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Abstract: Half-Heusler (HH) compounds are promising candidates for thermoelectric, electronic, and energy-
related applications. In the present work, we explored the structural, mechanical, dynamical, thermal,
electronic, and magnetic properties of NbFeSb, VFeSb, and TaFeSb half-Heusler (HH) compounds
using DFT methods through VASP software. For the structural properties, we calculated the ground-
state energy and the bond lengths between nearest-neighbor atoms in the materials. We found that
the studied compounds are structurally stable. The mechanical properties of the materials are ex-
amined through the calculations of their elastic constants and modulus of rigidity. It is found that
NbFeSb, VFeSb, and TaFeSb are mechanically stable. Based on the calculated values of modulus of
rigidity and anisotropic index, all the compounds exhibit hardness and anisotropic properties. Based
on Pugh’s and Poisson’s ratios, NbFeSb and TaFeSb have ductile properties, whereas VFeSb exhibits
a brittle nature. The dynamical properties of the materials are examined through their phonon dis-
persion curves and are found to be dynamically stable. Moreover, we have determined the phonon
velocities and Debye temperature of the considered compounds and found that NbFeSb, VFeSb, and
TaFeSb exhibit good thermal properties. The electronic properties of NbFeSb, VFeSb, and TaFeSb
are explored through the analysis of their band structures and DOS plots; they are found to be
small band-gap semiconducting materials. The magnetic properties of the materials are calculated
by analyzing their DOS and PDOS plots and are found to be non-magnetic materials.
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I. Introduction

The half-Heusler (HH) materials have attracted significant attention in recent years due to their

promising properties [1, 2]. These materials find applications in diverse technological fields, including

* Corresponding Author: hari.neupane@ac.tu.edu.np
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spintronic devices [3, 4], optoelectronics devices [5, 6], catalysis [7], thermoelectric materials [7, 8], mag-
netoelectronic materials [9], and superconductors [10]. NbFeSb is a half-Heusler intermetallic compound
that has recently attracted considerable interest as a promising thermoelectric material. This interest
arises from its environmentally friendly characteristics and the relatively high natural abundance of Nb
and Fe. Half-Heusler XMZ materials are considered a key foundation for many modern technological
applications. They are widely utilized in fields such as renewable energy, spintronics, and other related
advanced technologies. Half-Heusler (HH) compounds are versatile semiconducting materials. They have
strong mechanical stability and can withstand high temperatures. These materials show high zT values
and good thermoelectric performance. As a result, they are suitable for applications such as solar cells,
transparent conductors, piezoelectric devices, and spintronics [3, 4]. HH material has a standard com-
position of XYZ elements in a stoichiometric ratio (1 : 1 : 1), where X is an early transition metal
such as (Sc,Ti), Y is a late transition metal such as (Fe, Co,Ni), and Z is a heavy main group metal
(S, Sb, orPb) [11]. Additionally, X and Y atoms exhibit a clear cationic nature, while Z can be regarded
as their anionic counterpart [12]. The HH structure can be described as a combination of zinc blende (YZ)
and rock-salt (XZ) structures, belonging to the cubic space group F43m (216), with X at 4a(0,0,0),Y at
4c(1/4,1/4,1/4), and Z at 4 b(1/2,1/2,1/2) [13]. Each element possesses either a full or empty shell, and
a balanced oxidation state indicates a stable composition [14]. HH materials with a valence electron count
(VEC) of 18 are typically non-magnetic and exhibit a closed-shell structure [15-17], whereas those with
a VEC of 19 or 22 display half-metallic behavior, making them suitable for spintronic devices [18, 19].

Nakajima et al. in 2015 [20] studied the physical properties of RPdBi HH compound through density
functional theory (DFT) method, and found that it exhibits superconducting and magnetic properties.
Li and co-authors in 2016 [1] reported the effect of substituting Hf or Zr in the TiNiSn HH compound,
and determined its mechanical strength. Eliassen et al. in 2017 [21] studied lattice thermal conductivity
in Ti-based HH materials based on their thermal stability and electronic properties, and found that
they are thermally stable and are favorable for thermoelectric devices. However, these compounds also
present several challenges that limit their overall effectiveness. HH materials have fewer atoms per unit
cell and have a highly symmetric structure, which leads to higher thermal conductivity [21, 22]. For
both p-type and n-type HH materials, the maximum calculated values are close to unity [23, 24]. HH
compounds have attracted significant interest due to their multifunctional electronic, magnetic, thermal,
and transport properties. Early studies reported superconductivity and magnetism in RPdBi [20] and
improved mechanical strength in TiNiSn through Hf or Zr substitution [1]. In 2020, Mohamed tuned the
physical properties of NbFeSb by doping / co-doping Co atoms in the structure [23]. Later, authors have
examined the structural, electronic, magnetic, and thermal properties of various HH compounds by the

effect of defects and doping on the compounds [24-26].

