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ARTICLE INFO ABSTRACT

Keywords: The electronic band structure, elastic and vibrational spectra of RhaoFeAl and RhyYAl alloys were computed in
First-principle detail by employing an ab-initio pseudopotential method and a linear-response technique based on the density-
DFT functional theory (DFT) scheme within a generalized gradient approximation (GGA). Computed lattice con-
Electronic structure stants, bulk modulus and elastic constants were compared. RhoYAl exhibited higher ability to resist volume
Ph‘m_on change than RhyFeAl. The elastic constants, shear modulus, Young modulus, Poisson's ratio, B/G ratio electronic
Flastic constant band structure, total and partial density of states, and total magnetic moment of alloys were also presented.
RhyFeAl showed spin up and spin down states whereas RhoYAl showed none due to being non-magnetic. The
calculated total densities of states for both materials suggest that both alloys are metallic in nature. Full phonon
spectra of RhoFeAl and RhyYALI alloys in the L2; phase were collected using the ab-initio linear response method.
The obtained phonon frequencies were in the positive region indicating that both alloys are dynamically stable.

1. Introduction

Heusler alloys have been great of interest with more than 1500 rep-
resentatives due to their ferromagnetic properties and being novel alloys
for energy applications [1,2]. First member of this family with a
composition of CusMnAl was discovered by a German engineer Fritz
Heusler [3]. This ternary alloy was unique since none of its constituent
element is ferromagnetic by itself. These alloys with XYZ formula with an
C1j structure belong to half-Heusler family while X5YZ alloys with an L2;
structure belong to full- Heuslar family where X and Y are transition
metals and Z is usually a member of group Il to V [4]. The Heusler family
exhibit different kinds of properties such as optical [5], magnetocaloric
[6], structural [7], unique Curie temperatures [8] which are making
them suitable for magnetic tunnel junctions, spintronic and thermo-
electric applications [9].

The atomic order of Heusler alloys strongly affects their properties,
even a small atomic disorder in the lattice site distributions can create a
big difference in their electronic structure and hence their magnetic and
transport properties [10-12]. Although, great number of alloys has been
fabricated and studied with different compositions, it is not possible to
synthesize all possible compositions. Thus, computational methods
(quantum mechanical) are suitable tools in order to reveal the best
compositions and its properties. The formation enthalpies [4], magnetic
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properties [13], and structural stabilities [14] of some full-Heusler alloys
have been studied experimentally so far.

From this point of view, a number of Heusler alloys' formation
enthalpies and electronic structures have been calculated using first prin-
ciple calculations by Gillefen et al. [15]. Their results suggested that
among 810 Heusler alloys, only 12% of them is experimentally possible to
synthesize. Another calculation has been done by Watson et al. [16] in
order to predict the formation enthalpies of about 50 X;YAl alloys with
BiF3 phase, one of them was being RhoYAL The electronic structure of
RhyYAI was investigated by Weinert et al. [17]. The standard formation
enthalpy of RhyYAl was also measured by Yin et al. [4] using high tem-
perature direct reaction calorimetry. Even tough, considerable afford has
been made in order to investigate possible combinations of these alloys,
less attempt has been made to reveal these possible combinations' mag-
netic, structural, electronic and phonon properties theoretically. Revealing
various properties such as phase transitions, thermodynamic stability,
transport and thermal will allow one to employ these alloys in suitable
applications without running series of experiments. For instance, full
phonon-dispersion curves are necessary for a microscopic understanding of
the lattice dynamics which then will play an important role in stability.
Therefore, this study aims to investigate two possible combinations
(RhgFeAl and RhyYAl) in terms of electronic, structural, dynamic and
magnetic properties by applying a computational method namely; density
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functional theory within the generalized gradient approximation (GGA).
The results of this study will present a full description of these alloys.

