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Abstract The structural, electronic, magnetic, elastic and thermoelectric properties of
Fe,_xNiGajix (x = 0, 0.25, 0.5, 0.75, 1) Heusler alloys are investigated through ab ini-
tio calculations based on density functional theory (DFT) within the full potential linearized
augmented plane wave (FP-LAPW) method. After substituting Fe by Ga in the unit cell, we
find that the composition dependence of both the lattice constants and bulk modulii are not
monotonous. Moreover, while these alloys still keep their metallic character, the calculated
electronic structure shows an increase in the p—d and a corresponding decrease in the d—d
orbital hybridizations between the transition metal and the main group elements. The dis-
tribution of the spin magnetic moments shows that these materials are ferromagnetic with
their respective magnetic moments and Curie temperatures decreasing linearly with the Ga
excess concentration x. The Fe,_xNiGa;x Heusler alloys (x = 0, 0.25, 0.5, 0.75, 1) we
studied, are all found to be mechanically stable and, because of their high B/G ratio, ductile.
The BoltzTraP code is used to assess the influence of Fe substitution by Ga on the transport
properties. The Seebeck coefficient, electrical conductivity, thermal conductivity and figure
of merit for the Fe;_«NiGay.x alloy are all calculated.

1 Introduction

From a fundamental point of view, full and half Heusler compounds have up till now been
studied quite extensively [1-3]. These materials have versatile properties that are very much
sought after in different applications such as in the fabrication of new magnets [4] and
spin valves as is the case in some devices [5]. Due to their half-metallic ferromagnetic
properties, these compounds are destined to play an important role in the emerging field of
spintronics [6—10]. In connection with the important issue of spin injection in these kinds
of applications, among the best candidates are materials that are metallic for electrons of
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one spin orientation and semiconducting for electrons of the other spin direction. Moreover,
alongside their fascinating magnetic and transport properties, the thermoelectric properties
of this large class of materials is at least as attractive and many research groups have in fact
invested a large effort in improving their thermoelectric performances [11-17].

Historically, the interest in these compounds goes back to 1903 when F. Heusler, a German
mining engineer and chemist, discovered ferromagnetism in Cup MnAl even though none of its
constituents by itself makes a magnetic material [18, 19]. These Heusler compounds, as they
came to be called, are characterized by their ability to have their valence electron concentration
varied through the partial substitution of elements, the properties however still remain very
crystal structure dependent [ 18, 20]. In general, the fully ordered Heusler compounds X, YZ,
X and Y being transition metal elements and Z a main group one, crystallize in the cubic
Ly structure [21, 22]. However, many of the Heusler compounds synthesized to date are
found to crystallize either in the partially disordered B, phase where half of the Y and Z
atoms interchange their positions or the fully disordered A, one where the X, Y and Z atoms
are randomly distributed over all available lattice sites whereby they lose their half-metallic
character[23-26].

Heusler alloys form an interesting class of materials because they offer the possibility
of investigating lattice atomic ordering and magnetic coupling for intermetallic compounds
[27]. With Z being a main group element, the Fe,-based Heusler alloys Fe,CrZ [28, 29] and
FeoMnZ [30, 31] have been shown to exhibit very interesting magnetic structure and magnetic
martensitic transformation shape memory properties. However, for spintronic applications,
due to their high Curie temperature, spin polarization and magnetic moment [32], Co;-based
compounds have so far been explored the most [33-38].

Fe,NiZ (Z = Al, Ga, Si and Ge) Heusler alloys were synthesized and investigated sys-
tematically [39]. In addition to that, the Heusler compounds NiMnGa; and CoMnGay, i.e.,
of the form XYZ, have also been reported in Refs. [40] and [41], respectively, where, due to
their richer composition in the main group element Z, stronger covalent bonding is found.

Heusler compounds with the chemical formula XYZ, such as NiMnGa, [40] and
CoMnGa; [41, 42] have been investigated too. These materials are characterized by their
strong covalent bonding arising from their Z-rich composition. In these systems, when the
structure changes from HgyCuTi-type Mny;CoGa to CupMnAl-type CoMnGay, the gradual
replacement of Mn atoms by new Ga atoms will change the role of the main atom that is
responsible for magnetism and in fact Li et al. [43] point out in their work to unusual lattice
constant changes and a concomitant tunable magnetic moment compensation behavior.