We have reviewed the existing literature on half-Heusler (HH) compounds and identified that the
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structural, mechanical, dynamical, thermal, electronic, and magnetic properties of NbFeSb, VFeSb, and
TaFeSb remain relatively unexplored. These gaps represent unresolved issues and constitute the research
gap between previous studies and the present work. Therefore, our motivation is to investigate the
structural, mechanical, dynamical, thermal, electronic, and magnetic properties of NbFeSb, VFeSb, and

TaFeSb HH compounds using a DFT approach with VASP computational tools.

II. Methods and Materials

We study the structural, electronic, magnetic, mechanical, and optical properties of the XFeSh(X =
Nb, V, Ta) half-Heusler (HH) compounds using the density functional theory (DFT) method [27] through
the Vienna ab initio Simulation Package (VASP) [28] as a computational tool. The Perdew-Burke-
Ernzerhof (PBE) [29] exchange-correlation functional, along with the projector augmented wave (PAW)
pseudopotential, is used to handle the interactions between the valence electrons of atoms in the materials,
where the valence-electron configurations of the constituent atoms are Nb = 4d*, 55!, Ta = 5d2,5s!, V =
3d3,4s%,Fe = 3d3,4s%, and Sb = 552, 5p3. Structural optimizations were performed using a kinetic en-
ergy cutoff of 520 eV, which was determined from convergence tests for the cutoff energy. In addition,
Brillouin zone integrations within the plane-wave method employed an 8 x 8 x 8 k-point mesh, which was
also obtained from convergence tests for the k-point sampling in the first irreducible Brillouin zone (BZ).
Then, after relaxation calculations are done using the Hellmann-Feynman method [30] until the forces
on each atom reach below 0.01 eV/ A, hence, optimized and relaxed structures of NbFeSb, VFeSbh, and
TaFeSb HH compounds are obtained. The electronic and magnetic properties of NbFeSb, VFeSb, and
TaFeSb HH are predicted through the analysis of their band structure, density of states (DOS) plots,
and DOS and partial DOS (PDOS) plots. For the band structure, we used a (12 x 12 x 12) k-point
mesh in the irreducible Brillouin zone (BZ), while a (24 x 24 x 24) k-point mesh is used for DOS and
PDOS calculations, as a denser mesh of k-points produces smoother DOS/PDOS states. The dynamical
properties of NbFeSb, VFeSb, and TaFeSb HH compounds are evaluated using the density functional
perturbation theory (DFPT) methods using a 2 X 2 X 2 ¢-point mesh. Examining the phonon dispersion
offers valuable insight into thermal transport properties and helps assess the dynamical stability of the
compound [31]. Furthermore, the mechanical properties of materials are investigated by analyzing their

elastic constants and modulus of rigidity through Voigt-Reuss-Hill (VRH) approximation [32-34].

ITII. Results and Discussion

In this section, we provide a detailed interpretation of this work.
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Structural Properties

Structural properties are fundamental characteristics that define the atomic arrangement and crys-
tallographic structure of a material. They include lattice parameters, atomic positions, and interatomic
distances of atoms in the structure. Precisely determining these properties is crucial for understanding
the material’s stability, bonding characteristics, and their impact on its physical and chemical behavior.
In the present work, we have determined the structural parameters of NbFeSb, VFeSb, and TaFeSb HH
compounds by the DFT method. The optimized and relaxed structures of NbFeSb, VFeSb, and TaFeSbh
HH compounds are shown in Fig. 1. The structures of NbFeSb, VFeSb, and TaFeSbh are cubic [35].

