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ARTICLE INFO ABSTRACT

Keywords: Ternary half-Heusler VXSb (X = Co, Rh, and Ir) antimonides having C1}, cubic crystal structure and conforming to
Half-Heusler F43m space group with 216 space number, have been investigated in a, $, and y structural phases with ab initio
Half-metallicity

simulation methods. First, the gamma phase was found to be the most favorable atomic arrangement from the
enthalpies of formation and energy-volume curves calculated for these materials. Then, the electronic nature,
some mechanical properties, and lattice dynamical stability were investigated in the most stable y phase. While
examining the electronic behavior of these compounds, both GGA + PBE and mBJ approaches have been used to
observe the band gaps. As a result of the electronic band structure calculations, it is understood that these
compounds have a half-metallic nature with 100% spin polarization. In addition, the total magnetic moments of
these half-metallic ferromagnets are found to have an integer value of 1 pB per formula, which is consistent with
the Slater-Pauling rule. These crystal systems have mechanical stability because the elastic constants satisfy the
Born-Huang stability criteria. Besides, it has been observed that the materials exhibit ductile and anisotropic
behavior. Finally, phonon dispersion curves and some thermodynamic properties for these systems were ob-
tained and it was seen that they have lattice dynamics stability. The results obtained in this study show that these
compounds are suitable candidates for spintronic applications at room temperature.

Ab initio calculations
Mechanical properties
Phonon

1. Introduction (C1p), which is a ternary ordered variant of the CaF, structure matching
the space group F43m and the space number 216. Such a crystal struc-
ture can be created from the tetrahedral Zinc-Blende (ZnS) type struc-

ture by filling the octahedral lattice sites [20]. Moreover, such structures

The first Heusler alloy, CupMnAl, was discovered by Fritz Heusler in
1903 [1]. The innovation in the discovery of the Heusler alloy is that it

has ferromagnetic properties although none of its constituent elements is
ferromagnetic. This has led to the opportunity to meet a very exciting
new material class called Heusler compounds [2]. These materials,
which draw attention with their interesting electro-magnetic, optical,
and thermodynamic properties [3-11], have a huge family that includes
many compounds. For many years, half-Heusler alloys, one of the
members of the mentioned Heusler family, have been frequently
preferred in many technological application areas such as topological
insulators [12,13], spintronics [14,15], photovoltaics [16], and ther-
moelectrics [17,18] because of their unique physical properties.
Ternary half-Heusler alloys, which have a wide range of applications,
are given with 1:1:1 stoichiometry and XYZ chemical formula, and X and
Y elements are usually selected from transition metals and Z elements
from the main group elements [19]. These alloys have a
non-centrosymmetric cubic structure in the Structurbericht designation
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may have three possible different structural phases as alpha (a), beta (),
and gamma (y) phases, depending on the atomic arrangements, which
are given with Wyckoff notation in Section 3 [21,22].

Electron spin plays a dominant role in spintronics, which is a pref-
erable device for many technological applications due to its high-spin
polarization and has a remarkable effect on thermodynamic and elec-
tronic properties such as half-metallicity behavior [23-27]. In this re-
gard, half-metallic materials, which have notable electronic
characteristics, exhibit semiconductor-like behavior in one of the spin
directions, whereas metallic-like behavior in the other direction in their
electronic band structures [15]. To date, theoretical and experimental
studies have been conducted on the electronic behavior,
magneto-electronic, and thermoelectric properties of many Co- and
Fe-based half-Heusler-type materials [28-35]. In particular, many
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materials scientists have conducted intensive studies on one of these
materials, Co-based vanadium antimonite (CoVSb). First, in 1963, Kri-
pyakevich and Markiv experimentally investigated the crystal structure
of this material [36], and in 1972, its ferromagnetic characteristics were
reported by Terada et al. [37]. A few years later, its X-ray analysis was
performed depending on pressure by Noda et al. [38]. In 1998, Kacz-
marska et al. performed magnetization, Hall effect, thermopower, re-
sistivity depending on pressure, and electron spin resonance (ESR)
measurements of the related material [29]. Besides, there are impressive
computational studies under density functional theory about the
half-metallicity and magnetic nature of the mentioned compound using
some ab initio methods [19,28,35,39]. Furthermore, Kong et al. exam-
ined the ductility of the same material, under low and high pressure in
2011 [31].

To the best of our knowledge, although many experimental findings
and theoretical studies have been presented about the VCoSb compound,
it has been determined that its vibrational properties, which are
important for the stability of lattice dynamics, have not yet been dis-
cussed in detail. In addition, to the best of our knowledge, no theoretical
or experimental study has been found about VRhSb and VIrSb systems.
First, our aim in this study is to examine the phonon distribution spectra
of the VCoSb system, which has been studied many times over the years,
to complete the missing information. In addition, the secondary aim of
this study is to introduce two new members (VRhSb and VIrSb) to the
large half-metallic Heusler family. In addition, in this study, there are
two main reasons why we chose Rh and Ir as the X element, apart from
the Co element. The first reason is that elements in the same group of the
periodic table often have similar electronegativity and chemical prop-
erties. These harmonious similarities are important for obtaining a good
atomic bonding and a well-optimized crystal structure in the resulting
new alloy. Therefore, it may be more appropriate to choose elements
from the same group to minimize the instability that may occur in the
lattice stability. Another reason is that elements in the same group often
have similar atomic radii. This similarity in atomic radii suggests that a
stable crystal structure can be formed when forming half-Heusler alloys.
Thus, selection among elements with similar atomic radii can provide
good structural stability by reducing the stress that may occur on the
formed crystal structure.

