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A B S T R A C T   

Structural, electronic and mechanical properties of ZrCo1− xIrxSb Half-Heusler alloys with varying x concentrations (x 
= 0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875, and 1) were studied by performing the exchange-correlation (XC) 
energy evaluated using the local density (LDA) and generalized gradient (GGA) approximations. The calculated lattice 
constant, bulk modulus, and band gap energy of the ternary alloy show good agreement with previous theoretical pre
dictions. The results indicate that an increase in Ir atom concentration in the alloy leads to an enlargement of the lattice 
constant (from 6.10 to 6.36 Å) and bulk modulus (from 138.09 to 149.70 GPa), resulting in increased volume and 
hardness of the compound. Moreover, the Engel-Vosko generalized gradient approximation (EVGGA) and modified 
Becke-Johnson (mBJ) schemes were employed to improve the calculations of the band structure and density of states. 
The studied alloys exhibit semiconductor characteristics, with a direct band gap for both x = 0.75 and x = 0.875 
concentrations and an indirect band gap for the rest of the concentrations. The computed elastic constants for 
ZrCo1− xIrxSb alloys satisfy the requirements for mechanical stability. The VRH approximations have been used to 
determine the bulk modulus, shear modulus, Young’s modulus, Poisson’s ratio and Hardness. In addition, we also 
determined the anisotropy factor, sound velocities and Debye temperature.   

1. Introduction 

Heusler alloys, named after Fritz Heusler, the German metallurgical 
engineer and chemist who discovered them in 1903 while he was 
studying the electrical conductivity of certain metallic alloys. He 
observed that an alloy composed of copper, manganese, and aluminum 
(Cu2MnAl) displayed ferromagnetic properties, even though none of its 
constituent elements were magnetic on their own [1–18]. This unex
pected behavior intrigued researchers and led to further exploration of 
this new class of materials. 

Heusler alloys are an amazing group of materials, and there are 
thousands of them today. Our study focuses on a particular type called 
“Half-Heusler” alloys, not “Full-Heusler” alloys. The special thing about 
Half-Heusler alloys is that they have relatively high Curie temperatures 
[19–22] and their structure is similar to the zinc blende phase. This 
similarity allows for the possibility of integrating magnetic devices into 
semiconductor technologies. 

The compounds known as half-Heusler (HH) alloys have a structure 
called MgAgAs [23]. XYZ, an HH alloy, has a structure that is similar to 
the structure of a full-Heusler alloy X2YZ. In this structure, X and Y are 
transition metals, and Z is an element from group III, IV, or V on the 
periodic table. However, sometimes Y is replaced by a rare earth or 
alkaline earth metal element. Fig. 1 illustrates the displayed structure. 
This type of half-Heusler structure is characterized by three inter
penetrating sub-lattices of a face-centered cubic arrangement, with each 
lattice occupied by atoms X, Y, and Z [24]. Wyckoff’s notations are used 
to describe the locations of atoms, such as 4a (0, 0, 0), 4b (1/2, 1/2, 
1/2), and 4c (1/4, 1/4, 1/4) [25–27]. In theory, there are three different 
possible atomic arrangements in this type of structure, as shown in 
Table 1. 

Half-Heusler alloys are known for their ability to combine with 
various elements. This combination leads to a diverse set of physical 
properties. Heusler alloys are fascinating materials that exhibit a range 
of unique properties, including ferromagnetism, shape memory, and 
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high thermoelectric efficiency. For example, the compound RbSrSi ex
hibits interesting electronic properties [28], TiCoSb shows thermoelec
tric properties [29], and NiMnSb displays magnetic characteristics as a 
half-metallic ferromagnet [30]. 

Half-Heusler alloys have several useful properties such as wide 
temperature stability [31,32], adjustable band gaps [33,34], and flex
ible composition. They find applications in various fields including to
pological insulators, spintronic devices [31], magnets, photovoltaics 
[34], optoelectronic devices [31,35], and thermoelectric applications 
[32–34] due to their high performance. These alloys have attracted the 
attention of many researchers [36] who have studied their band struc
tures and properties. For example, Zahedifar et al. discovered that the 
energy gaps of half-Heusler alloys based on Sb range from 1.13 to 1.44 
eV [37]. Additionally, p-type doping, Zr0.5Hf0.5NiSn as reported by Zou 
et al. [38], improves the thermoelectric performance. In quaternary 
Heusler alloys (LiMgXSb), Nag et al.’s [39] studies showed that doping 
charge carriers within the unit cell can greatly increase ZT and power 
factor. The mechanical research by Kalita et al. [40] revealed that the 
ductility of the RuMnAs compound, ionic bonding, hardness of the 
material, and independent elastic constants (C11 and C12) increase 
practically linearly with applied pressure. Chibani et al. [41] conducted 
an ab initio prediction on the structural, electronic, and elastic proper
ties of half-Heusler ternary compounds TiIrX (X = As and Sb). Gupta and 
coworkers [42] studied the lattice dynamics of MnY2Ga Full Heusler 
alloy in its the cubic phase (L21) and show that phonon vibrations are 
highly dependent on the surrounding spin and pressure. Besides 
contributing to their theoretical studies on the behavior of the novel 
AlNiX (X = As and Sb) half-Heusler alloys from a thermoelectric 
standpoint, both alloys exhibit n-type behavior, as indicated by their 
negative Seebeck coefficient [43]. They clarified that increasing the 
Seebeck coefficient might be substituted with the appropriate doping 
substituent or nano-structuring procedures. Increasing its thermoelec
tric performance as a result [44]. Furthermore, Gupta and coauthors 

anticipated that AlNiAs are more ductile than AlNiSb from a mechanical 
perspective [45]. 

