Physica B 695 (2024) 416492

ELSEVIER

Contents lists available at ScienceDirect
Physica B: Condensed Matter

journal homepage: www.elsevier.com/locate/physb

Check for

Investigation on the structural, elastic, electronic, thermodynamic, and
vibrational properties of the full heusler ScyXAl (X =Cd and Zn): An ab

initio study

Nihat Arikan®, Osman Ornek ", Ahmet Iyigor ©, Murat Ganli -

@ Department of Medical Services and Techniques, University of Osmaniye Korkut Ata, Osmaniye, Turkiye

Y Department of Materials and Metallurgical Engineering, University of Kirsehir Ahi Evran, Kirsehir, Turkiye

¢ Department of Machine and Metal Technologies, University of Kirsehir Ahi Evran, Kirsehir, Turkiye

9 Department of Chemistry and Chemical Processing Technologies, University of Kirsehir Ahi Evran, 40500, Kirsehir, Turkiye

ARTICLE INFO ABSTRACT

Keywords: The structural, mechanical, electronic, thermodynamic, and phonon characteristics of ScaCdAl and SceZnAl in
DFT L2, phase were the main focuses on this investigation. The density of states (DOS) and electronic band spectra
Ab initio

Elastic properties
Electronic band structure
Phonon

Thermodynamic properties

signify the metallic behavior of the L.2; phase of both materials. The impact of atomic arrangement with respect
to the Wyckoff sites on the mechanical stability were additionally studied. The elastic constants of Sc;CdAl and
ScpZnAl alloys indicated that these alloys convened Born mechanical stability criteria. Using the density func-
tional perturbation theory’s first-principle linear response method, complete phonon spectra have been acquired.

Moreover, the quasi-harmonic approximation, specific heat capacity at constant volume, the internal free energy,
entropy, and vibrational free energy variations of ScoCdAl and ScaZnAl as full Heusler alloys have been utilized
in examination the change over the temperature between 0 and 800 K. Both alloys might find application in real

industrial applications.

1. Introduction

Heusler alloys’ many capabilities, such as thermoelectric, spin-
tronics, shape memory, and a vast array of other capabilities, were made
possible by changing the elements, which sparked a wide spectrum of
interest like finding alternative energy sources to reduce environmental
risks [1-6]. Four groupings might be used to classify Heusler alloys: (i)
When Y has smaller valence number than X, full Heusler alloys with the
chemical formulation X5YZ crystallize in the L2; phase of the typical
Heusler alloy with the prototype CusMnAl. (ii) The inverse Heusler (XA),
which crystallizes in the C1y, phase with prototype HgoTiCu and has the
full Heusler chemical formula only a higher valence number for Y than
X. (iii) Half-Heusler alloys are crystalline in the C1; phase and contain
the chemical formula XYZ, which is a full Heusler with one X absent. (iv)
Quaternary Heusler alloys are crystalline in the LiMgPdSn-type and
comprise the chemical formula XX’YZ. Numerous prior investigations
employing a range of computational and experimental methodologies
have focused on Heusler alloys [4-6]. Research on 171 complete Heusler
compounds based on scandium was conducted in 2019 by Han et al. [7].

* Corresponding author.
E-mail address: murat.canli@ahievran.edu.tr (M. Canli).

https://doi.org/10.1016/j.physb.2024.416492

They listed the energy difference (AE = Egel Ei"ztlﬂl) between the two

structures. For ScaCdAl and ScyZnAl alloys, they determined that since
AE is larger than zero, the L2; structure is more stable. It follows that
there is a greater chance of synthesizing the L2 structure. Additionally,
they used ab initio simulations to determine the electrical band structure
of the alloys mentioned here.