2. Details of computations

In the presented computational work, all computations were per-
formed with VASP (Vienna Ab initio Simulation Package) software
[40-43], in which the projector-augmented wave (PAW) method [44]
was used to approximate the exchange-correlation potential of the
valence electrons of V, Co (Rh or Ir), and Sb atoms. In addition, to
describe interactions between electrons, Perdew, Burke and Ernzerhof
(PBE) [45] type pseudopotentials within the framework of generalized
gradient approximation (GGA) have been applied. Besides, to achieve
electronic band structure calculations, the modified Becke-Johnson
(mBJ) exchange potential [46] of meta-Generalized Gradient Approxi-
mation (meta-GGA) has been employed. The valence electron configu-
rations of the V, Co, Rh, Ir, and Sb atoms in the mentioned systems are as
follows: 3d4451, 3d8451, 4d8531, 5d7 652, and 5525p3, respectively.

During the optimization process in each structural phase, a 15 x 15
x 15 k-point mesh was automatically produced and used to sample the
irreducible Brillouin zone yielding 120 k-points centered at I'-point.
Also, the kinetic energy cut-off value was chosen to be 500 eV for wave-
functions. For the ionic relaxation process, the quasi-Newton method
was applied, and the atomic positions of the atoms were completely
relaxed until the force on each atom was less than 10~ eV/A. Also, the
Methfessel-Paxton smearing method was used with 0.225 eV width. The
successive change in the total energy has been taken less than 108 eV to
solve the Kohn-Sham equations iteratively. To obtain fully relaxed
atomic positions of the atoms for our systems and their well-optimized
structural parameters, the relaxation process was continued until the
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forces and pressures on these crystal systems were minimized. Then, for
the related compositions in this computational work, the electronic
characteristics, lattice dynamics stabilities, and some mechanical prop-
erties were investigated using the sensitively optimized crystal
structures.

3. Obtained results and discussion

At the beginning of this study, the most stable structural phase was
determined among phases «, p and y, shown three-dimensionally (3D)
for these systems in Fig. 1. The unit cells of these half-Heusler structures
are represented by twelve atoms for each structural phase. In addition,
the Wyckoff atomic positions for the mentioned structural phases are
tabulated in Table 1 [21,22]. For these systems, after obtaining the
structural parameters in different atomic arrangements (@, f, and y
phases) and determining the most stable structure as y phase, their
elasticity properties, electronic behaviors, and lattice dynamic proper-
ties were investigated in the related stable phase.

3.1. Structural Stability and some parameters for e, f, and y phases

The compositions studied in this study have a C1y, crystal structure
conforming to F43m space group and 216 space number. In this sub-
section, for VXSb (X = Co, Rh, and Ir) compounds, the most energetically
stable structural phase is presented. First, we calculated the formation
enthalpies (AHy) [47] to determine the energetically most suitable
phase. Formation enthalpy can tell us about the structural stability of
any crystal system. In this view, when the calculated formation enthalpy
value of a crystal system in any structural phase is smaller than that of
others, it can be understood that it is the more energetically suitable
phase. In this study, the formation enthalpies for different structural
phases of the related systems were calculated according to the formula
given below:

AHy = Epy — (xE2™ 4 yEL) 1)

In this formula, E;, is the total energy of the unit cell of the crystal,
which is given by the A,B, chemical formula and E{* and E2* are the
ground state energies of A and B atoms in their bulk crystal form. For a,
p, and y structural phases of these compounds, the calculated formation
enthalpies are presented in Table 2. In this table, it can be clearly seen
that the y structural phase is the most suitable phase for these crystal
systems because the calculated formation enthalpy values for the y
structural phase are smaller than those of the other phases. In addition,
the negative formation enthalpies indicate that the respective crystal
systems can be synthesized only in the y structural phase under
consideration.

After the optimization processes have been performed for each
different structural phase of our systems, the total energies per formula
unit as a function of the volume of these compositions have been fitted to
the formula (in Eq. (2)) known as the third-order Birch-Murnaghan
equation of state [48] below to draw energy-volume graphs (Fig. 2).
Because of the fitting process, some structural parameters such as lattice
parameters, bulk modulus, and their pressure derivatives were obtained.
For each system, a well-converged ground state was obtained with the
asymptotic standard errors using the fitting process being smaller than
approximately 1%.