Figure 1. Optimized and relaxed structures of HH compounds: (a) NbFeSb, (b) VFeSb, and (c) TaFeSb

The Wyckoff positions of (X = Nb,V,Ta), Sb, and Fe atoms in the considered structures are
4a(0,0,0),4 b(1/2,1/2,1/2), and 4 d(1/4,1/4,1/4), respectively. For the structure analysis, we calcu-
lated the bond length between the two nearest atoms in the structures. The calculated bond lengths
between Nb — Fe, Fe — Sb, and Nb — Sb atoms in the NbFeSb compound are found to be 2.64 A, 2.64 A,
and 3.05 A; those between V-Fe, Fe-Sb, and V-Sb atoms in the VFeSb compound are 2.58 A, 2.58 A, and
2.97 A; and between Ta—Fe, Fe—Sb, and Ta—Sb atoms in the TaFeSb compound are 2.59 A, 2.59 A, and
2.99 A, respectively. These values are in good agreement with the previously reported bond lengths in the
TiNiSn material [36]. The calculated lattice parameters of NbFeSb, VFeSb, and TaFeSb HH compounds
are 6.09 A, 5.94 A, and 5.99 A, respectively. They are in agreement with the reported works of other HH
compounds [37, 38]. Additionally, we have also calculated the total formation energy (sum of internal
energy of the system) to examine the stability of NbFeSb, VFeSb, and TaFeSb HH compounds by using
equation (1),

Eyy. — (xEy + yE, + 2E.)

Fior = 1
for Ttytz ) ()

where Ej,, is the formation energy, F,,. is the total energy of the compound, and F,, E,, E, are the

energies per atom of the z, y, and z constituent atoms, respectively. Materials with higher (more negative)
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.
total energy values are more stable in the system. In our case, the calculated value of formation energy
is found to be -66.93 eV for NbFeSb, -56.31 eV for VFeSb, and -67.13 eV for TaFeSb, respectively. These
minimum values of ground state energy of materials imply that they are stable compounds. Therefore,
from the analysis of the structure parameters of materials, we found that our considered HH compounds
are structurally stable. The calculated values of bond lengths of considered materials are presented in

Table 1 which are in close agreement with the reported values [36].

Table 1. Calculated bond lengths of NbFeSb, VFeSb, and TaFeSb HH compounds, and reported bond lengths of
other HH compounds.

HH Compounds Calculated values of bond length (A) Reported values of bond length (A)
NbFeSb Nb-Fe = 2.64,Fe — Sb = 2.64, Nb — Sb = 3.05 2.57,2.97[36]
VFeSb V — Fe =258, Fe — Sb = 2.58, V — Sb =2.97 -

TaFeSb Ta — Fe = 2.59, Fe — Sb = 2.59, Ta — Sb = 2.99 -

Mechanical Properties

Mechanical properties of materials define their behavior under applied forces, loads, and varying
environmental conditions, which in turn determine their suitability for engineering and industrial appli-
cations. These characteristics govern a material’s strength, deformation response, and overall durability.
In the present work, we discussed the material’s stability, hardness, ductility or brittleness, and isotropic
or anisotropic nature based on their elastic constants and modulus of rigidity. For these, we have calcu-
lated elastic constants (C;; where C;; = Ci1,Ci2, Cua), Bulk modulus (B), Shear modulus (G), Young’s
modulus ((Y)), anisotropic factor (A), Pugh’s ratio (B/G), and Poisson’s ratio (v) of NbFeSb, VFeSb,
and TaFeSb HH compounds using Voigt-Reuss-Hill approximations (VRH) [39-41]. Mechanical stability
of the considered compounds is determined through the Born and Huang stability criteria, which are

given by the following relations [42]:

Ci >0, (2)

Cus > 0, (3)

Ciy — Cia >0, (4)
Ci1 +2C15 > 0, (5)

NbFeSb, VFeSb, and TaFeSb HH compounds satisfy the stability criteria and are found to be mechanically

stable materials. B, G, and Y of materials are determined by equations (6), (8), and (11), respectively:

7Bv+BR

B ;
2

(6)
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where By and Bpg are the Voigt and Reuss bulk moduli, given by

By = By = 202 (7)

3
G:w” (8)

where Gy and Gg are the Voigt and Reuss shear moduli, given by

Ci1 —Ci2+3Cy

Gy = = (9)
5(Cn — Ch2)
Ggr = 10
B3 (Cy — Cra + 4Cu) (10)
9BG
Y= 3B+ G (11)