2. Calculation method

All the calculations were done through a program package “Quan-
tum-ESPRESSO” software [18]. The program consists of the density
functional theory and plane-wave basis set. The correlation potential
was computed using Perdew-Burke-Ernzerhof (PBE) approximation
[19]. The interaction between electron and ion was given by the
ultrasoft Vanderbilt pseudopotential [20]. 40 Ry cut off energy was
used in all calculations while a 10 x 10 x 10 k-point mesh was used in
Brillouin-zone integrations. The smearing technique was employed
with a smearing parameter being 0.02 Ry for the integration below
Fermi surface [21]. Following finding the solutions of Kohn-Sham
equations, the lattice dynamic properties were computed within the
density functional perturbation theory [22,23]. The phonon dispersion
calculations were carried out on a 4 x 4 x 4 g-point mesh in order to get
eight dynamic matrices and density of states. Fourier deconvolution
was applied on this mesh for evaluation of matrices. The specific heats
of alloys at a constant volume were computed using the quasi harmonic
approximation (QHA) [24].

One way of calculating elastic constants is to compute the total energy
using volume-conserving approach that breaks the cubic symmetry. Bulk
modulus, B, C44 and shear modulus, C’ = (C11- C12)/2, were computed
using hydrostatic pressure, e = (6,6,6,0,0, 0), tri-axial shear strain, e = (0,
0, 0,6,5,5), and volume-conserving orthorhombic strain, e = (5,5,
a+ 5)’2-1, 0, 0, 0) [25]. The strain (5) was taken as 0.02 for 21 sets of

calculations (L‘f) Then, the bulk modulus was obtained as follows;

— =_B5&
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where V expresses the lattice cell volume before strain, AE expresses
energy change due to strain and is represented by a vector; e = (ej, ez, €3,
eges,e6). The relationship between energy change and shear modules, C',
can be given as;

AE
v = 6C'8% + 08°

@
C11 = (3B+4C')/3 and Cy2 = (3B — 2C’)/3 are obtained from Equation
(2). Cy44 is computed from the equation below:
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The detailed explanations for calculation of elastic constants
(C11, Ci2,Cyq) are given in Arikan et al. [26] and Ugur et al. [27].

The hardness is given as the ability to resist to elastic deformation
which can be defined by bulk modulus or shear modulus. For a cubic
structure the shear modulus, G, can be computed from the following
equations where Gy is Voigt modulus and Gy is Reuss modulus;

Gv:C” —C152+3C44 )
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The relationship between Young modulus (E) and bulk-shear
modulus is given by the equation below;

9BG
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The Poisson ratio (6) which defines the change in volume during
uniaxial distortion is given as follows;

6—1 1 E
T2 3B

3. Results

(€))

3.1. Structural properties

The cubic structures of RhyFeAl and RhyYAI alloys with the space
group of Fm—3m (#225) where Rh atoms were positioned at 8c (0.25,
0.25, 0.25), Fe (Y) at 4b (0.5, 0.5, 0.5) and Al at 4a (0, 0, 0) were
established in L.2; phase as shown in Fig. 1. The total energy as a function
of unit cell volume around the equilibrium cell volume was computed in
L2; phase. Subsequently, the computed total energies were fitted Mur-
naghan equation [28] in order to obtain the properties given in Table 1.
The lattice constant of RhyYAI alloy with Fm—3m space group was ob-
tained by Watson et al. [16] using full-potential linearized augmented
Slater-type orbital method in literature which exhibits a clear good
agreement with the lattice constant calculated in this study. Furthermore,
the lattice constants obtained in this study fulfil (ax1/B) relationship as
can be seen from Table 1.

3.2. Magnetic and electronic properties

The total magnetic moment of Heusler alloys exhibit Slater-Pauling
behaviour (SP). According to SP, Heusler alloys fulfil the following
rule, M; = (Z; — 24)ug, where Z, represents the total number of valence
electrons per unit cell [29]. In other words, Z; is the sum of spin up and

Fig. 1. The crystal structure of RhyFeAl and Rh,YAl alloys in the L2, phase.

Table 1
The calculated lattice constants (ap), bulk modulus (B) and total
magnetic moment of RhyFeAl and Rh,YAl alloys.