E(V)=E,

3
LOVoBo [ (Vo)
16 A\

In the formula given above, Vy and V are the reference and deformed

@

volumes, respectively. Also, By is the bulk modulus and B, is the de-
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(a) a-VXSb

(b) B-VXSb

Materials Science in Semiconductor Processing 167 (2023) 107815

(c) Y-VXSb

Fig. 1. The three-dimensional (3D) crystallographic shape of VXSb (X = Co, Rh, and Ir) half-Heusler alloys in (a) a-phase, (b) f-phase, and (c) y-phase.

Table 1

For a, f, and y phases, the Wyckoff notation of three atoms. The given positions
are 4a:(0,0,0)a, 4b:(0.5,0.5,0.5)a, and 4c:(0.25,0.25,0.25)a, where a is the lat-
tice constant.

Structural Phase X Y Z
a 4c 4b 4a
4b 4a 4c
y 4a 4c 4b
Table 2

The obtained structural parameters, calculated formation enthalpies, and bond
lengths of half-Heusler vanadium-based antimonides (VCoSb, VRhSb, and VIrSbh)
for a, 5, and y phase.

rivative of the bulk modulus with respect to pressure. In this formula, By
is defined as Bo = —V(0P/;y/) _,
and also, these parameters are generally taken from fits to experimental
data.

Considering the energy-volume curves drawn separately for each
structural phase of the VXSb (X = Co, Rh, and Ir) compounds in Fig. 2, y
phase is the most energetically optimal atomic arrangement for the
respective systems. Also, for the VCoSb system having at the face-
centered cubic Cly, crystal structure in y phase, as a result of our com-
putations, the lattice parameter is obtained with just a 0.45% difference
from the experimental result [49]. As seen in Table 2, the calculated bulk
modulus in the y phase for all compounds is greater than other phases,
and the relatively high bulk modulus indicates that the mentioned
crystal structures are hard materials. For the VCoSb system, the
computed bulk modulus differs by almost 7% from the experimental

while B, is defined as B, = (dB /5p) p—o

Material ~ Phase  ay(A) By B, V-X V-Sb A Hy (eV/ ; A
(GPa) 73 & atom) results [31,50]. Also, these materials have large pressure derivatives of
VCosh @ 6017 1ol7 s 261 201 0.331 bulk n:lodulus, especially 1n' the vy phase. This situation means that these
B 5.944  106.0 5.40 257 2.97 0.237 materials show strong sensitivity to the pressure changes.
¥ 5.822  139.8 542 252 2.91 -0.248 Furthermore, it can be seen from Table 2 that the obtained bond
VRhSb a 6.151  119.4 5.06  2.66 3.08 0.111 lengths of V- X (X = Co, Rh, and Ir) and V - Sb are almost lower in the y
4 6.072  124.0 493 2.64 3.05 0.007 structure and this causes a decrease in the lattice parameters and ground
¥ 6.068  140.6 495 2.63 3.04 —0.282 . .
VIrSh a 6142 1346 503 2.66 .07 0.287 state energies. Thus, it is understandable why these systems have lower
) 6.056 137.6  4.67 263  3.03 0.033 ground state energies in the y phase.
¥ 6.107  167.8 524  2.64 3.05 -0.278
3.2. Electronic behaviors with magnetic moments
The electronic band structure and density of states (DOS) are usually
used to describe the electronic nature of a solid crystal. As can be seen
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Fig. 2. Total energies as a function of unit cell volume in a, 8, and y phases of (a) VCoSb, (b) VRhSb, and (c) VIrSb half-Heusler compounds.
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Fig. 3. The spin-polarized band structures of (a) VCoSb, (b) VRhSb, and (c) VIrSb half-Heusler compounds using GGA-PBE and mBJ.

from Fig. 3, for the related vanadium antimonides (VCoSb, VRhSb, and
VIrSb) in the stable gamma phase, using the GGA and mBJ approxima-
tions, the spin-polarized electronic band structures were calculated and
separately plotted along the high symmetry lines for the first Brillouin
zone. In the related graphic, it is clearly seen that all systems in this
study have a half-metallic nature. In the spin-polarized electronic band
structures calculated for the stable y phase of our systems, there are
indirect band gaps (I" to X) in the minority spin channels, whereas band
gaps are not seen in the majority spin channels. For the stable y phase,

Table 3

The calculated band gaps (E; = Emin — Emax; Where Epy is the minimum value of
the conduction band and Eq is the maximum value of the valence band) in
minority spin channels for ternary half-Heusler vanadium-based antimonides
using GGA-PBE and mBJ in stable y phase.