In this paper, we focus on studying the structural, electronic and 
mechanical properties of ZrCo1− xIrxSb half-Heusler alloys. These alloys 
have different compositions, ranging from x = 0 to 1, and possess a cubic 
MgAgAs-type structure with 18 valence electrons. To analyze these 
properties, we employ first-principles calculations based on density 
functional theory (DFT) [46,47]. The electronic analysis reveals that 
both ternary compounds exhibit semiconductor characteristics with a 
wide band gap. The paper is organized into three main sections: 
computational methods, results and discussion, and conclusion. In the 
computational methods section, we provide a concise explanation of our 
computational approach. In the results and discussion section, our 
findings on the optimized lattice constant, electronic and mechanical 
properties of the half-Heusler alloys are presented. Finally, the conclu
sion section summarizes our study’s key findings 

2. Computational methods 

In our computational work, we utilized the Full Potential Linearized 
Augmented Plane Wave method (FP-LAPW) [48,49] in conjunction with 
Density Functional Theory (DFT) [46,47], as implemented through the 
WIEN-2K software [50]. This approach allows us to investigate the 
electronic structure of crystals. To simplify the representation of the 
crystal’s potential, the “muffin-tin approximation” was applied, which 
divides the system into two distinct regions. In the first region corre
sponds to atomic spheres centered on atomic sites, the radial solutions of 
the Schrödinger equation were employed. The second region encom
passes the remaining interstitial space and is analyzed using a plane 
wave expansion [51]. To determine the structural properties of the al
loys under considirations, two fundamental densities functional theory 
(DFT) approximations were performed: The Local Density Approxima
tion (LDA) [52] and the Generalized Gradient Approximation developed 
by Perdew et al. (GGA-PBE) [53]. These approaches are used for esti
mating the exchange and correlation interactions. Recognizing that GGA 
and LDA often tend to underestimate the band gap, we adopted two 
complementary methods to improve gap calculations. Firstly, the 
Engel-Vosko’s GGA correction formula (EV-GGA) was incorporated 
[54], which has shown significant improvements in predicting band 
gaps, particularly for compounds of interest. Additionally, the modified 
Becke–Johnson (mBJ) [55] approach was integrated into our calcula
tions. The mBJ formalism is known for accurately describing semi
conductor band gaps and offering a more precise representation of the 
electronic band structure. To ensure the structural stability of the herein 
studied alloys, atomic position relaxation was performed by minimizing 
external forces acting on the atoms. This relaxation process was carried 
out with the support of both the GGA and LDA approximations, 
contributing to a reliable structural analysis. 

To achieve the desired alloy compositions represented by x values of 
0.25, 0.75 and 1, we implemented a substitution strategy. Specifically, 
one, three and four cobalt (Co) cation sites were replaced with iridium 
(Ir) atoms within a unit cell containing four atoms. Conversely, to obtain 
alloys with x values of 0.125, 0.375, 0.5, 0.625, and 0.875, we intro
duced substitutions on one, three, four, five, and seven Co cation sites, 
respectively, using Ir atoms in an expanded supercell consisting of eight 
atoms. In this process, the valence states of Zr ([Kr] 4 d2 5s2), Co ([Ar] 3 
d7 4s2), Ir ([Xe] 4f14 5 d7 6s2), and Sb ([Kr] 4 d10 5s2 5p3) were 
considered for our predictions. Additionally, the remaining states as 
core states within the electronic configuration of each material were 
treated. 

In order to ascertain the structural and electronic attributes of the 
compounds under investigation, a high-density k-point mesh, consisting 
of 800 k-points within the Brillouin zone (BZ), was emeployed during 
our total energy calculations. The expansion of the wave function in the 
interstitial region for all nine HH alloys was conducted with a plane 
wave cutoff RM.TKmax = 8. In our computations, the Muffin-Tin Radius 

Fig. 1. The C1b structure (the half-Heusler alloy). Notations of atom positions: 
4a (0,0,0), 4b (1/2,1/2,1/2) and 4c (1/4,1/4,1/4). 

Table 1 
The three equivalent site occupancy arrangements within the C1b type structure. 
Atoms in Wyckoff-type position.   

4a (0,0,0) 4b (0.5,0.5,0.5) 4c (0.25,0.25,0.25) 

I X Y Z 
II Z X Y 
III Y Z X  
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exhibited variations spanning from 2.33 to 2.5 atomic units. To ensure 
the convergence of energy to an approximate tolerance of 10-5 Ry, 
iterative self-consistent iterations were iteratively conducted. To obtain 

the ground state parameters, the total energy dependence of the cell 
volume is fitted to the Birch-Murnaghan equations of state [56,57], 
which is seen in Equation (1). 
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Where E0 is the least amount of energy at T = 0 K, B is the bulk modulus, 
B′ is the bulk modulus derivative and V0 is the equivalent amount of 
volume. 

Table 2 
Different atomic combinations in the ZrXSb (X = Co and Ir) half-Heusler 
structure.  