Alloys Ref. ap B Mt (pg)
RhyFeAl This work 6.012 198.164 4.80
[15] - - 4.26
Rh,YAL This work 6.347 175.583 0
[16] 6.347 - 0




S. Al et al.

spin down electrons (Z; = N1+ N|). The electronic configuration of
RhyFeAl and RhpYAI full-Heusler alloys for the chosen pseudo potentials
are; for Rh atom [Kr] 448 551 , for Fe atom [Ar] 3d 451, for Y atom [Kr] 4d”
552 and for Al atom [Ne] 3s% 3p’, respectively. Therefore, it is expected
that the total magnetic moment (based on SP) would be around 5 yp and
0 pp for RhyFeAl and RhyYAl alloys. The total magnetic moment calcu-
lation for RhyFeAl resulted in 4.80 up whereas 0 g was found for RhyYAL
showing a good agreement with SP rule. The results suggest that RhyYAI
is a non-magnetic material which overlaps the results of Gilleen et al.
[15] findings. Figs. 2 and 3 demonstrate the electronic band structure and
density of states for the alloys. As can be seen from the figures that
RhyFeAl has spin up and spin down states, however, RhyYAl does not have
this anti-symmetric dispersion due to being non-magnetic. Therefore,
electronic band structure and density of states for RhyoFeAl alloy were
shown for spin up and spin down cases whereas no spin orientation was
taken into account for RhyYAl alloy. It is clear from Fig. 2 that these alloys
are metallic in nature since Fermi level (which was set to 0 eV) is cut by
valence and conduction band and also there is no gap at the Fermi level.

Fig. 3 displays total and partial density of states for the alloys at the
Fermi level which are n(Ert) = 0.53 states/eV CELL and n(Eg|) = 2.30
states/eV CELL for RhoFeAl and n(Egp) = 1.52 states/eV CELL for RhyYAl
per unit formula. For RhyFeAl alloy, spin down direction has higher
involvement in the conduction properties. The contribution to the band
for RhyFeAl comes from Al-3p and Rh-4d states (spin up) and Fe-3d and
Rh-4d states (spin down) above the Fermi level. RhyYAl gets the main
contribution from Rh-4d, Y-4d and Al-3p states. As Fig. 3 illustrates, for
RhyFeAl alloy, the structure below —1 eV originates from Rh-4d states
while above —1 eV is due to Fe-3d states. On the other hand, for RhyYAI
alloy, the structure is derived from Rh-4d states below 1.5 eV and Y-4d
states above 1.5 eV. These findings are in a good agreement with GilleRen
et al. [15] and Watson et al. [16].
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Fig. 2. The electronic band structure of RhyFeAl and Rh,YAI alloys.
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Fig. 3. The electronic total and partial density of states of RhyFeAl and Rh,YALl alloys.

3.3. Elastic properties

Elastic constants provide information about mechanical and struc-
tural stability of a material and also it relates both properties with each
other [30]. The cubic crystals with Fm—3m space group and L2; phase
have three different elastic constants, namely; Cy1, C12 and Cy4. In order
to calculate elastic constants (Cy), the change in total energy was
obtained by applying small strains to the lattice. Then, the formulas
explained in the calculation method section were used to obtain elastic
constants. The elastic constants of RhyFeAl and RhyYAl alloys are
presented in Table 2. The Born stability condition [31] of elastic con-
stants for these alloys in L2; cubic phase can be expressed as follows;

C11>0,(Cyy/Cp2 > 1), (C3; = C3») and (Cgy + 2C12) > 0 9

As Table 2 shows clearly that this condition is satisfied by these alloys.
Thus, it can be said that RhpFeAl and RhyYAl full-Heusler alloys are
mechanically stable in L2; phase.

Additionally, Table 2 exhibits that C;; has the highest value for both
RhyYAl and RhyFeAl. The value of Cj; provides information about
compressive resistance along x-axis [32]. Hence, both alloys illustrate
incompressibility in the x direction. Also, by using computed elastic

Table 2

The calculated elastic constants (Cij) of RhyFeAl and Rh,YAL alloys.
Alloys Ref. C11 Ci2 Casq
RhyFeAl This work 258.022 168.235 127.262
RhyYAl This work 274.728 126.010 85.651
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Table 3