System Method Emin (V) Emax (eV) Eg (eV)
VcoSb GGA 0.1183 -0.7973 0.92
mBJ 0.1609 —0.7746 0.94
VRhSb GGA 0.3728 —0.4974 0.87
mBJ 0.6643 -0.4171 1.08
VirSb GGA 0.3079 —0.6828 0.99
mBJ 0.7560 —0.5816 1.34

the calculated band gaps in minority spin channels under the GGA and
mBJ approximations are shown in Table 3. As seen in the related
Table and Fig. 3, the band gaps observed under the mBJ approach are
larger than those calculated using the GGA approach. The mBJ exchange
potential is used to observe band gaps of wide band gap insulators with
great accuracy and to improve band gaps for half-metallic materials [51,
52]. For the ternary half-Heusler VCoSb system, the band gap observed
in the minority spin channel using the mBJ approach is in good agree-
ment with a previous theoretical study [53]. As presented in Fig. 3, in
the minority spin channels of the electronic band structures of our
compounds, the valence band maximum and conduction (I" point) band
minimum (X point) are positioned on both sides of the Fermi level. Then,
the monitored indirect band gaps from I' to X point under both ap-
proximations, are as follows: 0.92 eV (GGA) and 0.94 eV (mBJ) for the
VCoSb system, 0.87 eV (GGA) and 1.08 eV (mBJ) for the VRhSbD system,
0.99 eV (GGA) and 1.34 eV (mBJ) for the VIrSb system.

The band structures of these compounds under consideration were
observed to be 100% spin-polarized, which is a characteristic of half-
metallic systems. It is well known that, for metallic materials, the spin
polarization is usually smaller than 100% whereas half-metallics have
100%, whereas spin polarization because the density of states at the
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Fermi level in a minority spin channel is equal to zero. The spin polar-
ization (P) can be calculated as given in the following formula [54]:

p— p1(Er) — pL(Er)

" p1(Er) + pL(Er) )

where p1(Er) and pl(Er) denote the density of states at the Fermi level
for the majority and minority spin channels, respectively. It can be seen
from Fig. 4 that the p| (Er) are equal to zero. In this context, according to
the above formula, these compounds appear to have 100% spin polari-
zation due to their half-metallic nature.

The orbital projected partial density of electronic states, calculated
for the atoms that make up a crystal system, can provide information
about which atom’s orbital dominates the electronic nature of this ma-
terial. For the stable y phase, the calculated partial density of states of V,
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Fig. 4. The spin-polarized total and partial density of electronic states for VXSb
(X = Co, Rh, and Ir) half-Heusler compounds using GGA-PBE and mBJ.
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X (X = Co, Rh, and Ir), and Sb atoms in our compositions using the mBJ
approach are presented in Fig. 5. In the partial DOS graphs of these
systems, hybridizations have been observed between the d orbitals of V
atoms and those of other transition metal atoms (Co, Rh, and Ir). The s
and p orbitals of the atoms in the compositions have not much contri-
bution to the half-metallic nature because they are positioned at rela-
tively lower energies. In the majority of spin channels, particularly for
VRhSb and VIrSb systems, the dominance of double-degenerated d,,
states (d and d,>_») of V atoms has been observed at the Fermi level.
However, in the same spin channel, for the VCoSb system, d states (de,
and d%) of V atoms give almost the same contribution as d-states of Co
atoms. Furthermore, it is seen that the d orbitals of X atoms are more
dominant in the valence band below the Fermi energy level, almost
between —2 eV and —3 eV. In this regard, it is obvious that the half-
metallic nature of these systems results from the hybridization of the
d states of the atoms in the compositions at the Fermi energy level.

Due to the fact that the majority and minority spin channels in the
electronic band structures are not the same, it can be concluded that the
investigated materials exhibit ferromagnetic behavior in the stable y
phase. Table 4 presents the computed total magnetic moments of these
systems and the partial magnetic moments of atoms. It can be seen from
Table 4 that the obtained nearly integer total magnetic moments indi-
cate half-metallicity and the partial magnetic moments of vanadium
atoms play a dominant role in the ferromagnetic nature of the
mentioned half-Heusler systems having half-metallic electronic
behavior. In addition, the calculated total magnetic moments of our
compositions appear to agree with some previous studies [19,28,35,39].

In addition, the total magnetic moments per formula unit for VCoSb,
VRAhSb, and VIrSb systems in y phase have been calculated according to
the Slater-Pauling rule for half-Heusler half-metallic ferromagnets [55,
56], which is given by,

M, =N, — 18 (C))

where My, is the total magnetic moment per formula unit and N, is the
number of total valence electrons. N, values are 19 for the mentioned
crystallized solids, and it can be seen that the Slater-Pauling rule obeys
well for the systems under investigation. The observed electronic and
magnetic properties make these systems particularly suitable for spin-
dependent electronic devices [57-60].

3.3. Mechanical stability and elasticity properties in the stable y phase

For a solid crystal, the elastic constants (Cj) are very valuable
because they can be used to estimate some elasticity and thermo-elastic
features, and the mechanical stability of the crystal, which is important
for some technological fields such as metallurgical and materials engi-
neering. Any crystal in cubic form has three independent elastic con-
stants as C11, C12, and Ca4 [61], and these can be calculated accurately
using the “stress—strain” method under ab initio simulations [62,63]. For
VXSb (X = Co, Rh, and Ir) compounds in the y phase, the calculated
elastic constants and Cauchy pressures within the method are shown in
Table 5. There are similarities between the calculated elastic constants
for VCoSb in this study and those calculated by Kong et al. [31] and
Shukoor et al. [64].