The 
compounds 

Atoms arrangement 1 
(4c, 4a, 4b) 

arrangement 2 
(4a, 4b, 4c) 

arrangement 3 
(4b, 4c, 4a) 

ZrXSb Zr (0.25,0.25,0.25) (0,0,0) (0.5,0.5,0.5) 
X (0,0,0) (0.5,0.5,0.5) (0.25,0.25,0.25) 
Sb (0.5,0.5,0.5) (0.25,0.25,0.25) (0,0,0)  

Fig. 2. ZrCoSb HH alloy crystal structure in (a) arrangement 1, (b) arrangement 2, and (c) arrangement 3.  

Fig. 3. The energy variation as a function of volume for ZrCoSb and ZrIrSb compounds in arrangements 1, 2, and 3.  

B. Abdelkebir et al.                                                                                                                                                                                                                             



Physica B: Condensed Matter 688 (2024) 416166

4

3. Results and discussion 

3.1. Structural properties 

Under ambient conditions, it is notable that ZrXSb alloys, where X 
stands for either cobalt (Co) or iridium (Ir), adopt a specific crystalline 
arrangement referred to as a face-centered cubic (FCC) structure. This 
FCC structure is categorized under the space group No. 216, F43m which 
describes the arrangement of atoms in the crystal lattice. It is important 
to mention that within the framework of the half-Heusler (HH) struc
ture, there are three distinct atomic configurations, each characterized 
by unique spatial arrangements of atoms. It’s noteworthy that within the 
half-Heusler (HH) structure, there exist three unique atomic configura
tions, each with distinct atom arrangements. To proceed with our 
research and conduct accurate calculations, it is crucial to determine 
which of these atomic configurations is the most stable. This essential 
determination, as detailed in Table 2 and illustrated in Fig. 2, serves as 
the foundational step in our computational analyses. The choice of the 
most stable configuration significantly influences the subsequent stages 
of the present investigation, enabling us to gain deeper insights into the 
properties and behaviors of these materials. 

In the present investigation of ZrCoSb and ZrIrSb alloys, three 
distinct atomic arrangements denoted as 1, 2, and 3 were considered, the 
total energy were systematically calculated while varying the volume. 
The results of these comprehensive calculations are thoughtfully pre
sented in Fig. 3. Upon careful examination of the data presented in 
Fig. 3, a clear and compelling conclusion emerges: the atomic configu
ration characterized by the arrangement 3 structure (4b, 4c, 4a) stands 
out as the most stable among the options considered. This structural 
arrangement exhibits the lowest total energy across the range of vol
umes investigated, signifying its preference in terms of stability within 
the context of our study. 

In this investigation of ZrXSb compounds, where X represents either 
cobalt (Co) or iridium (Ir), a rigorous analysis of total energies within 
two distinct spin states have conducted: the polarized spin state 
(Ferromagnetic or FM State) and the non-polarized spin state (Non- 
Magnetic or NM State). These calculations were performed specifically 
within the framework of the arrangement 3 structure, denoted as (4b, 

4c, 4a). The compelling insights drawn from our computational results, 
as visually represented in Fig. 4, reveal a consistent and significant 
trend. Notably, it becomes evident that the lowest energy state is 
consistently associated with the non-polarized spin configuration (NM 
State) within the arrangement 3 structure (4b, 4c, 4a) for both ZrCoSb 
and ZrIrSb compounds. This outcome underscores the remarkable sta
bility of this particular structural configuration, characterized by the 
absence of spin polarization, within the context of our investigation into 
ZrXSb (X = Co and Ir) compounds. 

As mentioned in the Computational Methods section, our approach 
involved the substitution of one cobalt (Co) cation site with iridium (Ir) 
atoms within an eight-atom supercell to create the alloy with a con
centration of x = 0.125. It is worth noting that the structural integrity 
and the accuracy of our calculations remained unaffected by the sub
stitution of an Ir atom for one of the eight Co atoms in various positions 
(see Fig. 5). This observation holds true consistently across all the alloys 
examined. 

In Fig. 6, we present a graphical representation of the half-Heusler 

Fig. 4. The variation of the energy as a function of the volume for ZrCoSb and ZrIrSb compounds in the states of polarized spin (FM state) and without polarized spin 
(NM state). 

Fig. 5. The variation of the energy as a function of the volume in the Ir-doped 
states at eight different Co positions. 
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structures ZrCo1− xIrxSb for varying concentrations (x = 0, 0.125, 0.25, 
0.375, 0.5, 0.625, 0.75, 0.875, and 1). Additionally, Table 3 provides a 
detailed account of the atomic positions within these structures, 
considering both the Generalized Gradient Approximation (GGA) and 
the Local Density Approximation (LDA). These comprehensive visual 
and tabular representations serve as valuable resources for our analysis 
and offer insights into the structural variations across the different alloy 
compositions. 

In our present study, the Brich-Murnaghan equation of state [56,57] 
presented in equation (1) was employed. This equation was utilized to 
model the relationship between total energy and volume, enabling us to 

explore structural characteristics, including lattice constants (a) and the 
bulk modulus (B), across a range of concentrations (x = 0, 0.125, 0.25, 
0.375, 0.5, 0.625, 0.75, 0.875, and 1) in ZrCo1− xIrxSb half-Heusler al
loys. Table 4 displays our predictions for ternary semiconductors and 
their mixtures. We’re comparing these predictions to measurements of 
the lattice constant. It’s important to note that when LDA calculations 
was used, the lattice constants turn out to be smaller than what theory 
suggests, but with GGA, they tend to be larger. Interestingly, for ZrCoSb 
and ZrIrSb ternary compounds, our GGA results match up really well 
with what previous research and experiments have found. Fig. 7 (a) 
represents the variation of the equilibrium lattice parameter as we vary 

Fig. 6. ZrCo1− xIrxSb (x = 0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875 and 1) half-Heusler alloy crystal structures.  
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the composition of the alloys. Interestingly, it’s evident that there is a 
slight deviation from Vegard’s law [58], with a noticeable downward 
curvature measuring 0.2576 Å. 