The three subclasses of Heusler alloys, which are inverse, half, and
quaternary Heusler alloys, have a crystalline structure that belongs to
the F-43m (No. 216) space group. On the other hand, full Heusler alloys
have a crystalline structure that belongs to the Fm-3m (No. 225) space
group and adopts the L2; cubic structure, also known as the CupMnAl-
prototype. While "Y" and "Z" atoms are optimized at 4a (0, 0, 0) and 4b
(1/2,1/2,1/2) Wyckoff locations, the "X" atom occupies at 8c (1/4, 1/4,
1/4) Wyckoff position [8,9]. X2YZ type full-Heusler has been discovered
to form several intermetallic classes [9] and has also found intriguing
uses in thermoelectric devices [10]. Intermetallic alloys known as full
Heusler alloys with the formula X,YZ have Z as a main group metal
having sp electrons, and X and Y as transition group metals. These alloys’
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Fig. 1. Unit cell of ScoXAl compounds.

intriguing characteristics, which include structural, electronic, mag-
netic, mechanical, thermoelectric, and lattice dynamics, have drawn a
lot of interest due to their high electrical conductivity, making them
ideal for spintronics [11-16]. The characteristics and possible uses of
metallic full Heusler alloys have been examined in earlier research
[17-21]. These investigations show that metallic full Heusler alloys are
becoming more and more popular due to their wide range of possible
uses. Sc based full Heusler alloys have showed zero energy band gaps in
a previous work [12]. This quality allows the use of similar alloys as
semiconductor. Counting the total valence electrons of any Heusler alloy
might straightforwardly help to predict its electronic and magnetic
properties [11]. The elastic properties of materials are important
because they provide an elaborate understanding of various funda-
mental physical properties like the stability and stiffness of the materials
against externally applied stresses [22-24].

In this study, the main subject of our investigation is to present
detailed ab initio calculations on the ScoCdAl and ScyZnAl full-Heusler
alloys that many of their physical characteristics are still unknown,
despite the likelihood of few theoretical improvements in this area.
Here, we have thoroughly described their mechanical and lattice dy-
namic characteristics. The entire phonon spectra and elastic character-
istics of herein investigated full-Heusler alloys have not been planned on
any previous theoretical or experimental technique or available data.
We have also revealed and projected the structural, electrical, elastic,
thermodynamic, and vibration characteristics of ScoCdAl and ScaZnAl in
the L2; phase, respectively.

2. Method of calculations

Using the Quantum Espresso code’s first principles plane wave
pseudopotential approach, the calculations for the alloys ScoCdAl and
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ScoZnAl were carried out [25,26]. The affection of the nuclei,
electron-electron interactions with each other was intended using the
projector augmented wave (PAW) based pseudopotential. Using the
generalized gradient approximation (GGA) parameterized by Perdew,
Burke, and Ernzerhof (PBE) [27], the electronic exchange correlation
potentials were handled. The cut-offs were calculated for charge density
and wave functions as 550 Ry and 55 Ry, respectively. 10~° Ry was
selected as the convergence level, with a mixing beta of 0.7 to get ac-
curate outcomes. The energy convergence criterion of 1 mRy per atom is
supplied via self-consistent solutions of the Kohn-Sham equations [28]
employing Monkhorst-Pack specific k-points of 10 x 10 x 10 [29] in the
Brillouin region. Following the utilization of Kohn-Sham equations,
lattice dynamic characteristics were ascertained within the context of
self-consistent density functional perturbation theory [30,31]. Dynamic
matrices in arbitrary wave vectors were employed on a 4 x 4 x 4
g-points mesh and an inverse Fourier transform was conducted in this
mesh to calculate the exact phonon distributions and vibrational density
of the states. Additionally, the Gibbs2 algorithm with quasi-harmonic
approximation (QHA) was exercised to determine the thermodynamic
characteristics under constant volume C,. Applying the energy-strain
approach in the thermo-pw code allowed for the extraction of elastic
and thermodynamic parameters. The polycrystalline elastic parameters
were used to relate the stress to strain with using Poisson’s () ratio, bulk
modulus (B), shear modulus (G), Young’s modulus(E), Debye tempera-
ture (6p), and anisotropy factor (A) in terms of the symmetry elements
(Cij) [231].

3. Results and discussion

The crystal structure of the full Heusler alloys ScoCdAl and ScaZnAl is
indicated in Fig. 1. Besides load deflection, thermoelastic stress, internal
strain, sound velocities and fracture toughness, interatomic bonding,
equations of state, and phonon spectra are several fundamental solid-
state phenomena that need elastic properties to understand specific
heat, thermal expansion, and Debye temperature [24,32]. The efficiency
of external forces on the crystal can be understood by the relation of
proportionality coefficients Cij with applied strain.

