies as well as know the response of the crystal lattice
to any distortion resulting from atoms displacement around their equi-
librium position. To the best of our knowledge, the vibration of the N
atoms forming the primitive cell of the compound creates 3 N number of
phonon branches, 3 of which are acoustic and the remaining (3 N-N) as
optic branches, in our work both Co2ZrAl and Co,ZrSi consist of 4 atoms,
thus, we will found 12 total branches (3 acoustic and 9 optical
branches).

To evaluate both phonon band dispersion, total and projected
phonon density DOS, we have generated 2 x 2x 2 supercell, so we will
get two primitive cells along each of the three directions (x, y and z). We
calculated its phonon dispersion in the first Brillouin zone along the high
symmetric path (W /L/ I'/ X /W /K). Fig. 3 shows phonon dispersion
spectra, the total and projected phonon density of states of Co2ZrZ (Z =
Al, Si) at 0 GPa pressure. Band phonon spectra analysis appears that both
compounds have an almost similar shape without any gap separating
acoustic than optical modes, and we can see that all phonon branches
(whether acoustic or optical) have positive frequencies at a zero pres-
sure, which indicates the dynamic stability of these compounds. To
determine the contribution of each atom to phonons, we have calculated
the projected phonon density of states. From Fig. 4, it is evident that Zr
atoms have a dominant contribution to forming acoustic branches (at
frequencies as low as 200 cm’l) whereas the contribution of cobalt
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Fig. 2. The volume dependence of total energy for Co,ZrAl and Co,ZrSi compounds using GGA approximation in L2; and X,-type structures.

Table 1
Calculated equilibrium lattice constants, bulk modulus, cohesive energy, Total and atomic magnetic moment of Co,ZrZ (Z = Al, Si) Heusler alloys in both X,, and L2;
phase structures using GGA approximation.

Structural properties Magnetic properties
Type a(d) B(GPa)  Econ (eV/atom)  Cogyy(pg) Coex)(ts)  Zr(pg) Z(pg) Izone (pp)  Tot (us)
Co2ZrAl X4 AFM 6.179 135.58 5.391 1.270 1.522 —0.030 —0.007 —0.0009 0.00
—1.269 —1.525 0.030 0.007
1.270 1.522 —-0.030 —0.007
-1.270 —1.525 0.030 0.007
PM 6.123 145.19 5.325
M 6.162 132.26 5.415 (4) 1.392 (4) 1.549 (4) —0.028 (4) 0.001 —0.061 2.852
L2, AFM 6.075 162.76 5.836 0.856 —0.878 0.000 0.000 0.009 0.00
—0.444 0.455 0.000 0.000
—0.444 0.455 0.000 0.000
—0.444 0.455 0.000 0.000
PM 6.058 167.43 5.825
— M 6.073 165.79 5.845 (4) 0.625 (4) 0.625 (4) —0.079 (4)—-0.01 —0.161 1.00
Other work (theo) 6.05[33] 0.59[33] 0.59[33] —0.10[33] —0.0[33] 1.00[33]
CooZrSi Xo AFM 6.068 155.41 5.758 1.060 1.314 —0.0147 —0.0146 —0.0006 0.00
—1.068 —1.318 0.0155 0.0143
1.054 1.292 —0.0146 —0.0148
—1.068 —-1.318 0.0152 0.0143
PM 6.036 166.91 5.708
FM 6.061 153.95 5.763 (4) 1.165 (4) 1.366 (4) —0.071 (4) 0.020 —0.114 2.365
L2, AFM 5.984 197.18 6.087 1.017 —1.021 0.0001 0.000 0.002 0.00
—0.510 0.511 0.0001 0.000
—0.510 0.511 0.0001 0.000
—-0.510 0.511 0.0001 0.000
PM 5.966 190.41 6.083
— KM 5.993 182.52 6.135 (4) 1.056 (4) 1.056 (4) —0.051 (4) 0.025 —0.088 2.00
Other work (theo) 5.99[33] 1.04[33] —0.07[33] 0.04[33] 2.00[33]
L0 - 20
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Fig. 3. Total and partial magnetic moment variations as function as lattice constant for Co,ZrAl and Co,ZrSi compounds using GGA approximation in L2;-
type structures.
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atoms is dominant at frequencies between 200 and 250 cm ™}, and the
contribution of light atoms(Al and Si) is at higher frequencies.