Our results for the lattice constants of ternary semiconductors 
ZrCoSb and ZrIrSb exhibit excellent agreement with experimental data 
[59,60,63] and concur with theoretical predictions found in previous 
references [61,62]. Furthermore, a noteworthy observation pertains to 
the influence of increasing Ir concentration (x = 0, 0.125, 0.25, 0.375, 
0.5, 0.625, 0.75, 0.875, and 1) on the lattice constant. We observed a 
progressive expansion in the lattice as the Ir content increased (x = 0, 
0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875, and 1). This behavior can be 
attributed to the comparatively larger atomic radius of Ir (r = 2.02) 
relative to Co (r = 1.92). Consequently, the introduction of Ir into the 
lattice led to its expansion, a phenomenon that our study duly captured 
and substantiated. 

In Fig. 7 (b), we present also the bulk modulus of the ZrCo1− xIrxSb 
alloy as a function of composition (x = 0, 0.125, 0.25, 0.375, 0.5, 0.625, 
0.75, 0.875, and 1). Notably, the observed behavior of the bulk modulus 

deviates from a linear concentration dependence, demonstrating a 
concave curve with a distinct downward curvature measuring 12.6632 
GPa. Furthermore, our investigation reveals a noteworthy relationship 
between the bulk modulus and the concentration of Ir within 
ZrCo1− xIrxSb half-Heusler alloy. As the concentration of Ir increased, a 
corresponding increase in the alloy’s hardness was observed, suggesting 
a direct influence of Ir content on the mechanical properties of the 
material. We’ve noticed that there are no existing theoretical or exper
imental structural parameter data for alloys with x values of 0.125, 0.25, 
0.375, 0.5, 0.625, 0.75, and 0.875. This means we don’t have any prior 
data to compare our results to. 

3.2. Electronic properties 

Careful adjustment of a material’s band structure, achieved through 
methods like doping, alloying, or strain engineering, plays a crucial role 
in customizing materials for specific purposes. This customization can 
lead to the creation of better semiconductor devices, more efficient solar 
cells, and innovative electronic states. Consequently, understanding and 
managing band structures are central to progress in a wide range of 
scientific and technological fields. 

We conducted band structure calculations for ZrCo1− xIrxSb half- 
Heusler compounds with different compositions, ranging from x =
0 to x = 1, by performing various approximations, namely GGA, LDA, 
EV-GGA, and mBJ-GGA. In the resulting figures (Fig. 8(a)-(k)), one can 
observe that the ternary compounds ZrIrSb (ZrCoSb) show indirect band 
gaps occurred between specific points in the Brillouin Zone, specifically 
between the L point for ZrCoSb and Γ for ZrIrSb and the X point. The X 
point marks the minimum energy level of the conduction band (CBM) 
within the first Brillouin Zone. This phenomenon of having indirect band 
gaps is not unique to these compounds but has been observed in other 
well-known semiconducting half-Heusler materials, such as ZrNiSn and 
HfNiSn [64]. 

In the analysis of the band structures for the compounds 
ZrCo0.25Ir0.75Sb and ZrCo0.125Ir0.875Sb represented in Fig. 8(g) and (h), 
distinctive characteristics emerge. These compounds exhibit substantial 
“large direct gaps” within their electronic structures, a notable phe
nomenon wherein the conduction band minimum (CBM) aligns pre
cisely with the valence band maximum (VBM) at the same point Γ within 
the first Brillouin Zone. 

Conversely, in the band structure diagrams for alloys characterized 
by x values of 0.125, 0.375, and 0.625, as illustrated in Fig. 8(b), (d), and 
8(f), a distinct presence of “indirect band gaps” M-Γ becomes evident. In 
these scenarios, the VBM and CBM do not coexist at the same point 
within the Brillouin Zone, necessitating alterations in both energy and 
momentum during electronic transitions. Furthermore, in Fig. 8(e) and 
(c), we also observe indirect band gaps, but with the VBM located at 
specific midpoints, (Γ, X or R), while the CBM resides at a different 
position Γ. These findings underscore the indirect nature of these band 
gaps. Consequently, our comprehensive analysis of all half-Heusler al
loys encompassing x values ranging from 0 to 1 consistently reveals their 
semiconductor nature. In Table 5, our calculated band gap values for the 
entire set of half-Heusler alloys are summarized. A noticeable trend 
emerges from our analysis: the indirect band gaps are consistently 
smaller in magnitude when compared to the values of the direct band 
gaps. This means that, for the majority of the alloys in our investigation, 
electron transitions requiring a change in both energy and momentum 
(indirect transitions) are associated with smaller energy gaps. However, 
it’s worth noting that an exception to this pattern is observed in the case 
of the ZrIrSb alloy, where the indirect band gap exhibits a different 
behavior. 

it is widely acknowledged that GGA and LDA tend to underestimate 
band gaps to some degree. To address the limitations of GGA and LDA 
and enhance the accuracy of our band structure calculations, the EV- 
GGA and mBJ-GGA (modified Becke-Johnson GGA) methods were 
adopted. These advanced techniques are designed to maximize the 

Table 3 
Calculated atomic positions (fractional coordinates) of the alloy ZrCo1− xIrxSb (x 
= 0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875 and 1) with the GGA and LDA 
approximations.  