The calculated bulk modulus (B), shear modulus (G, G, and Gg), B/G ratio, Young modulus (E), and Poisson ratio (¢) of RhyFeAl and Rh,YAl alloys.
Alloys Ref. B G G, Gr B/G E o
RhyFeAl This work 198.164 83.855 94.314 73.396 2.36 220.468 0.31
Rh,YAL This work 175.583 80.940 81.134 80.746 2.17 210.479 0.30

constants, bulk modulus, shear and Young modulus, Poisson's ration and
B/G ratio were obtained and presented in Table 3. By comparing bulk
and shear modulus, it can be seen that bulk modulus is higher that shear
modulus for both alloys, suggesting that both alloys can resist the volume
change under pressure. By comparing bulk modulus of two alloys, it can
be said that RhyYAl has higher ability to resist volume change than
RhyFeAl

According to Pugh criteria, if the B/G ratio is higher than 1.75, the
materials are ductile, if not, the materials are brittle [20]. The B/G ratio
for RhyFeAl is 2.36 and 2.17 for RhyYAL both of them higher than 1.75.
Therefore, both alloys have ductile nature. The stiffness of the alloys
were analysed by comparing Young modulus. Higher Young modulus
indicates better stiffness, thus RhyFeAl is the stiffest alloy in this study. As
can be seen from Table 3 that bulk modulus, Young modulus and shear
modulus have the same tendencies, all of them are higher for RhoFeAl.

It is also possible to obtain information about electronic properties via
elastic constants. According to Pugh criteria, if the Poisson's ratio is
around 0.1, the material has covalent bonding, if it is around 0.25, the
material has ionic bonding [20]. Based on the Poisson's ratios presented
in Table 3, both alloys have ionic-metallic interaction.

3.4. Phonon properties

RhyFeAl and RhyYAI full-Heusler alloys in L2; phase have four atoms
per primitive cubic unit cell and twelve phonon modes (due to 3N
degrees of freedom) with three of them being acoustical, the rest is
optical. Fig. 4 demonstrates density of states and phonon dispersion
curves for these alloys. The phonon modes reduced from twelve to
eight between X-I'-L high symmetry directions. The dispersion curves
are in the positive phonon frequency range. Thus, both alloys are
dynamically stable. The optic phonon modes of these alloys have band
gaps, which is 1.55 THz for RhyFeAl and 0.59 THz for RhyYAL The
partial density of states indicates that the frequencies above the band
gap are owing to Al atoms since the atomic weight of Al is less than
other atoms. For Rhy YAl alloy, the transverse acoustic (TA) gets soft-
ener between I''K and X-I' high symmetry directions. Acoustical
phonon frequencies mostly come from Rh atoms for RhyFeAl whereas
they are due to vibrations of Rh and Y atoms for Rhy YAl In the centre
of Brilliouin zone, the optic phonons were computed as 6.118, 6.593
and 9.098 THz for RhyFeAl and 5.122, 6.461 and 8.072 THz for
RhyYAL It can be said that in those frequency ranges full-Heusler
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Fig. 4. Full phonon spectra and projected density of states of RhyFeAl and Rh,YAl alloys.
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alloys have Raman and IR active states. Unfortunately, theoretical or
experimental phonon spectrums of RhyFeAl and Rhy YAl alloys are not
available in literature for further comparison. Thus, we hope that this
will add new data to literature for future investigations.

4. Conclusions

The electronic, magnetic, elastic and phonon properties of RhoFeAl
and RhyYAl alloys with Fm—3m (#225) space group in L2; phase were
computed using density functional theory. Firstly, the lattice constants of
the alloys in L2; phase were obtained. Those values were compared
with the available data and found a good agreement for RhpYAL
Furthermore, the result indicated an inverse correlation between bulk
modulus and lattice constants of two alloys. RhyoFeAl was found to be a
magnetic material whereas RhyYAl showed a non-magnetic nature. The
total magnetic moments of two alloys were similar to the values obtained
from SP. The electronic structure analyses revealed that both alloys have
metallic character. The elastic properties of them suggest that these
alloys in L2; phase are mechanically stable. Additionally, bulk, shear and
Young modulus of alloys, B/G and Poisson's ratio were analysed.
According to B/G ratio, these alloys are ductile. Young modulus sug-
gested that they are stiff. Bulk and shear modulus revealed their
incompressible nature. Poisson's ratio showed their ionic-metallic char-
acter. Unfortunately, there is no available data for comparison of phonon
and elastic properties. However, their phonon frequencies exhibit that
these alloys are dynamically stable.
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