Recently Fe,NiZ Heusler alloys, where Z = Al, Ga, Si or Ge, have also been synthesized
and investigated experimentally [39]. However, to date the study of their properties through
ab initio simulations has not been thorough and our aim in this paper is to fill this gap by
carrying out extensive numerical computations using the LAPW method. Our objective is to
explore changes in the electronic, magnetic, structural, elastic and thermoelectric properties
as we gradually modify the Ga content of the alloy Fe,_xNiGaj;x and make the transition
from Fe,NiGa to FeNiGay.

Our paper is organized as follows: Sect. 2 gives details about our computational approach
while Sect. 3 presents and discusses our results. Finally, Sect. 4 concludes our paper and
summarizes our main findings.
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2 Computational details

The space group of X, ¥Z full Heusler alloys is Fm3m [18] with a unit cell made out of four
interpenetrating face centered cubic (FCC) sub-lattices A, B, C and D having, respectively,
the following Wyckoff coordinates (0 0 0), (1/4 1/4 1/4), (1/2 1/2 1/2) and (3/4 3/4 3/4). If
the X atoms have more valence electrons than the Y’s, then they occupy the two equivalent
crystallographic sites A and C while the Y and Z atoms occupy the B and D sites, respectively
[18]. On the other hand, if the valence electron number of the X atoms is less than that of
the Y atoms, the alloy crystallizes in the Hg,CuTi-type structure with the space group F43m
[18].

The calculations we are reporting in this paper are performed using the FP-LAPW method
[44] as implemented in the WIEN2K package [45]. They are based on the spin-polarized
density functional theory (DFT), which has proven very reliable in the simulation of the
ground state properties of materials [46, 47]. The exchange—correlation potential is treated
within both the local density (LDA) and generalized gradient approximations (GGA) of
Perdew as parameterized by Burke and Ernzerhof (PBE) [48].

In our calculations, the FP-LAPW basis set consists of the 3d%4s? states of Fe, 3d%4s?
states of Ni and 4524 p! states of Ga. For the wave function expansion in terms of spherical
harmonics inside the muffin-tin spheres, the maximum value for angular momentum is taken
as Imax = 10. Moreover, as far as convergence is concerned, the largest reciprocal lattice
vector of the plane wave expansion inside the interstitial region is set by the condition
Ry Kmax = 9 with Rys7 being the smallest muffin-tin sphere radius.

On the other hand, the magnitude of the largest vector in the charge density Fourier
expansion was up to Gpax = 12(a.u.)~". A dense mesh of 1000 k-point is used and the
tetrahedral method [49] is employed for integration over the first Brillouin zone (BZ). We
consider our calculations to have converged to self-consistency only when successive values
of the charge difference are less than (10~3¢) according to the charge convergence criterion
[45].

The thermoelectric properties of Fey_x NiGaj.x materials are calculated by applying
Boltzmann’s transport theory as implemented in the BoltzTraP code [50] where we use a
dense k-mesh (50 x 50 x 50) to ensure the convergence of transport calculations.

3 Results and discussion
3.1 Structural properties

In order to simulate the following ternary alloys Fe; 75NiGaj »5, Fe 5NiGaj 5 and Fe; 2sNiGa
1.75, we start with the conventional 16 atom (1 x 1 x 1) supercell, then substitute one atom of
Fe by Ga in Fe; 75NiGaj 35, two atoms of Fe by Ga in Fe| sNiGa; 5 and finally three atoms
of Fe by Ga in Fe; »5NiGa 1 75 as shown in Fig. 1 [51, 52].

A word on the symmetry of our systems is in order at this point. Indeed, the crystal
symmetry of these alloys is x dependent, to be specific for x = 0.25 and 0.75, the alloys have
the P-43 m (215) space group symmetry while for x = 0.5 it is the P-42 m (111) one. Going
further to the extreme values x = 0 and x = 1 where the conventional cell comprises only 4
atoms, the space group symmetries become, respectively, F-43 m (216) and Fm-3 m (225)
[39-42].

To calculate the ground state properties of these ternary alloys, we follow common practice:
First we optimize the total energy as a function of the unit cell volume, computation of the
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Fig. 1 Unit cell structure of the Fey_xNiGajx alloy

lattice constants, bulk modulii and first pressure derivatives of the latter then follow from
Murnaghan’s equation of state [53].