The compounds GGA LDA    

ZrCoSb 216 F − 43m Zr: 0.5, 0.5, 0.5 
Co: 0.25, 0.25, 0.25 
Sb: 0, 0, 0 

Zr: 0.5, 0.5, 0.5 
Co: 0.25, 0.25, 0.25 
Sb: 0, 0, 0 

ZrCo0.875Ir0.125Sb 111 P −

42m 
Zr: 0.7455, 0.7455, 
0.8711 
Co: 05, 0, 02524 
Ir: 0, 0, 0 
Sb: 02546, 07453, 
0.8714 

Zr: 02519, 07480, 
08735 
Co: 0.5, 0, 02503 
Ir: 0, 0, 0 
Sb: 0.4757, 0.4757, 
0.8726 

ZrCo0.75Ir0.25Sb 215 P −

43m 
Zr: 0.2532, 0. 2532, 0. 
2532 
Co: 0.5, 0.5, 0 
Ir: 0, 0, 0 
Sb: 0.7457, 0.7457, 
0.7457 

Zr: 0.0016, 0.9983, 
0.9983 
Co: 0.25, 0.75, 0.25 
Ir: 0.75, 0.25, 0.25 
Sb: 0.4952, 0.9952, 
0.9952 

ZrCo0.625Ir0.375Sb 111 P −

42m 
Zr: 0.2501, 0.7498, 
0.8722. 
Co: 0.5, 0, 0.2510 
Ir: 0, 0, 0 
Sb: 0.7501, 0.7501, 
0.8694 

Zr: 0.2501, 0.7498, 
0.8725 
Co: 0.5, 0, 0.2509 
Ir: 0, 0, 0 
Sb: 0.7501, 0.7501, 
0.8693 

ZrCo0.5Ir0.5Sb 115 P − 4m2 Zr: 0.4999, 0.4999, 
0.9966 
Co: 0.25, 0.25, 0.75 
Ir: 0.25, 0.75, 0.25 
Sb: 0.4999, 0.499, 
0.5100 

Zr: 0.5, 0.4999, 0.9973 
Co: 0.75, 0.75, 0.75 
Ir: 0.25, 0.75, 0.2499 
Sb: 0.9999, 0.4999, 
0.9894 

ZrCo0.375Ir0.625Sb 111 P −

42m 
Zr: 0.7494, 0.7487, 
0.1252 
Co: 0, 0, 0.5 
Ir: 0.5, 0, 0.4786 
Sb: 0.2499, 0.7500, 
0.6193 

Zr: 0.7499, 0.7499, 
0.626 
Co: 0, 0, 0.5 
Ir: 0.5, 0, 0.7488 
Sb: 0.2499, 0.7500, 
0.6194 

ZrCo0.25Ir0.75Sb 215 P −

43m 
Zr: 0.2459, 0.7540, 
0.7540 
Co: 0, 0, 0 
Ir: 0, 0. 5, 0. 5 
Sb: 0.7548, 0.2451, 
0.2451 

Zr: 0.2479, 0.2479, 
0.2479 
Co: 0, 0, 0 
Ir: 0, 0.5, 0 
Sb: 0.7551, 0.2448, 
0.2448 

ZrCo0.125Ir0.875Sb 111 P −

42m 
Zr: 0.2478 0.7521, 
0.8769 
Co: 0, 0, 0 
Ir: 0.5, 0, 0.2487 
Sb: 0.7551, 0.7551, 
0.8780 

Zr: 0.7481, 0.7481, 
0.6231 
Co: 0, 0.5, 0.5 
Ir: 0.5, 0, 0.7486 
Sb: 0.2556, 0.7443, 
0.6217 

ZrIrSb 
216 F − 43m 

Zr: 0.5, 0.5, 0.5 
Ir: 0.25, 0.25, 0.25 
Sb: 0, 0, 0 

Zr: 0.5, 0.5, 0.5 
Ir: 0.25, 0.25, 0.25 
Sb: 0, 0, 0  
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potential for precise band structure computations. The use of EV-GGA 
and mBJ-GGA is particularly advantageous because it leads to 
improved band separation and other electronic properties. The efficacy 
of these methods largely hinges on their ability to enhance the precision 
of the exchange-correlation potential, a pivotal component in density 
functional theory calculations. By implementing EV-GGA and mBJ-GGA, 
we aim to provide more accurate insights into the band structures of the 
materials under investigation, enabling a deeper understanding of their 
electronic behavior and paving the way for more informed materials 
design and engineering. 

Analyzing the data in Table 5, one can see that the EV-GGA method 
tends to give us larger energy gap values compared to the mBJ-GGA 
method. In simpler terms, when EV-GGA is used, it often predicts that 
our materials have wider gaps between their energy levels. 

Fig. 9 visually shows how the band gap (Eg) of ZrCo1− xIrxSb changes 
as increasing the amount of Ir in the alloys, going from 0.25 to 0.875. It 
is also reveals that as adding more Ir to the alloy, the band gap of the 
material gets bigger. This finding is important because it suggests that by 
carefully controlling the amount of Ir into the alloy, one can get mate
rials with improved electronic properties, which could be useful for 
various applications. 