The mechanical stability of a crystal or its ability to resist external
stresses is a desirable property for use in technological applications. In
this context, whether a crystallized solid is mechanically stable depends
on its elastic constants satisfying the Born-Huang criteria [65]. For
crystals with a cubic structure, Born’s mechanical stability criteria are
given below:

C“—C]2>0§ C]]+2C|2 >O. C1|>OandC44>O (5)

As seen from Table 5, the mentioned systems in the y structural phase
in the presented study are mechanically stable according to the above
Born-Huang criteria. The information about the shear resistance in



A. Erkisi and A. Candan

Materials Science in Semiconductor Processing 167 (2023) 107815

4 4
) )
- | ER |
=
3 3
> >
v I /
3 g0
s =
2} 2
1 w -2+
Q Q
= a |
— Co-3d (e,)
o3 (ty)
L LA R L L L R — 1
-6 -4 -2 -6 -4 -2 0 2
Energy (eV) Energy (eV)
4 4
o I - 1 VRhSh I
- -
- 2 - 24
3 3 é
= 1 > R\
] ]
% 0+ % 0
@ I3
% & | — V-3d(Y
0 -2 wn-2- x
2 % V-3d (ty,)
=T A | — Rh-4d
— Rh-4d (e,)
- 1 — Rh4d(ty)
T " T i T g » T T L T L) T J " T
-6 - -2 -6 -4 -2 2
Energy (eV) Energy (eV)
4 4
- -
3 3
n
123 \
£ g Z/
2 z
2 2727 V-3d ()
=] =] — Ir-5d
o Ir-5d (e,)
— Ir-5d (ty,)
L ] T T T T U
-6 - -2 -6 -4 -2 2
Energy (eV) Energy (eV)

Fig. 5. The spin-polarized total and partial density of electronic states of ty; and eg for V-3d, Co-3d, Rh-4d, Ir-5d using mBJ.

Table 4

The calculated total magnetic moments of ternary half-Heusler vanadium-based
antimonides for y phase in ferromagnetic order and partial magnetic moments of
V, X (X = Co, Rh, and Ir), and Sb atoms in systems using GGA-PBE and mBJ.

Material Method My (p) Mx (pB) Mgy, (HB) Mot (HB)
VCoSb GGA 1.155 —0.205 —0.039 1.007
mBJ 1.131 —0.161 —0.015 1.000
VRhSb GGA 1.133 —0.136 0.056 1.000
mBJ 0.960 0.103 —0.060 1.000
VIrSb GGA 1.093 —0.120 —0.036 1.001
mBJ 0.968 0.034 —0.039 1.000
Table 5

The calculated elastic constants of VXSb (X = Co, Rh, and Ir) compounds in the
stable y structural phase.

Composition Cy; (GPa) C1, (GPa) Cy4 (GPa) Cp (GPa)
VCoSb 225.51 80.28 49.99 30.29
VRhSb 200.19 124.01 46.79 77.22
VIrSb 224.37 130.86 103.97 26.89

[100] direction for a cubic crystallized system can be taken from the
calculated C44 constant [66]. In our crystal systems, for the stable y
phase, the atomic bondings in [100] direction are between V and Sh
atoms. It can be understood that the V-Sb bond in the VIrSb system is the
strongest because the calculated C44 value for the VIrSb system is the
highest. Also, the absolute value of the difference between C1; and Ci2
constants can give the stiffness with shear in [110] direction [67]. In the
related direction for the same phase, the strongest bond belongs to the
VCoSb system, whereas the VRhSb system has the weakest one.

The calculation of the Cauchy pressure (Cp = C12 — C44) can be used
to predict the ductility or brittleness of a solid crystal [68]. It is known
that the calculated Cauchy pressure must be negative for a material with
a crystalline structure to qualify as brittle; on the contrary, the Cauchy
pressure should be positive for a material to be regarded as ductile. In
this context, as shown in Table 5, the Cp values calculated for all systems
in this study are positive, and therefore, they can be qualified as ductile
materials. In addition, among the three systems, the most ductile ma-
terial is VRhSb, while the ductility of the VIrSb system is lower than that
of the others.

Besides, the calculated elastic constants can be used to predict some
mechanical features of the crystallized material. Among these features,
the bulk (B) and shear modulus (G) can be estimated using the relation
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between the Voigt, Reuss, and Hill approximations [69-71]. As stated
below in Eq. (6), the upper (By) and lower limits (Bg) of B for a cubic
crystal are equal to each other, and the upper limit of G (Gy) and the
lower limit of G (Gg) can be estimated with the help of Voigt and Reuss
approximations.

B\/:BR:B:(C11+2C12)/3 (6)
Gy=(C;1 —C;p,+3Cu) /5 )
Gr=5(C11 — C13)Cyay / (4Cy4 +3Cy; — 3C13) ®

From the Hill approximation, the average values of the respective
modules can be calculated using the formulas B = (1 /2)(By +Bg) and
G = (1 /2)(Gy +Gg) respectively. Also, this approximation is a measure
of resistance to reversible deformations upon shear stress and denotes
resistance to any plastic deformation. The calculated bulk and shear
modulus for our crystallized systems are presented in Table 6.