To determine the most stable structure among the Fe,_4NiGajxcompounds, we relied
on minimizing the total energy. In this procedure, for different cell volumes around the equi-
librium one V), crystal total energies are calculated in both phases, CuyMnAl and Hg,CuTi
and compared to each other as shown on Fig. 2.
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Fig. 2 Calculated total energy as a function of the unit cell volume for FepNiGa and FeNiGa; in both the
CuyMnAl and Hgy CuTi phases

From Fig. 2aitis clear that the Hgo CuTi-phase of Fe; NiGa has the lower energy; therefore,
this phase is the most stable at ambient pressure. For the FeNiGa; compound, see Fig. 2b,
the situation reverses and this time the CuyMnAl phase is the more stable one. These results
agree with those obtained by Zhang et al. [54] who use the pseudopotential method (Table
1).

The calculated lattice parameters a, bulk moduli By and pressure derivatives of the latter
for the Fe;_xNiGajixalloys (x = 0.0, 0.25, 0.5, 0.75, 1) are listed in Table 2 along with the
available experimental [54] and theoretical [55] data for comparison. We note that when com-

@ Springer



1147  Page 6 of 20 Eur. Phys. J. Plus (2021) 136:1147

Table 1 Calculated equilibrium lattice constants, bulk moduli B, pressure derivatives of the bulk moduli B’
and the minimal energy for the Fey_ 4 NiGay,x (x = 0.0, 0.25, 0.5, 0.75, 1) alloys

X GGA LDA
a(A) B(GPa) B’ E(Ry) a(A) B(GPa) B E(Ry)

0 5.7569 172.41 4.98 —12,021.190 5599 21471 464 —12,001.858
5776 [54]  174.82[55]  4.40[55]
5.76 [55]

025 57713 164.02 5.58 —12,356.852 5.610 209.79 523 —12,337.244
5.82 [54]

0.5 57937 154.00 5.22 —12,692.513 5.627 21341 586 —12,672.627
5.80 [54]

0.75 5.8100 146.81 5.31 —13,028.173 5.637 203.34 587 —13,008.010
5.78 [54]

1 5.8045 166.61 451 —13,363.832 5.657 20630 5.02 —13,343.395
5.76 [54]

Table 2 Calculated total and partial magnetic moments m; (in units of upg) and Curie temperatures for the
Fey xNiGaj;x (x = 0.0, 0.25, 0.5, 0.75, 1) alloys for various compositions

X ms Tc
Tot Fe(A) Fe(B) Ni Ga Interstitiel

0 4.8623 1.834 2.62 0.4998 —0.03 —0.06 902.66
5 [54] 2 [54] 2.7 [54] 0.25 [54] 850 [54]
4.82 [39] 785 [39]

0.25 3.851 1.648 2.59 0.364 —0.034 —-0.267 719.85
4 [54] 1.5 [54] 2.7 [54] 0.0 [54] 800 [54]

0.5 3.057 1.56 2.61 0.2858 —0.026 —0.267 576.32
3 [54] 1.3 [54] 2.7 [54] 0.0 [54] 700 [54]

0.75 2.036 1.285 2.617 0.2858 —0.026 —0.206 391.52
2.0 [54] 1.0 [54] 2.7 [54] 0.0 [54] 500 [54]

1 0.80 0.794 - 0.093 —0.018 —0.04 167.8
0.8 [54] 0.8 [54] 0.0 [54] 180 [54]

pared with experimental values [54], our calculated lattice parameters for the Fe;_xNiGapx(x
=0.0,0.25,0.5,0.75, 1) alloys show deviations of less than 1%, agreement is therefore excel-
lent.

We show in Fig. 3 the calculated equilibrium lattice constants of the Fe;_xNiGaj.xalloys
(x = 0.0, 0.25, 0.5, 0.75, 1) as functions of the Ga excess concentration x. We notice that
as more Fe atoms are replaced by Ga atoms, the lattice constant increases, moreover a clear
non-monotonous behavior of the lattice constant can easily be seen. The behavior of the
lattice constant is easily understood if we recall that the atomic radius of Ga, which is 1.38 A,
is larger than that of Fe, which is 1.25 A [56]. The anomaly for x > 0.75, where the lattice
constant starts decreasing is attributed to the enhanced covalent binding between transition
metal and main group atoms. Concerning the bulk modulus By, its behavior is the reverse of
that of the calculated equilibrium lattice constants as shown on the same figure.
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Fig. 3 Lattice constant (left axis) and bulk modulus (right axis) of the Fe, « NiGaj, alloy as a function of Ga
excess x

3.2 Electronic properties

We begin our discussion of the electronic structure with the density of states (DOS), both total
and projected, which we computed within the GGA for both spin orientations. Our results,
shown on Fig. 4, agree well with those of Zhang et al. [54] who studied the total electronic
density of states (DOS) and the partial (DOS) of p and d electrons for both Fe;NiGa and
FeNiGa,.