The materials under investigation are cubic phase and belong to the
Fm 3 m space group (#225). The numbers for the lattice parameters,
bulk modulus and elastic constants of the assessed alloys have been
displayed in Table 1. Upon comparing the lattice constants’ values with
those reported in theoretical studies, it was found that the Sc,CdAl alloy
exhibited a discrepancy of approximately 0.5 %, while the ScyZnAl alloy
showed a discrepancy ranging from 0.01 % to 0.4 %. Based on these
results, the estimated lattice values for both alloys show excellent
agreement when compared to currently available data from the litera-
ture [7,33,34]. It is understood that ScoCdAl has a higher lattice constant
due to the relatively higher atomic radius of Cd. ScaZnAl alloy is the less
compressible among the alloys studied because, in contrast to the
behavior of the lattice constant, the bulk modulus increased as the
atomic number of the Zn atom decreased.

In addition, any material’s resistance to shear stress can be predicted
by its shear modulus (G). G is also known as the modulus of hardness and
explains how shear force and shear stress are related to each other

Table 1
Lattice parameters, bulk moduli, shear moduli and elastic constants of the alloys.
Materials References a0 (R) B (GPa) G(GPa) B/G C11 (GPa) Ci2 (GPa) C44 (GP@)
ScoCdAl This work 6.915 75.201 35.746 2.103 90.838 67.352 71.923
Theory [7] 6.950 73 37 1.972 96 78 67
Theory [30] 6.879
Theory [29] 6.949
ScaZnAl This work 6.720 78.817 45.826 1.719 103.244 66.603 83.164
Theory [7] 6.740 76 46 1.652 102 63 80
Theory [30] 6.721

Theory [29] 6.749
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Table 2
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The formation energy, young moduli, anisotropy factor, Poisson’s ratio, microhardness parameter, melting point, Kleinman parameter, Debye temperature, stiffness

parameter of both alloys computed by different theories.

Material References AE E (GPa) A H, Tm ¢ 6p(K) c

ScoCdAl This work —0.366 91.313 6.124 0.270 5.512 958.064 0.817 317.168 11.743
Theory [7] - - 3.80 0.27 - -
Theory [29] —0.387
Theory [30] —0.379

ScpZnAl This work —0.426 114.188 4.539 0.24 7.98 1024.499 0.734 401.544 18.320
Theory [7] - - 2.28 0.25 - -
Theory [29] —0.425
Theory [30] —0.428

within the elastic limit of the material. Shear modulus values confirmed
the other theoretical calculation results for both ScoCdAl and ScoZnAl as
shown in Table 1. ScaCdAl has 35.746 GPa in present study while it was
37 GPain Han et al.’s work [7]. Similarly, for ScoZnAl it was determined
as 45.826 GPa and 46 GPa in this study and another study [7], respec-
tively. Shear modulus (G) is the resistance of the material to a shape
change under shearing force.

Bulk modulus helps to understand a material’s resistance level to
compression. Bulk modulus also shows the relationship between
compressive stress and volumetric strain within a material’s elastic
limit. The estimated critical value of Poisson’s ratio is known as 0.26
GPa. Materials having values over 0.26 for Poisson’s ratios are expected
to lose their ductility whereas materials with Poisson’s ratios lower than
0.26 are more likely to fracture. For ScoCdAl and ScyZnAl alloys, the
estimated Poisson’s ratios were found to be 0.27 and 0.24, respectively,
which are coherent with the current theoretical data. In general, the
values indicate that ScoCdAl is ductile and ScoZnAl is brittle nature.
Dividing a material’s bulk modulus with its shear modulus leads to find
out Pugh ratio being a dimensionless constant. In general, materials with
low B/G (Pugh ratio) values are brittle. Any value over the critical value
for B/G which is 1.75 denotes ductility in the material, whereas a
number below it shows brittleness. Pugh ratios for ScoCdAl and ScyZnAl
are estimated to be 2.103 and 1.719, respectively, according to Table 1.
In general, the values indicate that ScyCdAl is ductile and ScyZnAl is
brittle.