Additionally, to calculate Young’s modulus (E) and Poisson’s ratio
(v) of any material having a crystallized structure [72] can be used its
bulk (B) and shear modulus (G) with formulas given below, respectively.
These mechanical quantities calculated for the y stable phase of the
systems under investigation are given in Table 6.

E=(9BG)/ (3B+G) ©)

v=(3B-2G)/[2(3B+G)] (10)

The Young’s modulus (E) of a solid crystal describes the linear strain
occurring along the edges of a material under any force and can be
calculated from the ratio of stress and strain. As shown in Table 6 for the
VIrSb system, the estimated relatively higher Young’s modulus indicates
that this material is stiffer than the others. Also, as given in Table 6, the
B/G ratios, which are usually called Pugh’s ratio [73], indicate their
high ductility in the y phase, since the calculated ratios are bigger than
1.75 denote ductility, whereas smaller values indicate brittleness [73].
Accordingly, it can be assumed that the VRhSbh system is more ductile
than the others, whereas the VIrSb system has the lowest ductility. This
result is in agreement with previous Cauchy pressure calculations.

Furthermore, it is possible to comment on whether a material is
compressible by looking at the Poisson’s ratio [74], which is calculated
as given in Eq. (10). When the calculated Poisson’s ratio of a material
having a crystallized structure is approximately 0.5, it can be charac-
terized as an incompressible one [74]. Based on the data presented in
Table 6, the calculated Poisson’s ratios approach a 0.3 value, which
indicates that the respective systems have an almost compressible na-
ture. Also, the related ratio can be used to determine the atomic bonding
type of a solid crystal. It is well known from the literature that for
covalent-type bondings, this ratio should be around 0.1, whereas the
same ratio should be almost 0.25 and 0.33 for ionic-type and
metallic-type bondings, respectively [75-77]. Hence, metallic-type
bonding is dominant in our systems.

The shear anisotropy factors (A for the {100} planes family and A_
for the {110} planes family) depended on the crystal planes, which are
among the important elasticity properties of any crystallized material,
and can provide information about the degree of isotropic behavior. For
crystals with a cubic structure, shear anisotropy factors can be calcu-
lated from Eq. (11) and Eq. (12) [78]. The related values calculated

Table 6

The predicted upper and lower limits, average values of bulk and shear modulus,
Young’s modulus, and Poisson’s ratios for VXSb (X = Co, Rh, and Ir) systems in
the stable y phase.

System B (GPa) Gy Gr G B/G E (GPa) v
(GPa) (GPa) (GPa)

VCoSb 128.69 59.04 57.11 58.07 222 151.44 0.304

VRhSb 149.40 43.31 42.87 43.09 3.47 11794 0.368

VIrSb 162.03 81.08 69.80 75.44 215 195.92 0.299
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Table 7

For VXSb (X = Co, Rh, and Ir) compositions in the stable y phase, the calculated
shear anisotropy factors (A and A_), sound velocities (longitudinal (v), trans-
verse (v,), and average (v,,) wave velocities), Debye (€p), and melting temper-
atures (Tpen)-

System A A v (m/ Ve (m/ Vm (m/ op (K) Tonete
s) s) s) X
VCoSb  0.688 0.749 5141 2729 3050 357.09 1886
VRhSb 1.228 1.163 5025 2293 2585 290.38 1736
VIrSb 2.224  1.733 4968 2663 2973 331.82 1879

according to the given formulas are presented in Table 7.

A:2C44/(C11 —Clz) 1)
A_=Cyu(CL+2C+Cpy) [ (CLCi —CF) 12)

where C; = Cy4 + (Cll + C]z)/z.

For the crystal systems mentioned in this investigation, it can be
deduced from Table 7 that the anisotropic behavior observed for {100}
planes is greater than for {110} planes. Besides, it can be concluded that
the VRASb system is relatively more isotropic than the other two systems
in the stable y phase.

Sound conductivity, which is among the thermoelastic properties of
a crystal, is one of the most important parameters to be known. In this
context, there are three types of wave velocities, namely longitudinal
(v), transverse (v;) and average (v,,) wave velocities, which can be
calculated from Navier’s equations [79,80] as follows:

vi=[(B+(4G/3))/p]"* (13)
vi=1[G/p]'"? a4

v={1/3)[@/ () + (/)] as)

where p is the density of the material. The calculated parameters related
to wave velocities for our crystal systems are given in Tables 7 and it can
be seen that the sound conductivity in the VCoSb system is better than in
other materials.

Among the other thermoelastic properties, the Debye (0p) and
melting (T,e,) temperatures of a solid material are crucial parameters.
Using the calculated wave velocities, the Debye temperature can be
estimated from Eq. (16) [79].