3.2. Electronic and elastic properties under pressure effect

Studying electronic properties is very important because it allows to
classifying the material according to its nature and its electronic
behavior to conductor, insulator, and semiconductor). Band structures,
densities of states were chosen as analysis tools and the comparison
between the curves of the band structures with the densities of states and
the density states give us more information about how atomic orbitals
contributing to the construction of these energy bands and to understand
how bonds are formed between the atoms of this material. Also, we can
use DOS and PDOS curves to explain how band gap can form and to
explain the integer value of the total magnetic moment in Heusler alloys
half metallic compounds and the Slater-Pauling rule.

The band structures calculated using mBJ approximation along high
symmetry directions in the Brillouin zone are plotted in Figs. 5 and 6 at
the equilibrium state (Pressure = 0 GPa) where we find that all the
Heusler alloys studied in our work have band gaps in one spin direction,
which confirmed the existence of the half-metallicity character. In the
spin up direction, both CosZrAl and CoyZrSi compounds exhibit an
overlap between the valence and conduction bands as evidence of the
metallic behavior of these compounds while in the down spin direction,
we find that both conduction and valence bands are separated from each
other by a direct band gap (X-X) of 0.88 eV for CozZrAl indirect band gap
(I'-X) for CoyZrSi equal to 1.54 eV. The top of the valence band is at I’
and the bottom of conduction band is located at the X line, so both
CoyZrAl and CoyZrSi compounds are semiconductors in spin-down
channel and metals in the spin-up channel, this character called half

Journal of Magnetism and Magnetic Materials 531 (2021) 167984

metallicity.

Band gap in the half-metallicity Heusler alloys affects by the external
strain, hence we want to check this effect under external strain. As an
additional work, we have investigated the electronic behavior stability
of the materials, and this by calculating the structures bands of CozZrAl
and CoyZrSi compounds without the influence of any pressure and also
under the influence of pressures equal to 12 GPa and 24 GPa in both up
and down spins channel (the results of our study are shown in Figs. 5-6
and Table.2). For spin up, there is no important change in our results
compared to the stable state (0 GPa), whereas, when the CosZrAl com-
pound exposed to pressures 12 GPa and 24 GPa, the energy gap became
direct (X-X) and decreased by 16.75% and 32.50% for pressures 12 GPa
and 24 GPa, respectively. For Co,ZrSi compound we recorded a slight
change in the gap that does not exceed 5% when it exposed to a pressure
equal to 24 GPa, and therefore we consider the second compound to be
more stable in terms of electronic behavior.

The calculated total and partial density of states (DOS) using mBJ
method for CosZrAl and CoyZrSi Heusler alloys in the two spinal

Table 2
Energy bandgap (eV) for Co,ZrAl and Co,ZrSi compounds calculated at different
applied pressures (P = 0 GPa, 12 GPa and 24 GPa).

P =0GPa P =12 GPa P = 24 GPa
(equilibrium)
Spin Spin Spin Spin Spin Spin
up down up down up down
CoyZrAl  metal 0.883 metal 0.735 metal 0.596
(X-X) X-X) X-X)
Co,ZrSi metal 1.547 metal 1.553 metal 1.466
X X-X) X-X)

1
1
1
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Fig. 6. Band structures for Co,ZrSi compound using mBJ approximation calculated at different applied pressures (P = 0, 12 and 24 GPa).
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directions (up and down) are plotted in Fig. 7. Both CoyZrAl and CoyZrSi
Heusler alloys have band gaps in the spin-down channel, so we can
easily see that for all studied alloys the majority spin band is metallic,
while the spin-down band is a semiconductor with no density of states
around Fermi level, which it proves the existence of half metallicity
behavior in these alloys where our observation concerned the DOS shape
curves is fully consistent with what was obtained when studying the
domain structure of both compounds. This is the most important infor-
mation that we have gone from the curves of the total density of states of
these alloys. From DOS total curves we use pt and plspin projected
density of states in the (up or down) spin state at the Fermi level (Eg) to

_ (p1(Er)—pI(Er))
~ (p1(Er)+pl(Er))

confirmed the half metallicity ferromagnetic nature of CoyZrAl and
CoyZrSi alloys after we found that its value equal to 100% for all com-
pounds which confirms the reported results.