The mechanical stability, machinability index, ductile-brittle
behavior, stiffness, and hardness of a material are indicated by the
elastic constant (Cij) which are shortly displayed in Table 1. The ease
with which a material may be machined using conventional methods is
measured by its machinability. The machinability of a material is greatly
influenced by factors including its ductility, strength, hardness, and
thermal conductivity. A material’s machinability index, or pM, can be
written as follows in Equation (1):

B
" CuF

The calculated pM values for ScoCdAl and SceZnAl are 1.045 and
0.947, respectively. The alloys under investigation have a rather high
machinability index (uM).

C11, C12 and Cy4 as three symmetry elements in cubic alloys were
computed to find out the stability. For a system to be mechanically
stable, it must encounter the Born-Huang stability criteria as follows
[12,35,36] (Equation (2)).

uM (@]

(C]] — Clz) >0, (Cn + 2C12) > 07 Ci > 07 Cyq > 07 Cio<B<Cnp (2)

The mechanical stability of both materials satisfies the previously
stated Born stability conditions in terms of the elastic constants. The C;;
determines a material’s resistance to principal strain based on its crys-
tallographic orientations. On the other hand, the elastic constant Cyq4
represents the material’s resistance to shear deformation. Although Cj»
doesn’t have a strictly physical significance, its conjunction with C;; and
Cy44 provides further details about how elastic materials behave. In this
study, all elastic constants (Cq1, C12, C44) for both alloys have met the

stability criteria. The calculated Cy;, C12, C44 values for ScyCdAl are
90.838, 67.352 and 71.923 GPa, respectively. For ScyZnAl, those
numbers are 103.244, 66.603 and 83.164 GPa, respectively.

The computed results validate the mechanical stability of both alloys
by meeting the defined Born stability criterion. C, defined as the stiff-
ness of the crystal, reflects its capacity to tolerate shear deformation
brought on by shear force acting in the [110] direction within the (110)
plane, has the following formula in Equation (3):

Cll - C12
C= = 3

Both alloys are thermodynamically stable due to shear constant
values of C’>0. The data ascertained by these computations are shown
in Table 2, where the bulk moduli, young moduli, shear moduli and
Poisson’s ratio were computed using the approximations of Voigt [37],
Reuss [38], and Hill [39]. The Reuss approximation and the Voigt
approximation respectively provide the lower bound and the higher
bound. In general, data obtained using the Hill approximation are more
in line with experimental findings. Voigt-Reuss-Hill (VRH) approxima-
tion to account for the polycrystalline elasticity of the compounds
including bulk modulus, Poisson’s ratio, Young’s modulus, and shear
modulus calculated as follows (Equations (4)—(7)):

B=By =Bz = C“J'_Tzclz 4
9BGy
E=_2v_
3B+ Gy ®)
Gy = G2 O ©
2
3B - 2G
°T2(3BB+G) )

The estimated data for these terms by applying the equation
mentioned above are shown in Table 2. The negative value of AE implies
that ScoXAl prototype structures can easily be synthesized experimen-
tally in both structures (Table 2). In addition, it is verified from AE that
L2;-type structure is the most stable phase. Young’s modulus (E) rep-
resents the stiffness of a material showing against in reaction to
compressive or tensile stress. E shows stress to strain in a material’s
elastic behavior.

Ductility nature of a material can be also exhibited by Kleinman
parameter (). It can be called as the internal strain parameter (0),
commonly known as the internal strain parameter, is a measurement
used to evaluate the bonding flexibility of the material against stretching
and bending. It is represented by { and expressed as (Equation (8)):

~ C11+8Cl12

"~ 7C11 +2C12 ®

It ranges between 0 and 1 that indicates the resistance to external
pressure. Harrison developed a formula to determine { using elastic
coefficients; Kleinman’s work shows that { = 0 indicates bond bending
and ¢ = 1 indicates bond tension. Considering that for both materials,
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Sc,CdAl

Fig. 2. 2D and 3D curves of Young modulus, shear modulus and Poisson’s ratio for ScoXAl (X = Cd and Zn) alloys.
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Fig. 3. Electronic band spectrum of Sc;XAl (X = Cd and Zn) alloys.

the evaluated value is 0.817 and 0.750, respectively, we can conclude
that bond bending and stretching are possible in all alloys. As the value
approaches 1, bond bending outpaces bond tension.