It can clearly be seen that the substitution of Fe by Ga in Fe,_xNiGaj;x does not change
completely the overall shape of the total DOS. For the majority spin, the DOS is basically
below the Fermi energy Ef, while in the case of the minority spin, the anti-bonding peak is
shifted high above Ef due to the exchange splitting [57]. While the p-states of the Z elements
hybridize with the d-states of Fe and Ni, the total bands are formed mostly of the d-states of
Fe and Ni.

A close look at our numerical results shows that for energies in the range —3.2to 1.5 eV
the main contribution to the DOS comes chiefly from the 3d states of Fe and Ni. Moreover,
the DOS is widely spread due to the strong d-d hybridization as Fig. 4 clearly shows. In
addition, we note that the total DOS exhibits peaks both below and above the Fermi energy
Er which are due to coupling between the bonding and anti-bonding states between Fe and
Ni atoms.

For the d states DOS of Ni (B), the bonding and anti-bonding peaks are below the Fermi
level for both spin orientations. As a result, the exchange splitting of Ni (B) is weaker when
compared to those of Fe (A) and Fe (B), thus giving rise to a small spin magnetic moment
on the Ni (B) site.

In Fig. 5a,b for the spin-down case we also observe around —3.2 eV below Er an overlap
of the peaks of the p and d states which is a clear signature of p—d hybridization. Due to
the exchange-splitting arising from the Weiss molecular field, while the minority spin states
shift toward Er the majority spin states shift toward more negative energies, which goes in
the way of favoring ferromagnetism for our alloys.
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Fig. 4 Calculated density of states (total DOS and PDOS) for Fe;NiGa and Fe 5NiGa, 5

In Fig. 5c, we show the total DOS of the Fe;_«NiGaj.x (x = 0.0, 0.25, 0.5, 0.75, 1) alloys,
we very clearly see the gradual disappearance of the exchange spin splitting as we go from
Fe,;NiGa to FeNiGas,.

Using our theoretical equilibrium lattice constant, for the ternary Heusler alloys Fe;NiGa
and Fe.5NiGa, 5, we have calculated the band structure along the high symmetry directions
of the first Brillouin zone and our results are depicted on Fig. 6 where the Fermi levels in
both cases are set to 0 eV.

As we go from FeyNiGa to FeNiGa,, we note that the spin-down states in all alloys are
shifted to higher energies above Fermi level. We attribute this shifting of bands to the spin
polarization responsible of the exchange interaction. We note in passing that the lack of a
gap at the Fermi level, for all compounds and for both spin channels as clearly seen in Fig. 6
points to the metallic character of these materials.

We have also computed the electronic charge densities in the (110) plane in order to
investigate the bonding character between the atoms in our systems and our results are
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Fig. 7 Calculated electronic charge densities for FeoNiGa and Fe 5NiGa; 5 in the (110) plane

displayed in Fig. 7. It can be seen quite easily that our alloys exhibit different electron
distributions depending on x, the excess Ga concentration in the alloys.

Let us concentrate on the close neighbors of the Ni atom in the Fe,NiGa compound: We
clearly see covalent bonds between this Ni atom and the two atoms Fe and Ga. On the other
hand, just lone pairs appear between the Ni atom and the other Fe atom.

As we make the transition from Fe;NiGa to FeNiGaj;, the neighborhood of Ni changes,
and the covalent bonding gets more and more dominant until it manifest itself fully at the
extreme end. This confirms the competition between the p—d and d—d orbital hybridizations
whereby the former increases at the expense of the latter.
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3.3 Magnetic properties

We have also explored the magnetic properties of our systems, the corresponding results are
summarized in Table 2 where we see that our calculated total and partial magnetic moments
and Curie temperatures for the Fe,_xNiGaj;x alloys are in good agreement with previous
theoretical and experimental data reported by other authors [39, 54, 55].