From the calculations, the values of B, G, and Y are found to be high. A higher modulus of rigidity
indicates that the material possesses greater hardness, meaning more force is required to deform its
shape. The isotropic or anisotropic nature of materials is determined through their anisotropic factor
(A), which is given by equation (12):

2C44

Ao e
Ci1 — Cha

(12)
The material exhibits isotropic behavior when A equals one; otherwise, it is anisotropic. The A values
for NbFeSb, VFeSb, and TaFeSb are 0.04,0.06, and 1.08 , respectively. Since these values deviate from
unity, materials are considered anisotropic. Material ductility and brittleness are examined through the
calculations of their Pugh’s ratio (B/G) and Poisson’s ratio. A material has brittle properties if its Pugh’s
ratio is less than 1.75 ; otherwise, the material has ductile properties [43]. Pugh’s ratio of NbFeSb, TaFeSb,
and VFeSb are found to be 2.30, 4.72, and 1.45, respectively. It means NbFeSb and TaFeSb have ductile
properties, whereas VFeSb has a brittle nature. Poisson’s ratio () of materials also predicts the materials’

ductility and brittleness, which is obtained using equation (13):

2B — 3G
_ 13
YT oBB+G) (13)
If the value of v is less than 0.26 , materials will have a brittle nature; otherwise, they have a ductile
nature [44]. The v of NbFeSb, TaFeSb, and VFeSbh are found to be 0.31,0.40, and 0.22 , respectively.
They reflect that VFeSb has brittle properties, whereas NbFeSb and TaFeSb have ductile properties.
Materials’ ductile and brittle nature is predicted by the analysis of their Pugh’s and Poisson’s ratio. The

calculated parameters for the prediction of the material’s mechanical properties are presented in Table 2.
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Table 2. Calculated values of elastic constants (Ci1,Ch2,Cas), Young’s modulus (Y), Bulk modulus (B), Shear
modulus (G), Pugh’s ratio (B/G), Anisotropic factor (A), and Poisson’s ratio v of NbFeSb, TaFeSb, and
VFeSb HH compounds.
Calculated Parameters NbFeSb VFeSb TaFeSb

C11 (GPa) 277.91 282.12 418.05
Cia (GPa) 101.33  65.66 213.34
Cus (GPa) 59.41 86.34 40.87

Bulk modulus B (GPa) 160.20 137.81 281.57
Shear modulus G (GPa) 69.66 94.51 59.63

Pugh’s ratio B/G 2.30 1.45  4.72
Young’s modulus Y (GPa) 182.52 230.79 167.10

Anisotropic factor A 0.67 0.79 0.39

Poisson’s ratio v 0.31 0.22 0.40

Dynamical Properties

Dynamical properties of materials describe how the atoms or crystal lattice react to vibrations, ex-
ternal forces, or time-dependent perturbations. They are closely associated with atomic motion, phonon
behavior, and the material’s stability under dynamic conditions [45]. The dynamical (vibrational) stabil-
ity of a material is predicted based on its phonon spectrum. A material is considered dynamically stable if
all its phonon frequencies are positive; otherwise, it is dynamically unstable [46-48]. The phonon spectra

(dispersion curve) of NbFeSb, VFeSh, and TaFeSb HH compounds are illustrated in Fig. 2. The phonon

Frequency (cm™')
Frequency (cm™')

I
5 X UK r | w X !
Symmetric Points Symmetric Points

(a) (b)

Frequency (em™)

I
r X UK r L w X
‘Symmetric Points

(©)

Figure 2. Phonon dispersion curves of: (a) NbFeSb HH compound, (b) VFeSb HH compound, and (c¢) TaFeSb
HH compound. Highly symmetric points are taken along the x -axis, and phonon frequencies are taken
along the y -axis.
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dispersion curve of NbFeSb, TaFeSb, and VFeSb materials is studied in two different regions. They are
called the lower frequency region (LFR) and the higher frequency region (HFR). The LFR corresponds
to the acoustic modes, while the HFR corresponds to optical modes. The LFR for NbFeSb, TaFeSbh, and
VFeShb are elongating from (0.00 to 5.44) em~1, (0.00 to 4.56)cm ™!, and (0.00 to 4.57) cm ™!, respectively,
whereas the HFR regions for the same compounds are extending from (5.85 to 9.93) cm™!, (4.76 to 9.89)
em~ !, and (4.77 to 9.90) cm ™! respectively. The small band gap between LFR and HFR is due to the
small mass differences of the atoms in the unit cell of the materials. In Fig. 2, nine vibrational modes are
observed due to the presence of three atoms in each unit cell of HH compounds. Among these modes, the
first three are called acoustic modes, which correspond to zero frequency at the gamma point, while the
remaining modes are called optical modes. All the acoustic and optical modes have positive frequencies,
which ensures that NbFeSb, TaFeSb, and VFeSb are dynamically stable compounds.