We can get more detail about the atoms contribution through the
projected density of states analysis which shows that the majority of
density of states (PDOS) is mainly due to the strong d-d hybridization
between the transition metal atoms. Also, a weak hybridization between
p-d orbitals for Z (Al, and Si atoms) and Co atom. We notice that the ‘s’,
and ‘p’ states contributions of Co and Zr atoms are neglected compared
to others. The distribution of the contributions of Z atom orbitals is as
follows: ‘s’ orbitals of Z atoms contributed in the region between (-6,
—8eV for CoyZrAl and in (-8, —10 eV) for Co2ZrSi, and from (—6eV to
—3 eV), we can see a week hybridization between p of Z atom and
d orbital of Co. In spin down direction, the region from —6 to + 4 eV is
mainly formed by Co-d and Zr-d states where Co-d states have a greater
contribution than Zr-d in the region below Fermi level E¢ for both
compounds whereas Zr d-states contribution dominates the region

calculate spin polarization (P) given by P and it

Co, ZrAl I

9
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above Ef For both compounds in spin-down orientation, we can
distinguish two regions comprising bonding (below Ey) and antibonding
states (above Ey) states separating by band gap, both regions created
mainly by the hybridization between of Co-d and Zr-d states with
dominate of Co-d state.

In order to understand the origin of gap energy in the minority spin
and the magnetic Slater Pauling rule of these compounds (M = Nye-24),
we analysis the effect of exchange splitting of the transition metal
d states, This splitting in the electron atomic energy levels is due to the
spin-orbit coupling interaction which is a relativistic interaction be-
tween electron spin magnetic moment with the magnetic field produced
by the motion of the electron in the electrostatic field of the positively
charged nucleus. For this reason, we plot in Fig. 7 total and partial
density of states for both compounds and we concluded that the main
contribution to the total magnetic moment is mainly due to Co d states
with little contribution Zr-d states whereas the contributions of the s
states of Z atoms very small and was positioned below d states of Co and
Zr atoms and very far to Fermi level. For the p states of the Z atom, they
hybridize with d orbitals the cobalt atoms to form Co-Z bonds. We can
see from Fig. 5 that there is a strong hybridization of the d orbitals of the
Co and Zr atoms near the Fermi level, so that the number of the resulting
hybrid orbits is equal to the sum of the orbits involved in the hybridi-
zation process. Using the classical theory of molecular orbitals, we can
explain the origin of the gap in two basic steps of hybridization shown in
Fig. 8. The first hybridization occurs between Co and Zr atoms since the
Zr atom is considered the first closest neighbor to Co, where d orbitals of
Zr and Co atoms split in double degenerate d,2, d x2y2 and triple
degenerate dyy, dyy, d,x states, the double states of d2, d x2.y2 of Co atom
can only couple with the same state of Zr (d,2, d x2.y2) atom and creating
2 bonding orbitals eg and 2 other anti-bonding orbital e,, meanwhile the

Co, ZrSi |
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Fig. 7. Total and partial densities of CozZrAl and Co,ZrSi compounds with mBJ approximation at equilibrium lattice constant.



S. Saad Essaoud and A.S. Jbara

Step (1): Co-d Zr-d hybridization
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Step (2): (Co-Zr )Co hybridization
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Fig. 8. Schematic illustration of the origin of the gap in the spin down of Co,ZrZ Heusler alloys.

triple dyy, dyx, dzx states of Co atom couple to dyy, dyy, dzx of Zr atom
forming 3 bonding teg and 3 antibonding orbitals t,. As a second step, the
hybrid orbitals resulting from the first hybridization (Co-Zr) enter into a
second hybridization with the second cobalt atom, where the five anti-
bonding (2 for e, and 3 for t;,,) of Co orbitals cannot couple with any
of the Co d-orbitals. The five bonding orbitals ey and teg hybridize with
the double states of d,2, d x2.y2 and the triple dyy, dyx, dzx states Co atom
respectively and it result again 5 bonding and 5 antibonding orbitals.
The Fermi level is located below e, and above t;, orbitals, therefore, tq,
states are occupied unlike to e, orbitals. From Fig. 6 one can see that
there are 12 occupied (1 x s, 3 X p, 2 X €g, 3 X tagand 3 X t) states below
Fermi level in spin down direction and to occupy all we need 24 valence
electrons shown in the magnetic Slater Pauling rule formula (M; = Ny,
—24).