Op = (h ] k)[(3n/47) (Nap /M) (16)

In the given formula above, h and k are Planck’s and Boltzmann’s con-
stants, respectively, N is Avogadro’s number, M is the molecular
weight, and n is the number of atoms in the molecule. For our systems in
a crystallized face-centered cubic structure, the calculated Debye and
melting temperatures are tabulated in Table 7. Table 7 shows that the
calculated Debye temperature value for the VCoSb system (357.09 K) is
higher than the others, whereas the VRhSb system (290.38 K) has the
lowest value.

In this section, where we discuss the mechanical properties, we can
finally look at how melting temperatures (Tp,) [81] have been pre-
dicted for our materials. This parameter is calculated using the formula
given below.

Tete = {553 K+ (ﬂ) C“] + 300K a7
GPa

As shown in Table 7, the VCoSb system (1886 K) has the highest
value and the VRhSb system (1879 K) has the lowest melting tempera-
ture value obtained, which is compatible with the estimated Debye
temperatures. For the VCoSb system in this study, it can be concluded
that some mechanical and thermo-elastic parameters calculated by ab
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initio simulation methods are approximately in agreement with previous
theoretical works [31,64]. To the best of our knowledge, there is no
available data in the literature to make a meaningful comparison for
VRAhSb and VIrSb crystal systems.

3.4. Lattice dynamical stability and thermodynamic properties

Phonons are quantized vibrational modes of a crystal lattice, and the
calculation of these modes gives information about the lattice’s dynamic
stability and the behavior of atoms in the crystal. Therefore, the calcu-
lated vibrational modes are essential for understanding how energy is
distributed throughout the crystal and for determining the thermo-
elastic and mechanical properties of the crystal. In this regard, the
vibrational properties of a crystal, which are described by phonons, are

7.5
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directly related to its mechanical and thermo-elastic properties such as
elastic constants, sound velocities, and mechanical stability. This in-
formation about the mechanical properties is of vital importance in
predicting the response of crystalline materials to stress, deformation, or
fracture. On the other hand, the investigation of phonon properties al-
lows the exploration and understanding of the behavior of different
materials and crystal structures. Accordingly, knowing the vibrational
properties of a crystalline material is important in the material design
process to identify materials with desired thermal or mechanical prop-
erties, predict the stability of crystal structures, and examine the effects
of crystal defects on phonon behavior. In summary, calculating the
phonon modes of a material with a crystalline structure enables the
thermo-elastic, optical, and mechanical properties of materials to be
explored, and thus can be used in many fields such as materials science
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Fig. 6. The phonon dispersion curves, total and partial density of states of (a) VCoSb, (b) VRhSb, and (c) VIrSb half-Heusler compounds.
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and engineering [82-84]. In this regard, to determine whether the
ternary vanadium-based antimonides (VCoSb, VRhSb, and VIrSb) under
investigation are lattice dynamically stable or not, the vibrational
properties obtained by ab initio simulations have been examined. To
compute the phonon frequencies depending on the interatomic force
constants belonging to these systems, the PHON code [85] has been
utilized, which is based on a supercell method using the finite
displacement technique [86,87]. For our systems, 2 x 2 x 2 supercells
were produced to obtain phonon dispersion curves plotted along the
high symmetry directions in the irreducible Brillouin zone and shown in
Fig. 6. Besides, in this figure, the atom projected vibrational density of
states for the atoms in the mentioned crystal systems are given. As far as
we searched the literature, we found that there are no studies evaluating
the lattice dynamic stability of these materials; therefore, we were un-
able to compare our data with previously obtained data. Moreover, the
fact that the lattice dynamic stability of the VCoSb material, which has
inspired many experimental and theoretical studies, makes this study
more important in terms of using this material in some technological
applications.

There are four atoms in the primitive cell of each of the ternary half-
Heusler VXSb (X = Co, Rh, and Ir) systems in this study, and as a result, a
total of nine phonon branches have been obtained in the phonon spec-
trum distributions, as expected. As can be seen from Fig. 6, three of these
branches are acoustic and six are optical. Related half-Heuslers are
dynamically stable because they have no imaginary frequency, which is
often called the soft mode. In particular, the phonon DOS plots for the
VRAhSb and VIrSb crystal systems show that the V atoms contribute more
to higher frequencies due to their relatively smaller atomic mass than
the others in these systems. In the phonon DOS graph of the VCoSb
crystal system, it can be seen that Co atoms together with V atoms also
contribute to high frequencies. In addition, these materials show clear
frequency gaps between the optical and acoustic branches. In particular,
for the VCoSb material, since the Co atoms are lighter than the Rh and Ir
atoms, the corresponding gap is larger than other phonon dispersion
curves. The observed frequency gaps are almost 0.840 THz for VCoSb,
0.506 THz for VRhSb, and 0.194 THz for VIrSh.

It is known that the transverse ultrasound wave velocity is given as

15
(Cas p) %, Also, in the phonon dispersion spectra, the slope of the

transverse acoustic (TA) branch (da)/ dk) for the I' — X direction gives the

transverse ultrasound wave velocity. As seen from Fig. 6, it can be
concluded that the slopes of the graphs for the VCoSb and VIrSb half-
Heusler systems, show almost the same behavior. Therefore, the
reason for the C44 constant to be different can be related to the difference
in the density of the compounds, and also the atomic masses of the Ir
(192.22 g/mol) and Co (58.933 g/mol) elements are different.