Our calculated phonon dispersion curves are in good agreement with previously reported results for

this compound [49].

Thermal Properties

Atomic vibrations in solid materials can be described in terms of their Debye temperature (©p) and
phonon velocities, including the longitudinal phonon velocity (v;), transverse phonon velocity (v;), and
the average phonon velocity (v,). The thermal properties of materials are largely determined by these
atomic vibrations. The Debye temperature is directly related to the phonon velocities, meaning that
Op corresponds to the highest vibrational (phonon) frequency in a crystal, while the phonon velocity
represents the speed at which lattice vibrations propagate through the material [50-53]. Furthermore, the
Debye temperature of a material is associated with the average phonon velocity, which can be expressed

using the following equations [54]:

h [ 3N \Y3
D= kg <47rv> Y (14)

~11(2 + AT (15)
“m =3 vp v}
where longitudinal and transverse velocities are given by
G

v =4[ —, 16
=45 (16)

3B +4G
= /— 17
C Y 5 (17)

The calculated values of Debye temperature, phonon velocities, and melting point temperature (T,) for

NbFeSb, TaFeSb, and VFeSb are given in Table 3.
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Table 3. Calculated values of Debye temperature (©p), longitudinal velocity of phonon wave (v;), transverse
velocity of phonon wave (vt), average velocity of phonon wave (v, ), and melting point temperature (7r,)
for NbFeSb, TaFeSb, and VFeSb HH compounds.

Parameters NbFeSb VFeSb TaFeSb
ve( m/s) 2960.49 3619.51 2322.44
v ( m/s) 5642.84 6047.33 5714.84
vg( m/s) 3311.07 4005.01 2629.44
Op( K) 370.50 459.00 299.00

Tm(K) 1973.12 4300 1994.63 & 300 2689.23 £+ 300

In Table 3, it is seen that the phonon velocities of the considered materials are higher. This means
the materials have stronger interatomic bonding, higher stiffness, and better thermal conductivity. The
Debye temperature of the considered materials is found to be higher because the Debye temperature is
directly proportional to the average phonon velocity. The higher the value of the Debye temperature of
materials implies that the stronger their interatomic bonding, the higher their melting point, and the
higher their vibration frequency. Hence, NbFeSb, TaFeSh, and VFeSb have good thermal properties.

An empirical formula used to estimate the melting point of crystalline solids from their elastic

constants is calculated by equation (18) [55]:

Ty = 553 + 5.11C4; + 300 (18)

where +300 represents the possible uncertainty or range of prediction due to material-specific variation.
The computed melting point temperatures of NbFeSb, VFeSb, and TaFeSb are 1973.12+300 K, 1994.63 +
300 K, and 2689.23 £+ 300 K, respectively. These higher melting point temperatures reveal that the
materials possess strong interatomic bonding, high phonon frequencies, and have high thermal stability.
Therefore, NbFeSb, VFeSb, and TaFeSb HH compounds have good thermal properties and can be used

in the fields of thermoelectric devices.

Electronic Properties

The electronic properties of materials refer to how they respond to an applied electric field, primarily
determined by the arrangement and motion of electrons [56]. These properties are controlled by the
material’s band structure and density of states (DOS), which specify the permissible energy levels and the
number of available states at each energy. Based on the band gap and DOS at the Fermi level, materials
are categorized as metals, semiconductors, or insulators. Metals exhibit overlapping bands with a high
DOS, semiconductors possess a small band gap, and insulators have a large band gap with zero DOS
[57-59]. These characteristics collectively influence conductivity, carrier concentration, mobility, optical
transitions, and overall electrical performance [60]. In the present work, we obtained the band structures

and DOS plots of NbFeSb, VFeSb, and TaFeSb HH compounds, which are shown in Fig. 3.