Moreover, we conducted calculations of the total and partial den
sities of states (TDOS and PDOS) for ZrCo1− xIrxSb (x = 0, 0.125, 0.25, 
0.375, 0.5, 0.625, 0.75, 0.875 and 1) half-Heusler alloys. These calcu
lations were carried out using the EV-GGA approximations, aiming to 
provide a more comprehensive insight into the electronic structure of 
these materials. Our analysis of state densities revealed the presence of 

an energy gap near the Fermi level for all nine half-Heusler alloys under 
investigation. This significant finding is visually represented in Fig. 10 
(a) to 10(k), where the energy gap manifests itself within the electronic 
structure of each alloy. 

The ZrCoSb alloy exhibits a unique electronic structure characterized 
by three distinct valence band peaks. In the energy range from the Fermi 
level to approximately - 4 eV, these peaks are primarily influenced by 
the presence of Co − d states. Furthermore, within the energy range of 
− 3 to − 0.34 eV, Zr − d and Sb − p states also make a significant 
contribution to the valence band. Notably, these same atoms play a role 
in the conduction band, but with less prominence. 

In the case of ZrIrSb, a similar pattern emerges with three discernible 
valence bands. However, the electronic states in the valence band be
tween - 4 eV and roughly - 0.67 eV are predominantly governed by Ir − d 
states. Zr − d and Sb − p states make a comparatively smaller contri
bution in the energy range of − 4 to − 0.43 eV. Notably, the conduction 
band of the ZrIrSb compound is mainly formed by Zr − d states, with 
minimal input from Ir − d and Sb − p states. 

The examination of the partial anticipated density of states (DOS) for 
ZrCo1-xIrxSb compounds, where x represents the concentrations of 
0.125, 0.25, and 0.5, demonstrates the presence of three discernible 
peaks in the valence band. The dominant contribution to the highest 
valence band (VB) arises from the well-separated d states of the Co and Ir 
atoms. Conversely, the second peak mostly originates from the Ir-d state, 
with minor contributions from the Co-d and Sb-p states. The lowest 
valence band is mostly determined by a combination of atom contri
butions. The conduction bands (CB) are primarily governed by the Zr- 

Table 4 
Calculated lattice parameter a(A∘) bulk modulus B(GPa), minimum energy Emin(Ry) and volume (Bohr)3 for ZrCo1− xIrxSb (x = 0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 
0.875 and 1) compounds, as well as additional theoretical and experimental results.  

The compounds The parameters This work (GGA) This work (LDA) Others 

ZrCoSb 
216 F − 43m 

a (Å) 6.1039 5.9809 6.068 [59] 
6.070 [60] 
6.094 [61] 

B (GPa) 138.0990 162.1507 - 
V0 (Bohr) 3 383.6680 360.9413 - 
Emin (Ry) − 22952.834551 − 22929.465912 - 

ZrCo0.875Ir0.125Sb 
111 P − 42m 

a (Å) 6,14 6.0310 - 
B (GPa) 139.0244 164.4817 - 
V0 (Bohr) 3 3124.9454 2960.7253 - 
Emin (Ry) − 216551.972206 − 216349.609087 - 

ZrCo0.75Ir0.25Sb 
215 P − 43m 

a (Å) 6.1799 6.0690 - 
B (GPa) 140.0679 165.1681 - 
V0 (Bohr) 3 1592.7230 1508.5092 - 
Emin (Ry) − 124740.662143 − 124631.747409 - 

ZrCo0.625Ir0.375Sb 
111 P − 42m 

a (Å) 6.218 6.1044 - 
B (GPa) 143.2527 166.3228 - 
V0 (Bohr) 3 3246.2788 3070.2110 - 
Emin (Ry) − 282410.683545 − 282177.386230 - 

ZrCo0.5Ir0.5Sb 
115 P − 4m2 

a (Å) 6.2505 6.1391 - 
B (GPa) 144.1186 168.3162 - 
V0 (Bohr) 3 1647.9086 1561.4137 - 
Emin (Ry) − 157670.019168 − 157545.637479 - 

ZrCo0.375Ir0.625Sb 
111 P − 42m 

a (Å) 6.282 6.1710 - 
B (GPa) 145.3984 169.6056 - 
V0 (Bohr) 3 3346.3314 3171.8610 - 
Emin (Ry) − 348269.397311 − 348005.173204 - 

ZrCo0.25Ir0.75Sb 
215 P − 43m 

a (Å) 6.3058 6.2013 - 
B (GPa) 147.9010 171.3103 - 
V0 (Bohr) 3 1692.1051 1609.3532 - 
Emin (Ry) − 190599.378128 − 190459.541904 - 

ZrCo0.125Ir0.875Sb 
111 P − 42m 

a (Å) 6,33 6.2313 - 
B (GPa) 149.2749 172.6333 - 
V0 (Bohr) 3 3438.5163 3265.7871 - 
Emin (Ry) − 414128.125943 − 413832.988216 - 

ZrIrSb 
216 F − 43m 

a (Å) 6.3637 6.2581 6.358 [61] 
6.370 [62] 
6.292 [63] 

B (GPa) 149.7017 172.5638 - 
V0 (Bohr) 3 434.7671 413.4818 - 
Emin (Ry) − 55882.185573 − 55843.362315 -  
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d state, whereas the Co-d and Ir-d states make comparatively lesser 
contributions. 