CoyZrAl as any other materials used in the industry undergoes to

several factors influence, including pressure, which leads to deformation
in their structures. The materials differ in their response to external
forces due to their different structure’s forces between the atoms,
number and type of bonding between them and the space between
atoms, therefore we can see different elastic properties such as stability,
stiffness, hardness, rigidity and mechanically resistance...etc. In this
work, we interested to investigate the elastic properties of L2;-type
structure for CopZrAl and Co,ZrSi Heusler alloys. Firstly, we calculated
the three elastic constants C11, C12 and Cy44 from the second-order de-
rivatives of the fitted polynomials of the total energy, therefore Cj
constants have estimated during the calculation of the total energy as a
function of volume-conserving strains that break the cubic symmetry,
then, we computed several parameters such as bulk and shear modulus,
Young’s modulus (Y), Cauchy’s pressure C', Lamés’ coefficients (A and
1), Poisson’s ratio (v), Kleinman parameter (&) and anisotropy constant

Table 3

Calculated Elastic constants (Cj;), bulk modulus (B), Shear modulus (GV), Reuss shear (GR), Pugh’s ratio (B/G), moduli of Young E, Cauchy’s pressure (C”). Kleinman
parameter (&), Poisson’s ratio (v), Elastic anisotropy (A), Frantsevich’s ratio (G/B) and Lame’s coefficients (p and A) of Co.ZrZ (Z = Al, Si) Heusler alloys using GGA

approximation under different pressure (P = 0, 12 and 24 GPa).
Coy ZrAl Coy ZrSi
P =0 GPa P =12 GPa P = 24 GPa P =0 GPa P =12 GPa P = 24 GPa

Elastic constants C11 (GPa) 256.796 271.448 312.988 271.852 296.760 338.926
Ci2 (GPa) 118.277 121.347 152.553 142.627 153.719 167.490

Cy44 (GPa) 91.469 95.744 115.258 84.563 85.963 108.902

Bulk modulus By (GPa) 164.450 171.380 206.031 185.702 201.399 224.635
Bg (GPa) 164.449 171.381 206.032 185.702 201.398 224.637

By (GPa) 164.449 171.380 206.031 185.702 201.398 224.636

Shear modulus Gy (GPa) 82.584 87.466 101.241 76.583 80.186 99.628
Gr (GPa) 81.070 86.233 98.114 75.267 79.538 98.270

Gy (GPa) 81.827 86.849 99.677 75.925 79.862 98.949

Young modulus Yy (GPa) 212.226 224.248 260.976 201.983 212.372 260.388
Yz (GPa) 208.884 221.541 254.019 198.925 210.856 257.291

Yu (GPa) 210.557 222.895 257.504 200.455 211.614 258.841

Poisson’s coefficient Py 0.284 0.281 0.288 0.318 0.324 0.306
Pr 0.288 0.284 0.294 0.321 0.325 0.309

Py 0.286 0.283 0.291 0.320 0.324 0.307

Lamés’ coefficients A 109.393 113.070 138.537 134.647 147.942 158.216
n 82.585 87.466 101.241 76.582 80.186 99.628

Kleinman parameter & 0.591 0.579 0.614 0.645 0.640 0.620
Anisotropy ratio A (s.u) 1.320 1.280 1.440 1.310 1.200 1.270
Cauchy’s pressure C” (GPa) 26.808 25.603 37.295 58.064 67.756 58.588
Pugh’s ratio B/G 2.009 1.973 2.066 2.445 2.521 2.270
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(A). the obtained results using Voigt Reuss Hill approximations (VRH)
[37-39] are summarized in Table 3. We note that to date, no experi-
mental or previous theoretical results are available to be compared with
our obtained results. The mathematical relationship between the elastic
constants and each of these elastic parameters are given as following
[40]:

B— %(c11 +2C0) ©)
G, _Cn—Cn+3Cu 4
5

y = % ®)
A= % ®)
C = (Cp—Cy) (7
y= % ®

- 7CC‘]'1l 1_:82%122 ©
= ) (a0
= ﬁ an

Analysis of the elastic properties results starts from the elastic con-
stants Cyj, where we can see that the obtained values satisfy the mechanic
Born-Huang mechanic stability criteria [41] for both CoyZrAl and
CoZrSi ((C11 + 2 C12) > 0, Cy1, C12 and Cyy4 greater than 0, (C;1-Cy2) >
0. The bulk modulus (B) describes how a material reacts when it is
compressed uniformly, the results obtained by using Voigt Reuss-Hill
approximations gave very similar results. The Co2ZrSi compound has a
greater coefficient of compressibility than the other once, and thus its
resistance to external pressure is greater. Obviously, for both com-
pounds, Co2ZrAl and CoyZrSi, the bulk moduli calculated from elastic
constants are in good agreement with those provided by the EOS Egs.
(Table 1). We can study rigidity of any materials through the shear
modulus (G) values and in contrast to bulk modulus. We found that the
shear modulus CoyZrAl is greater than CoyZrSi. Dividing bulk modulus
to shear modulus is called the Pugh’s ratio [42], as this ratio refers to the
nature of the material: ductile if (B/G) greater than 1.75 and brittle in
the reverse case. Pugh’s ratio values obtained indicate that they possess
ductile nature with high malleability. As shown in Eq. (7) Cauchy’s
pressure estimated by the difference between C;5 and C44, can be used to
get an idea about the kind of bonds for a compound, if C;» smaller than
Cy4 (C* is negative), mostly the bond dominate is covalent , otherwise, it
is ionic bonds. Consequently, the Cauchy’s pressure calculated for both
compounds has a positive sign, hence the bonds in both compounds are
ionic. We can also assess the nature of the bond through another indi-
cator which is Poisson’s ratio, this latter expresses the behavior of any
compound when it compressed in one direction, it expands in the other
two directions perpendicular to the direction of compression. Another
benefit that can be obtained from knowing the value of the Poisson rate
is related to the nature of the bonds between the atoms where for typical
covalent bonding its value around 0.1 whereas for typical ionic crystals
up to 0.25. So according to our results, Poisson’s coefficients are greater
than 0.25, thus the bond dominated for both compounds is ionic.