91
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In band plots, the highly symmetric points of materials in the irreducible Brillouin zone (BZ) are
taken along the x -axis, and their corresponding energies are taken along the y -axis, whereas in DOS
plots, band states are taken along the x -axis, and their corresponding energies are taken along the y
-axis. In both plots, the horizontal dotted line represents the Fermi energy level, which distinguishes the
valence band from the conduction band of the compounds. In NbFeSb, VFeSb, and TaFeSb, the valence
band maximum (VBM) and the conduction band minimum (CBM) lie at distinct high-symmetry points
from I to L, which indicates that the considered materials have indirect band gaps. The calculated band
gap energies of NbFeSb, VFeSb, and TaFeSb are found to be 0.80 eV, 0.70 eV, and 0.73 eV , respectively.
These calculated band gap energies are comparable with the band gap energies of reported works [37, 61].
Hence, NbFeSb, VFeSh, and TaFeSb are called small band gap semiconducting materials. Narrow band
gap semiconducting materials can conduct more easily at room temperature, and are often used in
thermoelectric, optoelectronic device applications [62, 63]. Therefore, NbFeSb, VFeSb, and TaFeSb can
be used in the fields of optoelectronics, thermoelectrics, transistors, solar cells, and sensing applications.

Additionally, we analyzed the DOS plots of the considered materials shown in Fig. 3 and observed that a

Energy (eV)
Energy (eV)

Symmetric Points

(a)

Energy (eV)

Symmetric Points

Figure 3. Band structures and density of states (DOS) plots of: (a) NbFeSb HH compound, (b) VFeSb HH
compound, and (¢) TaFeSb HH compound. The horizontal dotted line represents the Fermi energy
level, and vertical dotted lines represent the highly symmetric points in the irreducible Brillouin zone.

zero value of DOS appeared at the Fermi energy level. Also, similar band gaps are indicated by the DOS
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between the valence band and conduction band. Hence, this also confirms that our considered materials

have small band gap energies.

Magnetic Properties

The magnetic and non-magnetic nature of materials is predicted by the analysis of their DOS and
partial DOS (PDOS) plots [64]. The magnetic properties of materials are determined by analyzing the
distribution of electronic spins around the Fermi energy level in DOS and PDOS plots. In magnetic
materials, the spinup and spin-down DOS are unequal, and this difference in the number of spin-up
and spin-down states near the Fermi energy level generates a net magnetic moment [65]. The spin-up
and spin-down states of material are symmetrically distributed around the Fermi energy level; materials
have non-magnetic properties, whereas spin-up and spin-down DOS are asymmetric, leading to finite
magnetization [66]. Firstly, we analyzed the DOS plots of NbFeSb, VFeSb, and TaFeSb, HH compounds,
which are illustrated in Fig. 4.
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Figure 4. Density of states (DOS) plots of: (a) DOS of NbFeSb HH compound, (b) DOS of VFeSb HH compound,
and (c) DOS of TaFeSb HH compound. The horizontal dotted line separates the up- and down-spin

states of electrons in the atomic orbitals of the material, while the vertical dotted line distinguishes the
electronic bands.

In Fig. 4, it is observed that spin-up and spin-down states of individual atoms in the NbFeSb,
VFeSb, and TaFeSb, HH compounds are equally (symmetrically) distributed around the Fermi energy
level. They indicate that the magnetic moment generated by the electronic spin states cancels out, and

hence, the considered compounds exhibit non-magnetic properties. The nature of magnetic properties of




Exploration of properties of XFeSb using DFT

|
HH compounds is also predicted by the Slater-Pauling equation: M = (Z — 18)up [67]. This equation

is used to calculate the total magnetic moments of HH materials with a valence electron count (VEC)
of 18. Each of the NbFeSb, VFeSb, and TaFeSb HH compounds has a VEC of 18, so the M of these
compounds is equal to zero. Hence, they are non-magnetic materials. Thus, from the analysis of DOS
and Slater-Pauling equation, the considered materials have non-magnetic characteristics.