Furthermore, we investigated some thermodynamic properties of
VXSb (X = Co, Rh, and Ir) materials within the quasi-harmonic Debye
model [88] by solving the nonequilibrium Gibbs function G*(V;P, T),
which can be expressed as follows:

G'(V;P,T)=E(V)+ PV + A (0p(V); T) (18)

where E(V) is the total energy of the bulk crystal and A, (6p(V); T) is the
vibrational Helmholtz free energy which is known as

Auip(Op(V); T) = nkT {%+ 3In(1—e @/M) - D<07D)} 19

where n and k denote the number of atoms per formula unit and
Boltzmann’s constant, respectively, and D(6p /T) is known as the Debye
integral, which is given as

0p)T
3 A

D(HD/T):W /

B
er—1

(20)
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In the above equation, ¢p represents the Debye temperature and is
defined as

1/2
0= /1) oV 1) (B2 @D

where M and v represent molecular mass per formula unit and Poisson’s
ratio, respectively. Also, in the related equation, f(o) is given below:

18 173
2 14v\*? 1140w\
={3)2(2 2 - 22
o) {3{(312\») +<317v) (22)
In the expressions above, Bs denotes the adiabatic bulk modulus and can
be approximated as,

Bs=B(V)=V (dzfézv )) (23)

Thus, the nonequilibrium Gibbs function G*(V;P,T) depending on
V(P,T) can be solved as

dG*(V;P,T) _
( ov >P r 0 @9

As a result, the temperature-dependent thermodynamic properties such
as heat capacity at constant volume (Cy), internal energy (U), and en-
tropy (S) can be calculated as given by respectively,

0 3(6p/T)
Cy =3nk {4D (7”) - ewl/l;ﬁ} (25)
9 (6 )
a2 (%) +30(%)] o
Syip = nk {40 (97"> —3In(1- e*<9n/T>)} 27)

The plotted temperature-dependent heat capacity, internal energy,
free energy, and entropy changes of these systems under given expres-
sions [89,90] are graphically given in Fig. 7. While examining the
thermodynamic properties, the temperature range was kept quite wide
and was taken between 0 and 1000 K for all calculations. The heat ca-
pacity values obtained for our systems tend to rise rapidly depending on
T2 at low temperatures, then around 250 K, reaching an almost constant
value called the Dulong-Petit limit. The observed heat capacities for all
three systems show a similar trend with increasing temperature. In the
temperature-entropy graphs, the values obtained for the VRhSb and
VIrSb systems are almost the same and slightly higher than the values
observed for VCoSb. Additionally, the entropy of all systems has
increased with increasing temperature. In the temperature-internal en-
ergy and temperature-free energy graphics, the VRhSb and VIrSb systems
exhibited almost the same behavior between 0 and 1000 K. Further-
more, in the observed temperature range, it was evident that the internal
energy of all systems increases with temperature, on the contrary, the
free energy decreases with temperature.

4. Conclusion

In this computational work, the energetically structural stability,
mechanical and thermodynamic properties, electronic and magnetic
behavior, and vibrational properties of ternary half-Heusler VXSb (X =
Co, Rh, and Ir) compounds were investigated. These solid materials have
C1y, cubic crystal structure and conform to F43m space group. They have
been examined in three different atomic arrangements, which are usu-
ally called a, 8, and y phases and given in Wyckoff notation during the
structural stability investigation. For the systems investigated in this
study, the y phase was found to be the most thermodynamically and
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Fig. 7. (a) The specific heat capacity, (b) entropy, (c) internal energy, and (d) free energy versus temperature for VXSb (X = Co, Rh, and Ir) half-Heusler compounds.

energetically stable. Then, it was determined that the related crystal
systems for the stable phase have a half-metallic electronic structure
close to ferromagnetism. 100% spin-polarized electronic band structure
calculations were carried out with GGA and mBJ approaches to more
clearly observe the band gaps occurring in the minority spin channels.
The obtained indirect band gaps in minority spin channels for the sys-
tems are as follows: 0.92 eV (GGA) and 0.94 eV (mBJ) for VCoSb, 0.87 eV
(GGA) and 1.08 eV (mBJ) for VRhSb, 0.99 eV (GGA) and 1.34 eV (mBJ)
for VIrSb. Additionally, the total magnetic moment of these compounds
is 1.00 pB, which is in good agreement with the prediction from the
Slater-Pauling rules. Since the elastic constants calculated by the stress-
strain method fulfill the conditions given by Born-Huang, it has been
observed that the related materials are mechanically stable and ductile.
Furthermore, there is no anomaly behavior or softening mode in the
obtained phonon dispersion spectra for these systems; therefore, it is
concluded that these structures are lattice dynamically stable. The
crystal systems in the present study can be good candidates for spin-
tronics applications such as spin valves, spin injection devices, and
magnetic tunnel junction applications (MTJs) because of their half-
metallicity with 100% spin polarization.
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