As a feature from the elastic properties of materials, we studied the
ability to resist any change in length when the material obeyed to a
longitudinal stretching or compression process in one direction. This
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feature was calculated by mathematical Eq. (8) and named Young’s
modulus, and the detailed results in Table 3 implies that CoyZrAl com-
pound has a greater longitudinal expansion ability than CoyZrSi
compound.

Anisotropy of a material is another important parameter, which
determined whether the properties of the alloys are the same in all di-
rections or not when a material undergoes to uniform stress. If Anisot-
ropy equal to unity, crystal consider as isotropic, other values greater or
smaller than unity its properties change along with different directions.
Our results hint that both compounds are anisotropic. Both of A and p
Lame’s parameters have calculated using Egs. (10) and (11) formula
respectively, where )\ determined the compressibility of the material,
and p its shear stiffness. CosZrAl Heusler alloys compared to CoyZrSi has
greater shear coefficient and smaller compressibility factor. Kleinman
parameter (£)[43] calculated using Eq. (9) computes the internal strain,
knowing its value helps us to determine which type of bond is dominate
(stretching or bending bonds). Thus, we can know the general nature of
the internal bonds, if they are stretching or bending and according to the
type of the predominant bond, the compound will exhibit two different
behaviors either elongation or distortion. According to the obtained
values for the Kleinman parameter, we can see that bond nature is
dominated by the bond stretching term in both CoyZrAl and CoyZrSi
Heusler alloys.

Studying of the aforementioned elastic characteristics under uniform
pressure effect was calculated again at both pressures 12 GPa and 24
GPa and was summarized in Table 3, where we can easily observe an
increase in the most properties with the increase of pressure such as the
elastic constants, bulk and shear modulus, Young moduls and Lamés’
coefficients....... etc. with an increase in pressure for both CozZrAl and
CoyZrSi Heusler alloys.

3.3. Thermodynamic and thermoelectric properties

The calculations obtained by using the wien2k program are per-
formed at zero temperature, meaning that we neglected the vibrational
side of the atoms in the hamiltonian equation of the crystal system with a
view to simplify the Schrodinger equation and this was via applying the
Born-Oppenheimer approximation [36]. For this reason, the effect of
temperature also the thermal properties are investigated using the quasi-
harmonic model [44] implemented in GIBBS2 code [45,46].

The function controlling the phase stability of a solid at a given
pressure and temperature is the Gibbs free energy given by:

G'(x,V;P,T) = Equ(x, V) + PV + A"y (x, V; T) + F, (%, V; T) 12)

where E is the total energy, PV corresponds to the hydrostatic condition,
Ay, and F;are the non-equilibrium vibrational and electronic free en-
ergies respectively. Debye’s model is used to write the vibrational en-
ergy A'ypin terms of the density of phonon states (the vibrational
density of states) g(m):

Al = [ 3+ TLa(l - 5 | o) a3)
0
F'(x,V;T) = Equ(x, V) + A" ip (x, V; T) 14)

In this equation, n is the number of atoms per unit volume, D (6 / T)
represents the Debye integral which is written by:

D(x) = > / v 4y as)

x3) 1—e

The equilibrium state (for pressure (P) and a temperature (T) given)
is obtained by the minimization of:
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> ~0
PT

Resolving Eq. (16) makes it easy to express the other thermal
quantities in particular: entropy (S), the heat capacity at constant vol-
ume (Cy), and the coefficient of thermal expansion which are expressed:

(aG" (V,P,T) a6

ov

S = —3nkgln(1 —e®/T) +4nkzD(Op/T) a7
9nkB®D/T
. = 12nksD(Op /T) — 55— 18)
1 YC,
_ _L(vy _YG 19)
v\doT/, VB:

The temperature effect on heat capacities at volume and pressure
constant, entropy, Debye temperature, thermal expansion and thermal
conductivity in the temperature range of 0-1000 K are shown in Fig. 8.
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For CoyZrZ (Z = Al, Si) Heusler alloys, the heat capacity (see Fig. 9-a) at
volume constant checked the law of Petit Dulong at high temperatures
[47] at high temperature where its value reached to 100 (J/mol. K)
when the temperature is greater than 550 k, while C, is proportional to
T2 at low temperature, meanwhile, we can see that heat capacity (see
Fig. 9-b) at pressure constant has the similar behavior to Cy capacity.

The variation of the coefficient of thermal expansion () as a function
temperature is shown in Fig. 9-c. According to this figure, we can be seen
that the thermal expansion increases very rapidly for temperatures
smaller than 250 K, and it increases slowly with temperatures greater
than 250 k and becomes almost linear. Also, we can see that at high-
temperature Co,ZrSi has high value compared to CopZrAl. Fig. 9-d ap-
pears that the entropy increases with the increase of the temperature
because the increase of the temperature leads to a growth of the modes
of vibration and consequently the number of configurations possible. We
note that there is no significant difference between the two components
studied for the entropy values.
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Fig. 9. Variation of heat capacities (Cy and Cp), entropy (S), thermal expansion («), Debye temperature (6p) and crystal conductivity (K;) of CooZrAl and CoZrSi

Heusler alloys as a function of temperature.
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Debye temperature is the most important thermal property, it is
associated with many mechanical and elastic properties and it repre-
sents the corresponding temperature which caused the highest possible
number of modes vibration. Through Fig. 9-e, we note that the tem-
perature of Debye varies inversely with the change in temperature. It
can also be observed that the temperature of Debye in CoyZrSi is greater
than CoyZrAl at high temperature.

In order to know the distribution of the contributions of phonons in
the thermal conductivity, we studied in Fig. 9-f the changes in crystal
conductivity K; for CopZrSi and CosZrAl Heusler alloys in terms of
temperature. The ky can be calculated using the Slack model formula
given by [48]:

A8V Pm
1= W (20)

2.4310°8

where A is a physical constant equal to A = 253 sand 6p, 7, V, nand
[ 72

m are the Debye temperature, Griineision parameter, the volume per
atom, the number of atoms in the primitive unit cell and m is the average
mass of all the atoms in the crystal respectively). For Co,ZrZ (Z = Al, Si)
Heusler alloys, Fig. 9-f shown that Kj exponentially decreases with the
increasing temperature and it reaches its lowest level when the tem-
perature is in a range greater than 500 K while at lower temperatures the
conductivity for CopZrSi compound is much greater than the other
compound.

Heat capacity of metals is significant because it expresses the ability
of a substance to absorb energy. This ability logically increases with the
increasing number of degrees of freedom of particles. Entropy on a
microscopic scale can be defined as a measure of the disorder of a sys-
tem, and it is viewed as a measure of the number of possible configu-
rations. As the temperature rises, the atoms start to oscillate, then new
configurations become possible. The influence of pressure on the
behavior of heat capacity C, and entropy at room temperature equal to

90
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300 K is shown in Fig. 10-a and -b. one can observe that for CosZrZ(Z =
Al, Si) Heusler alloys both heat capacity Cy and entropy S decrease
linearly with the increase in pressure because the increase in pressure
affects the movements of atoms and therefore decreases vibration
modes. Unlike C, and S properties, the thermal conductivity Kj increases
with increasing pressure (see Fig. 10-c), this can be explained by the
decreasing of interatomic distances. Also, we can see that at ambient
temperature (300 K) CosZrSi has a higher value of entropy, heat capacity
and thermal conductivity compared to CosZrAl.

Based on semi-classical Boltzmann transport theories implemented
in BoltzTraP code [29] we investigated different transport coefficients
CoyZrAl and CoyZrSi Heusler alloys such as Seebeck coefficient (S),
electrical conductivity (6/1), Thermal conductivity (x/7), the figure of
merit (ZT), electronic specific heat capacity (c) and Pauli magnetic
susceptibility (y) in the constant relaxation time approximation as a
function of p (Fermi level energy) in the temperature range from 300 to
1000 K for both spin’s directions. We only plotted the variations of these
coefficients at three temperature degrees 300, 500 and 700 K. We note
that there are no previous studies on thermoelectric properties for
CosZrSi Heusler alloys.