The DOS illustrates the overall spin imbalance and magnetic characteristics of a material, whereas
the PDOS determines the atomic and orbital sources of its magnetism [68]. The magnetism in materials
often originates from partially filled p,d, or f orbitals. A significant difference between the spin-up and
spin-down PDOS of these orbitals indicates the presence of localized magnetic moments. Additionally,
orbital hybridization (e.g., d-orbitals of one atom with p-orbitals of neighboring atoms) affects exchange
interactions, thereby influencing magnetic ordering. The PDOS plots of NbFeSb, VFeSb, and TaFeSb

HH compounds are illustrated in Fig. 5.
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Figure 5. Partial density of states (PDOS) plots of; (a) PDOS of NbFeSb HH compound, (b) PDOS of VFeSb
HH compound, (c) PDOS of TaFeSb HH compound. The horizontal dotted line separates the spin-up

and spin-down states of electrons in the individual orbital of atoms present in the materials, while the
vertical dotted line distinguishes the electronic bands.

We have calculated the magnetic moment and found that the spin-up states in the 5 s,4p,.,4d,., 4d2
orbitals of Nb atoms, 4 s, 3p,, 3d,., 3d,. orbitals of Fe atoms, and 5p,,4d,> orbitals of Sb atoms in the
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NbFeSb compound have values equal to those of the corresponding down-spin states in the respective
orbitals. The total magnetic moment is zero, as it results from the cancellation of the magnitudes of
both spin states. Thus, NbFeSb is a non-magnetic material. Similarly, the magnetic moment of the
VFeSb compound shows that the spin-up states in the 4 s, 3p,, 3d;., 3d,2> orbitals of V atoms; 4 s, 3p,,
3d,.,3d,2 orbitals of Fe atoms; and 5p,,4d,> orbitals of Sb atoms have values equal to those of the
corresponding down-spin states in the respective orbitals. The total magnetic moment is zero, resulting

from the cancellation of the magnitudes of both spin states. Therefore, VFeSb is a non-magnetic material.

Moreover, we have computed the magnetic moment of the TaFeSb HH compound. The calculated
magnetic moment of the TaFeSb compound shows that the spin-up states in the 6s, 5p., 5d,.., 5d,2 orbitals
of Ta atoms; 4s, 3p,, 3d.., 3d,2 orbitals of Fe atoms; and 5p,,4d,2 orbitals of Sb atoms have values equal
to those of the corresponding down-spin states in the respective orbitals. The total magnetic moment is
zero, due to the cancellation of the magnitudes of both spin states. Therefore, TaFeSb has non-magnetic
properties. Based on the DOS and PDOS analysis of the NbFeSb, VFeSb, and TaFeSb HH compounds,
we conclude that these materials exhibit non-magnetic properties. This calculation is consistent with

previously reported results for the same compounds [37].

IV. Conclusions

We perform a theoretical analysis of NbFeSb, VFeSb, and TaFeSb materials by investigating their
structural, mechanical, dynamical, thermal, electronic, and magnetic properties using the VASP com-
putational code with the PBE functional. For the structural properties, we calculated the ground-state
energy and the bond lengths between nearest-neighbor atoms in the materials. We found that the con-
sidered materials possess minimum ground state energies, indicating that they are structurally stable
compounds. The bonding of atoms in the structures further confirms that the atoms are tightly bound
to each other. The mechanical properties of the materials are examined through the calculations of their
elastic constants and modulus of rigidity, and it is found that NbFeSb, VFeSb, and TaFeSb are mechani-
cally stable. From the analysis of the modulus of rigidity, it is observed that they possess greater hardness.
Based on the calculated value of the isotropic index, the considered materials exhibit an anisotropic na-
ture. The ductility or brittleness of the materials is examined through the calculated values of Pugh’s
ratio and position’s ratio, and it is found that NbFeSb and TaFeSb have ductile properties, whereas
VFeSb exhibits a brittle nature. The dynamical properties of the materials are examined through the
phonon dispersion curves, and it is found that all frequency curves possess positive values at each sym-
metric point, indicating that the considered materials are dynamically stable. The thermal properties
of the materials are investigated by calculating their phonon velocities and Debye temperatures, and it

is found that NbFeSb, VFeSb, and TaFeSb have good thermal properties. The electronic properties of
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NbFeSb, VFeSb, and TaFeSb are explored through the analysis of their band structures and DOS plots,
and the band gaps are found to be 0.80 eV,0.70 eV, and 0.73 eV , respectively. Hence, they are small
band-gap semiconducting materials. Moreover, the DOS and PDOS plots of the considered compounds
show symmetrically distributed up- and down-spin states around the Fermi energy level. The resultant
values of the magnetic moments of NbFeSh, VFeSh, and TaFeSb are found to be zero; hence, they exhibit

non-magnetic properties.
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