In units of the Bohr magneton g, the calculated values of the total magnetic moments
are as follows: 4.86 for Fe,NiGa, 3.85 for Fej 75NiGaj o5, 3.057 for Feq 5NiGa; s, 2.036 for
Fe125NiGa; 75 and 0.79 for FeNiGaj;. The calculated moments of Fe,_xNiGaj.x alloys show
a linear decrease with increasing Ga content. Likewise, the partial moments of Fe (A) and
Ni (C) also decrease linearly contrary to that of the Fe (B) which remains almost constant as
Fig. 8 shows.

Our computations clearly show that Fe (A) and Fe (B) have different atomic magnetic
moments thus indicating the influence of the atomic environment. Moreover, we find that the
atomic magnetic moment of Ni (C) is small and parallel to that of Fe (A) and Fe (B) atoms.
On the other hand, that of Ga in addition to being small is found to be anti-parallel. For all
Ga excess concentrations x, our calculations therefore hint that the Feo_NiGaj,x (x = 0.0,
0.25, 0.5, 0.75, 1) alloys should all be ferromagnetic.

From Table 2, we clearly see that the cell total magnetic moment draws its main contri-
butions from the Fe (A) and Fe (B) atoms. In the present alloys, the atomic moments of the
Fe atoms at the A site range from 1.83 to 0.79, at the B site on the other hand a roughly
constant value of 2.6pp is obtained throughout.

When we change the concentration of Fe atoms as we go from Fe;NiGa to FeNiGa;, we
note that the atoms surrounding Fe (B) are always the same: Four Fe (A) atoms and four Ga
atoms. On the other hand, the atoms surrounding Fe(A) change as a result of substituting Fe
atoms by Ga ones, this process dilutes the concentration of magnetic atoms and changes the
neighboring relationship of Fe—Fe or Fe—Ni from nearest neighbors to next-nearest neighbors.
This further weakens the d—d exchange interaction between Fe and Ni, this is the reason
behind the near constancy of the magnetic moment of Fe (B) and the decreasing trend of that
of Fe (A).
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At this point, we should point out that our results do not follow the Slater—Pauling rule
whereby the unit cell magnetic moment M = Z-24, where Z is the number of valence electrons
in the unit cell as was found for instance in CopFeAl and Co,FeSi [58, 59].

It should also be noted that our calculated values my for the total magnetic moments are
not integers, as it is typical for half-metallic ferromagnets with a band gap for the minority
states at Er [58, 59].

Using the model of Ref. [59], we have also made estimations of the respective Curie
temperatures 7c for the Fe,_xNiGaj,x alloys using the relation T¢ = 23 + 181 myg. Our
calculated values for T¢ are presented in Table 2 along other data. The values found are as
follows: 902.66 K, 719.85 K, 576.32 K, 391.52 K and 167.8 K for Fe;NiGa, Fe| 75NiGaj 55,
Fe;5NiGa; 5, Fe125NiGaj 75 and FeNiGay, respectively. As expected, T¢ decreases with
increasing Ga content in the Fe;_yNiGax alloys, moreover this decrease is linear as shown
inFig. 9. So, the substitution of Fe by Ga weakens the ferromagnetic interaction and decreases
Tc. Additionally, it is worth mentioning that the magnetic moments in Heusler alloys are
weakened by covalent bonding as it has been reported in [60, 61]. This means that in the
case of strong covalent bonding, a system should have a lower T¢. This is consistent with
our results and could reasonably be invoked to explain the decrease of T¢ as more Ga atoms
substitute Fe.

3.4 Elastic properties

Solids with cubic symmetry are characterized by only three independent elastic constants
namely Cj1, C12 and Caq. Elastic stability imposes the following conditions known as the
Born-Huang criteria [62, 63] which read as follows

C11)0, C12)0

(1
Ci1 — C12)0, Ci1 +2C12)0
The calculated constants C;; allow us to obtain other widely used macroscopic elastic
parameters for our alloys, in particular the bulk and shear modulii B and G, respectively.
We should mention here that Hill [64, 65] has shown that the upper and lower limits of the
actual effective modulus are given respectively by the Voigt and Reuss modulii. It follows
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Table 3 Elastic constants C11, C12 and C4q and bulk modulus B(in GPa) for Fer_ x NiGay,x (x = 0.0, 0.25,
0.5,0.75,1) using GGA