The Seebeck effect is an intrinsic property of a material and it ex-
presses the ratio of the voltage generated between the ends of a material
when exposing its ends to the temperature gradient. This temperature
difference results in the moving charge carriers (electrons or holes)
moving and induced an electrical current.

We plotted in Fig. 11-a the variation of Seebeck coefficient along the
relative chemical potential p to the Fermi level g in both spin directions
where the values of iy are 0.735 Ry, 0.821 Ry for CoyZrAl and CoyZrSi
respectively. We can see from Seebeck coefficient curves that in spin-up
Seebeck coefficient value is almost negligible compared to the spin-
down. In spin down case, Seebeck coefficient (S) reaches a maximum
at 300 K for CosZrAl and Co»ZrSi compounds and decrease with the
increasing of temperature. Co2ZrSi in spin-down direction has a
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Fig. 10. Variation of heat capacity (Cy)entropy (S) and crystal conductivity (K;) of CopZrAl and Co,ZrSi Heusler alloys as a function of pressure.
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Fig. 11. Variation of thermoelectric coefficient as function as chemical potential of CoZrAl and Co,ZrSi Heusler alloys in both spin directions: (a) Seebeck co-

efficients, (b) electrical conductivity.

maximum value of Seebeck coefficient reached to 1.25 mV/K and has a
higher coefficient value than other alloys which indicates that this ma-
terial has a good thermoelectric performance.

Electrical conductivity expresses the ability of a material to conduct
electric current, its value related to the mobility of the charge carriers
(holes and electrons) and the carrier concentrations in materials. We use
the electrical conductivity (6/7) coefficient to describe the contribution
of the free electrons in CosZrAl and Co»ZrSi alloys in conductivity, so its
variation in terms of chemical potential in temperature range are shown
in Fig. 11-b.Through these curves, we can see similar shapes of curves
for all temperatures and the electrical conductivity has a maximum
between 1.5 and 2.0 eV for all compounds in both spins up and down
directions and we can observe that Co,ZrSi has a greater electrical
conductivity that CopZrAl in the relative chemical potential range be-
tween 1.5 and 2 eV. There is no electrical conductivity around the Fermi
level in spin-down direction for both compounds.

We plotted in Fig. 12 (a, b and c) the electronic thermal conductivity
(x/7), electronic specific heat (c) and Pauli magnetic susceptibility (y) as
a function of chemical potential. The thermal conductivity is the sum of
the electronic (k) and lattice (x;) conductivities contributions (k = ke +
k). To get a good material used for converting heat to an electrical
courant, It’s enough to be the electronic conductivity higher than lattice
conductivity, when two sites in the material are exposed to two different
temperature grades, the ratio of the movement of electrons is higher
than the ratio of vibration of the atoms in the lattice; hence we can see
current of electrons instead phonons vibrations. From Fig. 12-a, we can
see that in the spin-down direction the lowest values of the thermal
conductivity were in the region of the chemical potential relative near to
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the Fermi level for all temperature for both Heusler compounds. In spin
up and down direction the thermal conductivity has a higher value in
positive relative potential compared to the negative range in all tem-
peratures. Also, we can observe that the electronic thermal conductivity
(x/71), increase with the increase of temperature. Regarding the shape of
both thermal and electrical conductivity curves, we note that thermal
conductivity has similar behavior to electrical conductivity for all
compounds in both spin orientations. This confirms that the transfer of
electrons contributed to the transfer of heat where the thermal con-
ductivity is proportional to the electrical conductivity, and this rela-
tionship follows to a Wiedemann-Franz law given by:

K, = LoT(whereLisLorenteznumber) 21

The transfer of heat in solid materials depends on the contribution of
both free electrons and phonons (the vibration of the atoms), so that the
capacity of each of them differs in the transfer of heat according to the
nature of the metal (pure or impurities). Electron heat capacity is
reduced when the ratio of impurities increases which impedes the
movement of a free-electron through collisions that lose its transport
energy. The variation of the electronic heat capacity (c) as function as
the relative chemical potential at different temperatures in both up and
down spin directions of CoyZrAl and Co,ZrSi Heusler alloys are shown in
Fig. 12-b. We note through these figures that in the case of spin-down,
the electronic heat capacity has small values around Fermi level, and
it increases with both the chemical potential and temperature on the
positive side. In spin-up, electronic heat capacity takes up different
values as long as the chemical potential range studies (whether it has
positive or negative values, its value increases with increasing
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Fig. 12. Variation of thermoelectric coefficient as function as chemical potential of Co,ZrAl and Co,ZrSi Heusler alloys in both spin directions: a) electronic thermal

conductivity, (b) electronic specific heat and (c) Pauli magnetic susceptibility.

temperature. According to the Wiedemann-Franz law, which relates
thermal conductivity and electrical conductivity of free electrons,
therefore, to select ideal materials used in heat-electrical converting
devices we need to increase thermal conductivity to obtain high elec-
trical conductivity.