The density of states (DOS) analysis of ZrCo1-xIrxSb alloys (with x 
values of 0.375, 0.625, and 0.75) reveals that the Co-d and Ir-d states are 
the primary contributors to the overall DOS in the valence band (VB) 
region, particularly in the vicinity of the Fermi level. Notably, the Co- 
d state exhibits a somewhat higher contribution compared to the Ir- 
d state. In the (CB) area, our observations reveal a predominant pres
ence of a hybridized combination of Zr-d and Co-d orbitals, with Zr- 
d orbitals making the principal contribution. 

The final alloy investigated in the study, ZrCo0.125Ir0.875Sb, reveals 
the presence of two distinct zones inside the valence band (VB). Within 
the energy range of 5 to 3 electron volts (eV), the initial area predomi
nantly consists of states attributed to iridium-d orbitals, accompanied by 
a minor contribution from zirconium-d and antimony-p orbitals. The Co- 
d orbitals are responsible for the formation of the second energy area, 
which spans from 3 eV to the Fermi level. The principal elements of the 
conduction band (CB) are the Zr-d, Ir-d, and Co-d states, with the Zr- 
d states making higher contributions. 

It is worth mentioning that within the valence region, all half- 
Heusler alloys demonstrate overlaps of the Zr-d and Sb-p states, as 
observed in the density of states (DOS). This observation suggests a 
strong covalent bonding between the Zr and Sb atoms. Conversely, the 
contributions from the s orbitals of Co and Ir, as well as the d orbital of 
Sb, are relatively minor in both the valence and conduction bands. 

3.3. Mechanical properties 

In the present paper, the mechanical properties of half-Heusler alloys 
have been examined as important characteristics. The way a material 
reacts to outside forces and the ensuing deformations is referred to as its 
mechanical properties. A solid’s elastic constants are crucial variables 
that set requirements for the compound’s mechanical stability. They can 
also provide information about a material’s strength, brittleness or 
ductility, hardness, sound velocity, Young’s modulus, Poisson’s ratio, 
shear modulus, bulk modulus, and anisotropy factor. Understanding 
these properties is crucial to selecting the right materials for different 

technical applications. The IRelast package, developed by Jamal Mor
teza [65] and implemented within the WIEN-2K package, was used to 
calculate the elastic properties of these alloys. 

The elastic constants consist mostly of 81 independent components 
and are a fourth-rank tensor. Nevertheless, this number is lowered by 
accounting for the crystal’s symmetry. We have computed three 
different elastic constants C11, C12 and C44 for these concentrations of 
ZrCo1− xIrxSb (x = 0, 0.25, 0.75, and 1). This is because these alloys 
exhibit cubic symmetry. The following equation [66] provides the me
chanical stability requirements for cubic crystals: 

C11 ≻0,C44 ≻ 0,C11 − C12 ≻ 0,C11 + 2C12 ≻ 0 (2) 

From calculated Cij results, we have determined the elastic aniso
tropic factor (A), bulk (B), shear (G), Young’s (E) modulus of elasticity, 
and Poisson ratio (ν) in three forms (Voigt, Reuss, and Hill) as follows: 

A=
2C44

C11 − C12
(3) 

Voigt’s formulas are given as follows: 

BV =
C11 + 2C12

3
(4)  

GV =
C11 − C12 + 3C44

5
(5) 

For the Reuss procedure, the equivalent formulations are 

BR =
C11 + 2C12

3
(6)  

GR =
5C44(C11 − C12)

4C44 + 3(C11 − C12)
(7) 

The bulk and shear moduli that are Hill-averaged can be found from 

BH =
BR + BV

2
(8)  

Fig. 7. Composition dependence of the calculated (a) lattice constant and (b) bulk modulus (filled squares) of ZrCo1− xIrxSb alloy compared with the linear 
composition dependence prediction (dotted line). 
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Fig. 8. The band structure of ZrCo1− xIrxSb (x = 0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875 and 1) half-Heusler alloys using EV-GGA approximation (a) x = 0, (b) x 
= 0.125, (c) x = 0.25, (d) x = 0.375, (e) x = 0.5, (f) x = 0.625, (g) x = 0.75, (h) x = 0.875 and (k) x = 1. 
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GH =
GR + GV

2
(9) 

The Young modulus (E) and Poisson ratio (ν) for all averaged pro
cesses shown here can be calculated in relation to the bulk modulus (B)
and the shear modulus (G) as 

E=
9BG

3B + G
(10)  

ν= 3B − 2G
2(3B + G)

(11) 

For these concentrations of ZrCo1− xIrxSb (x = 0.125, 0.375, 0.5, 
0.625, and 0.875), we have additionally calculated six different elastic 
constants, C11, C33, C44, C66, C12, and C13, because they exhibit tetragonal 
symmetry. The following criteria are met by the elastic constants for the 
mechanically stable tetragonal crystal [67]. 

Cii ≻ 0 (i = 1, 3,4, 6)
C11 − C12 ≻ 0
C11 + C33 − 2C13 ≻ 0
2C11 + C33 + 2C12 + 4C13 ≻ 0

(12) 

The single crystal elastic constants Cij and the isotropic bulk moduli 
BV and shear moduli GV of a polycrystalline aggregate have a straight
forward relationship, according to the Voigt approximation [68]: 

BV =
1
9
[2(C11 +C12)+C33 +4C13] (13)  

GV =
1
30

[4C11 − 2C12 +12C44 +6C66 +2C33 − 4C13] (14) 

A linear relationship among the isotropic bulk BR and shear moduli 
GR of a polycrystalline aggregate was established by Reuss [69] and is 
described as follows: 

BR =
C2

(C11 + C12) + 2C33 − 4C13
(15)  

GR =15
/ (

(18BV)
/

C2 +6
/
(C11 − C12)+6

/
C44 +3

/
C66

)
(16)  

C2 =(C11 +C12)C33 − 2C2
13 (17) 

The Hill approximation [70] was used to obtain the equations for BH, 
GH, Young modulus (E) and Poisson ratio (ν) for these ZrCo1− xIrxSb (x =
0.125, 0.375, 0.5, 0.625, and 0.875) alloys. These equations are iden
tical to those in expressions (8), (9), (10), and (11), respectively. 