Alloys Ci1 Ci2 Cyq B

Fe)NiGa 209.61 157.239 125.404 174.696
248.31 [55] 139.14 [55] 119.27 [55] 175.53 [55]

Feq75NiGaj 5  201.83 150.63 119.167 167.698

Fej 5NiGay 5 188.99 136.467 104.23 153.97

Fejo5NiGa; 75 188.11 134.36 102.94 152.27

FeNiGap 182.53 130.035 107.70 147.53

then that the arithmetic average of the Voigt and Reuss modulii yields the Voigt—Reuss—Hill
modulus [66, 67].

For a cubic structure the expressions for the Voigt, Reuss and Voigt—Reuss—Hill shear
modulii respectively denoted by Gy Gg, and Gy [64, 65, 67] as well as the bulk modulus
B, Poisson’s ratio 6, Young’s modulus E and elastic anisotropic factor A are given by the
following:

Gy =(C11 —C12+3Cw) /5
Gr =5(C11 — C12)Ca4/(4C44 +3(C11 — C12))
Gu=(Gy+Gp)/2

B =By = Bg = (C11 +2C12) /3

o =3B —-2G)/2(3B+G)

E=9BGy[3B+GH

A=2C44/(C11 - C12) @

The three independent elastic constants C11, C12 and Cyq are obtained directly from first
principles calculations while the remaining quantities Gy, Gg, Gg,B, 6, E and A are readily
deduced from these.

The Debye temperature is estimated from the average sound velocity v, [68]! from

P h 3n 3 3)
=7\ 1T~ Um,
b= ks \anv,

where % and kp are, respectively, Planck’s and Boltzmann’s constants while # is the number
of atoms per unit cell and V, its volume.

We notice from Table 3 that our calculated elastic constants [C;, Cj2 and Cy4 for all five
alloys satisfy the Born stability criteria alluded to previously in the text. We can also see that
the values of the bulk modulus B deduced from the elastic constants C;;, given in Table 3,
agree well with those calculated from the equation of states (EOS) given in Table 1. This
agreement in cross-checking speaks in favor of our calculated elastic constants C;;.

The difference C1; — Caq known as Cauchy’s pressure is an indicator of the material’s
ductility [69]. Ductile materials are characterized by a positive Cauchy pressure while the
opposite is true, i.e., brittle materials have a negative Cauchy pressure. According to this
criterion, all our alloys should be ductile since our calculated Cauchy pressures are all positive.

Resistance to compression and plastic deformations are related, respectively, to the bulk
and shear modulii B and G. Pugh’s B/G criterion was proposed [70] as an empirical malleabil-
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ity measure for polycrystalline materials. If B/G is greater than 1.75, the material is expected
to be ductile, on the other hand if B/G is less than 1.75, the material will show brittleness
instead. In our case, the B/G ratio (see Table 4) is greater than 1.75 for all alloys. Therefore,
conclusions from Pugh’s index of ductility agree perfectly with the Cauchy pressure criterion
in the present situation.

We now turn to a discussion of the Poisson ratio 6 which can give important information
on the nature of the atomic bonding in the sample. Typical values for 6 are 0.1 for covalent
materials, 0.25 for ionic compounds and 0.33 for metallic materials [70]. In our case 6 =
0.33, a significant metallic contribution to the inter-atomic bonds for these alloys should be
expected.

In addition, for covalent, ionic and metallic materials, typical relations between the bulk
and shear modulii are G ~1.1B, G ~0.6B andG ~0.4B, respectively [71]. In our case, the
calculated value of G/B is ~0.39, which in accordance with the calculated values of Poisson’s
ratio just discussed (see Table 4), indicates that our alloys should be metallic.

Another important parameter is the elastic anisotropic factor A, which is a measure of the
degree of elastic anisotropy in the solid. For crystals with isotropic elastic properties, A is
unity and deviation from this value measures the amount of elastic anisotropy. The calculated
value of the anisotropy factor for our alloys is greater than 1, which means that these alloys
are anisotropic when it comes to their elastic properties.