(1-2v)E

H, =
6(1+v)

©)]

Microhardness parameter H, also provide information about hard-
ness of the materials when they are compared with other materials. Both
alloys have very lower values like 5.512 and 7.980 GPa (ScyCdAl and
ScoZnAl, respectively) than diamond which is the hardest material
known with 96 GPa.

3.1. Anisotropy

Crystals’ mechanical characteristics are intrinsically anisotropic,
with stress-strain responses varying depending on the crystallographic
axis of interest. Solids with significant elastic anisotropy may tend to
cause microcracks and mechanical failures under stress. Exposure of
materials to stress causes microcracks that have the potential to expand
and subsequently might cause mechanical failures such as material
fracture. The elastic anisotropy factor (A) is determined from Equation
(11). It is possible for the crystal to be isotropic when A is equal to 1 but
for any value smaller or larger than 1 it indicates anisotropy.

2C44

A=
Cll - C12

(€8]

Predicted anisotropy factors for ScaCdAl and ScyZnAl alloys are
given in Table 2, and these values are less than one; This shows that the
herein alloys studied are anisotropic. The detailed direction dependence
analysis of the elastic anisotropy of the materials studied here is
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Fig. 4. Total and partial density of states for Sc,XAl (X = Cd and Zn) alloys.

examined with 2D and 3D curves of Young’s modulus, shear modulus
and Poisson’s ratio obtained using the ELATE program [40] and is
presented in Fig. 2. In both materials examined, changes in Young’s
modulus, shear modulus and Poisson’s ratios along the x, y and z di-
rections can be seen in Fig. 2. Both materials exhibit anisotropic
behavior considering the curves of Young’s modulus, shear modulus and
Poisson’s ratios of because they deviate from the circular shape.

3.2. Electronic properties

Along the high symmetry directions occurring inside the Brillouin
region, the calculated band structure was plotted to estimate the elec-
tronic properties of ScoXAl (X = Cd and Zn) in the L2; phase. These
predicted band structures are presented in Fig. 3 in the direction of high
symmetry directions. No band gap was detected at the Fermi level (EF)
for the alloys in the L2, phase. Thus, this band character exhibits the
metallic structure of the alloys studied. To understand the configura-
tions of the band structure in more detail, the calculations were achieved
for the total and partial density of states, as illustrated in Fig. 4. Our
findings show that, because of an overlap in the density of states at the
Fermi energy level, total and partial density of states confirm the
metallic character already examined in the band structures. In addition,
Sc-3d electrons contribute to showing the metallic nature of both alloys.
We see that DOS is mainly associated with the 3 d-state of Sc; This im-
plies that bonding states are predominantly present in the Sc atom in the
region above the Fermi energy from —2 eV, and the contribution of Cd-
d (Zn-d) states is located around —7 eV below the Fermi level for all
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systems.
3.3. Phonon properties

Presented in Fig. 5 shows the predicted phonon dispersion relation-
ship of ScyCdAl and ScpZnAl full Heusler alloys. Calculations of the
phonon dispersion relationship are performed using the quantum-
espresso code. Since the unit cell of the herein considered alloys here
in the L2; phase includes four atoms, it contains 12 phonon branches,
three acoustic and nine optical. From the full phonon spectra of both
alloys studied here, it can be said that both alloys are dynamically stable
since there is no sign of imaginary branches in the phonon dispersions.
The phonon dispersion curves point out that ScoCdAl the acoustic
phonon modes and optical phonon modes are completely separated from
each other, while for ScpoZnAl there is a partial overlap. On the other
hand, in both alloys, the top optical phonon modes are separated from
the other optical modes and a phonon band gap is present. Because the
phonon band gaps only create a reflection from the surface and do not
propagate sound, they may be used in a variety of applications,
including sound filters and mirrors [41,42]. These kinds of qualities
make the materials perfect for usage in mirrors and insulators. For a
more detailed analysis of the full phonon spectrum, the phonon density
of states (PDOS) corresponding to the full phonon spectrum is given in
Fig. 5. The low-frequency phonon modes below about 4 THz are mainly
dominated by Cd (Zn) atomic vibrations, while between 4 THz and 7
THz the middle-frequency branches arise from the vibration of slightly
lighter Sc atoms. Thus, Al atoms, which have the lightest mass, also
vibrate above 7 THz.