Pauli magnetic susceptibility (y) describes the behavior of conduc-
tion electrons when exposed to an external magnetic field. Fig. 12-c
shown the variation of Pauli magnetic susceptibility () calculated at
300, 500 and 700 K temperatures as function as relative chemical po-
tential. This latter coefficient in spin-down was zero for all temperature
when the relative chemical potential was between —0.5 to 0.25 eV for
CoyZrSi and —0.25 to 0.2 eV for CoyZrAl the highest value of Pauli
magnetic susceptibility (y) has found in the negative part of the relative
chemical potential (the maximum was around —1 eV for both
compounds).

Fig. 13-a display the figure of merit ZT which it expresses the

13

qualification of materials to transfer heat into useful electric energy for
CoyZrAl and Co,ZrSi Heusler alloys as a function of chemical potential at
different temperatures. Thus, materials have a higher ZT have higher
efficiency when we use thermoelectric devices. From Fig. 13-a we can
see that ZT takes higher values for relative chemical potential between
—0.5 to —0.25 eV and from 0.25 to 0.5 eV in spin-down direction while
between these two ranges ZT has zero value. In addition, the ZT value
decreases with increasing temperature and CoyZrSi is greater than the
other alloys, meanwhile; ZT ratio in majority spin has almost negligible
value for both compounds.

Power factor P = S2.¢ is calculated for CoyZrAl and Co»ZrSi Heusler
alloys and the obtained results plotted in both spins arrangement at
different temperatures as function as the chemical potential and plotted
in Fig. 13-b, through these curves we can see that Power factor increases
when the temperature increase in both spin directions for all com-
pounds, also Fig. 13-b displays that the maximum power factor around
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Fig. 13. Variation of thermoelectric coefficient as function as chemical potential of Co,ZrAl and Co,ZrSi Heusler alloys in both spin directions: (a) the merit (ZT) and

(b) power factor P.

p-po = 0.25 eV for CooZrAl in spin down and —0.75 eV for CosZrSi where
CoyZrSi gives high values compared to CosZrAl.

Temperature effect on electronic thermal conductivity for CoyZrAl
and CoyZrSi Heusler alloys is plotted in Fig. 14 Where Ke appears to
increase linearly with increasing temperature in spin up direction. For
the spin-down case, the electronic conductivity is almost neglected
compared to Spin-up arrangement. Through the figure, it becomes clear
that the electronic conductivity value is non-existent when the tem-
perature is less than 300 K for CoZrAl and less than 400 K for CoZrSi.
When the temperature rises above the two mentioned values, the
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electronic conductivity begins to increase exponentially with the
increasing temperature. This difference is mainly due to the nature of
the materials in each spin direction where we find that in spin up the
material behaves like a metal and the movement of free electrons of
conducting is easier and faster than the vibrations of the atoms Hence
electron motion carries thermal energy while in the case of the semi-
conductor it is more difficult and complicated.
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Fig. 14. Temperature dependence of ecteronic thermal conductivity K. Co,ZrAl and Co,ZrSi Heusler alloys.
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4. Conclusion

Using first-principles calculations, we found that CosZrAl and
CoZrSi components are more stable in structure L2; phase structure in
ferromagnetic state with integer values of total magnetic moments that
fulfill the Slater Pauling principle. Also, both compounds verified the
dynamic stability criterion where we found that all the frequencies of
the acoustic and optic phonon branches were positive.

The total magnetic moment under the influence of pressure was
calculated and the results show that its value not changes. The calcu-
lated lattice and electronic thermal conductivities refer to that electronic
contribution is more dominant than the lattice contribution at high
temperatures. The obtained thermoelectric coefficient indicates that Coy
based Heusler alloys are good candidate thermoelectric due to their high
electrical conductivity, high Seebeck coefficient reached 1.25 mV/K for
CoyZrSi and low thermal conductivity values. The elastic properties
under pressure effect were also determined, and the findings point out
that the properties did not change significantly, especially in the Co,ZrSi
compound.
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