In elasticity theory, Young’s modulus E defined as the ratio of the tensile stress to the
corresponding tensile strain provides information about stiffness, materials with higher values
of E are considered stiffer than those with lower E values. Hence, based on the present study,
we can infer that the stiffness of Fe,_x NiGaj.x (x = 0.0, 0.25, 0.5, 0.75, 1) follows the
following order Fe, NiGa>Fe| 75 NiGaj 5 >FeNiGa, >Fe| s NiGa; s ~Fe;»5 NiGaj 75.
We note that the theoretical results of Ref. [55] do not agree well with ours and we attribute
the difference between both results to the different methods adopted in each work. In the
absence of available experimental data in the literature, we consider the present results as
predictive and future experimental work is much needed.

3.5 Transport properties

The thermoelectric properties of the Fe,_x NiGaj4x alloys are obtained using the BoltzTraP
code [50]. The latter has proven very effective in calculating the electronic transport properties
[72], namely the electrical conductivity o, the Seebeck coefficient S, the thermal conductivity
k and the figure of merit (ZT). For theoretical exposition of thermoelectric properties, we
refer the reader to refs. [73, 76].

Our calculated Seebeck coefficient for Fe,_x NiGaj,x are plotted against the chemical
potential in Fig. 10. The computed values of S for Fe,;_ NiGaj,x are negative indicating the
n-type character of the charge carrier in the Fe;_x NiGaj4x compound. As the temperature
increases, S decreases.

Thermal conductivity is the ability of a material to conduct heat, it is due to charge carriers
and lattice vibrations. While in metals free electrons are responsible for both electrical and
thermal conduction, in semi-metals and semiconductors heat transfer is assured by both
electrons and holes [76]. We have calculated the electronic thermal conductivity of our
alloys, the results are shown in Fig. 11. Note that the thermal conductivity is an increasing
function of temperature in both alloys for positive chemical potentials, the maxima reached
at 900 K being in units of W/mKs 26.74, 15.66, 15.84, 12.16 and 13.56 respectively for Fe,
NiGa, Fe; 75 NiGaj »5, Feq 5 NiGaj s, Fe 25 NiGaj 75 and FeNiGa;.
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Fig. 11 Thermal conductivity of Fey x NiGaj x

Our calculated electrical conductivity o is shown in Fig. 12 at different temperatures as a
function of the chemical potential. Our results show that the electrical conductivity overall

01

behavior does not change much as T changes from 300 to 900 K.

Our calculated ZT for Fe,_x NiGaj,y is plotted in the Fig. 13 which clearly shows that
this parameter exhibits oscillations as a function the chemical potential and is quite sensitive
to temperature. Comparing the different panels of this figure among themselves, we infer
that the figure of merit ZT is strongly material dependent. The lack of published work on
the thermoelectric properties of these alloys does not allow for a comparison, so our results

should be taken a reference for future work either theoretical or experimental.
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4 Conclusion

The study conducted in the present paper investigated the structural, electronic, magnetic
and elastic properties of the Fe;_¢NiGayx Heusler alloys for the following values of x: 0,
0.25, 0.5, 0.75, 1. In our work, we used the full-potential linearized augmented plane waves
(FP-LAPW) method as implemented in the WIEN2k code to find out the extent to which the
Ga excess concentration x affects key physical properties of these compounds.

We computed the equilibrium lattice constants for the Fe;_xNiGaj,x Heusler alloys (x =
0, 0.25, 0.5, 0.75, 1) and found excellent agreement with available experimental data.

The lack of a gap at the Fermi level signals the metallic character for the
Fe,_xNiGaj.xHeusler alloys for the following x values 0, 0.25, 0.5, 0.75, 1. Moreover, the
substitution of Fe by Ga dilutes further the concentration of magnetic atoms and changes the
neighboring relationship of Fe—-Fe or Fe—Ni from nearest neighbors to next-nearest neigh-
bors. This further weakens the d—d exchange interaction between Fe and Ni and results in
a decrease of the unit cell total magnetic moment and a concomitant lowering of the Curie
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temperature. Moreover, by monitoring the concentrations of Fe and Ga, we have been able
to modify the magnetic properties.

From our calculated elastic constants and the application of the criteria for mechanical
stability, we infer that Fe;_xNiGajix (x = 0, 0.25, 0.5, 0.75, 1) should be stable at ambient
pressure, in addition, the values of their B/G ratio should make them ductile.

The thermoelectric properties of these compounds are investigated through the calculation
using the Boltztrap code of key quantities such as the thermal and electrical conductivities
as well as the Seebeck coefficient.
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