3.4. Thermodynamic properties

This study focused on investigating the thermodynamical properties
of ScoXAl Heusler alloys at various temperatures using the framework of
the Debye model quasi-harmonic method implemented in the Gibbs
code. Lattice vibration, motion of molecules and phase transition have
been calculated by the specific heat at constant volume C,.

The calculation of the thermodynamical properties of ScyXAl at
various temperatures has been done with the quasi-harmonic Debye
approximation. In conclusion, in this approximation, the role of tem-
perature and pressure on heat capacity, Debye temperature, enthalpy,
entropy, and Gibbs free energy were found out (Fig. 6a-d). Vibrational
free energy-temperature graph contributed to figure out the phase sta-
bility of the materials.

The Debye vibrational energy (Fig. 6a) and the Gibb’s free energy
(Fig. 6b) for both alloys show non-linear increase and non-linear
decrease with increasing temperature. The zero value of entropy
(Fig. 6¢) obey the third law of thermodynamics between 0 K and 50 K.
There is very little disorder among atoms, or, in other words, there are
perfect crystals exist at the absolute zero temperature. Due to its nature,
the increase in both temperature and the system’s entropy causes a
disorder. On the other hand, specific heat capacity of both alloys reaches
to zero (Fig. 6d) with absolute zero temperature as in agreement with
the Debye model. At low temperatures, the phonon contribution has the
main influence on C, curve while temperature up to about 300 K the
specific heat capacity has under the effect of phonon thermal vibrations.
Approaching the Dulong-Petit classical limit brought an anharmonic
effect on the specific heat capacity. At the intermediate temperature
between 100 and 300 K, the specific heat capacity depends on the
atomic lattice vibrations.
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Tm = 553 + 5.91Cy44 (10)

T, shows the strength of the bonds holding the alloys’ atoms
together and how they behave against heat. The values from Table 2
point out the existence of strong bonds between the atoms of ScoCdAl
(958.064K) and ScyZnAl (1024.499K) which exhibit higher T, values.

4. Conclusions

In this work, density functional theory based on GGA approximations
was applied to the full Heusler alloys ScaCdAl and ScaZnAl to understand
their structural, elastic, electronic, thermodynamic, and phonon char-
acteristics. The negative formation enthalpies obtained for both mate-
rials that are an important indicator of how mechanical stability works
and in what level experimental synthesizability can be used to compare
both results. Since the elastic constants after calculation comply with the
Born stability criteria, the analysis shows that both materials exhibit
mechanical stability at a satisfactory level. The calculated findings on
mechanical properties exhibited that ScaCdAl alloy is ductile nature and
ScaZnAl is brittle manner. The elements in the alloys have chemical
bonds that are connected mostly in the form of metallic bonds. It is also
predicted that the alloys have anisotropic elasticity. The electronic band
profile and density of states of ScoXAl (X = Cd and Zn) alloys demon-
strate that they are metallic and non-magnetic. The dynamic properties
of ScaXAl (X = Cd and Zn) such as phonon dispersion and partial den-
sities of states were examined in lights of density functional perturbation
theory. The phonon dispersion curves and partial densities of states for
the materials confirm the dynamic stability of both alloys in the Full
Heusler structure. Finally, due to do thermodynamic investigation, the
vibrational free energy, internal free energy, entropy, and specific heat
at constant volume C,, of the ScoCdAl and ScyZnAl have been studied and
analyzed across the temperature changes between 0K and 800K using

the quasi-harmonic approximation. The herein results suggest the alloys
as good candidates can easily be synthesized in practice for future
practical thermoelectric applications.
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