A key component in the domains of materials science and material 
engineering is the hardness of the material. It describes a material’s 
capacity to withstand localized plastic deformation. The hardness 
expression is given as follows [71]: 

H=
(1 − 2ν)E
6(1 + ν) (18) 

The determined elastic constants for ZrCo1− xIrxSb alloys meet the 
mechanical stability requirements, as indicated in Table 6. 

For the studied ZrCo1− xIrxSb (x = 0,0.25,0.75 and 1) alloys having 
cubic structures, the results that follow can be drawn based on the data 
acquired and presented in Table 6: (i) The resistance to unidirectional 
compression along the a-axis, shown by C11, is significantly greater than 
the resistance to shear deformation, represented by C44. This suggests 
that these alloys under study are more resistant to unidirectional 
compression than shear deformation. (ii) Shape elasticity is also char
acterized by C12. A transverse strain results in a shape change with a 
constant volume. We found that as the concentration of Ir atoms in the 
ZrCo1− xIrxSb increases, the values of C12 and C13 rise as well. Regarding 
alloys that possess tetragonal structures, the resistances to linear 
compression in the x and z directions are indicated by the elastic con
stants C11 and C33, respectively, as is widely known, but the elasticity in 
form is connected to the elastic constants C12, C13, C44, and C66 accor
dance with Table 6. At concentrations of ZrCo1− xIrxSb (x = 0.375 and x 
= 0.5), the value of C33 is greater than C11. Accordingly, 
ZrCo0.625Ir0.375Sb and ZrCo0.5Ir0.5Sb alloys ought to compress more 
readily along the x-axis than the z-axis [72], and for ZrCo1− xIrxSb (x =
0.125 and x = 0.875) concentrations, C11 is greater than C33. Conse
quently, ZrCo0.875Ir0.125Sb and ZrCo0.125Ir0.875Sb alloys should compress 
more readily along the z-axis than the x-axis. Furthermore, the fact that 
C66 is less than C44 suggests that the [1 0 0] in the plane (0 1 0) shear is 
simpler than the [1 0 0] in the plane (0 0 1) shear for these alloys, with 
the exception of the ZrCo0.5Ir0.5Sb alloy [73]. 

Table 7 provides an overview of the mechanical properties results we 
obtained. The bulk moduli calculated and derived using elastic constants 
closely match those obtained from Murnaghan’s equation of state. This 
resemblance could be used to gauge how accurate and dependable this 
theoretical calculation of the elastic constants is. Based on Table 7, the 
computed bulk moduli for ZrIrSb (BH = 149.237 GPa) have a higher 
value than for other alloys, indicating that ZrIrSb has a higher elastic 
stiffness than the other alloys. With GH values ranging from 68.014 GPa 
to 85.404 GPa and modest proximity to one another, these ZrCo1− xIrxSb 
half-Heusler alloys exhibit strong atomic bonding and a high shear 
modulus. 

The stiffness of an elastic material is expressed in terms of its Young’s 
modulus. A high Young’s modulus indicates that the material is stiff. In 
this case, the material ZrCoSb has the highest Young’s modulus, which is 
a measure of stiffness, with a value of 205.502 GPa. On the other hand, 

Table 5 
Calculated band gap Eg (eV) of ZrCo1− xIrxSb half-Heusler alloys for various x 
compositions.   

Half-Heusler alloys 
Eg (eV) Other calculations 

GGA LDA mBJ-GGA EV-GGA 

ZrCoSb 1089 1.118 1.131 1.219 1.06 [61] 
ZrCo0.875Ir0.125Sb 0,968 0.963 1.017 1.085  
ZrCo0.75Ir0.25Sb 0,902 0.920 0.95 1.021 
ZrCo0.625Ir0.375Sb 0,949 0.962 1.001 1.073 
ZrCo0.5Ir0.5Sb 1002 0.918 1.094 1.164 
ZrCo0.375Ir0.625Sb 1112 1.139 1.145 1.248 
ZrCo0.25Ir0.75Sb 1257 1.294 1.3 1.401 
ZrCo0.125Ir0.875Sb 1,35 1.410 1.404 1.451 
ZrIrSb 1,45 1.471 1.326 1.453 1.40 [61] 

1.41 [63]  

Fig. 9. The band gap Eg (eV) of ZrCo1− xIrxSb half-Heusler alloys for various x 
compositions calculated using GGA, LDA, EV-GGA and mBJ-GGA. 
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Fig. 10. The total and partial density of states of ZrCo1− xIrxSb (x = 0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875 and 1) half-Heusler alloys using EV-GGA 
approximation (a) x = 0, (b) x = 0.125, (c) x = 0.25, (d) x = 0.375, (e) x = 0.5, (f) x = 0.625, (g) x = 0.75, (h) x = 0.875 and (k) x = 1. 
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the material ZrCo0.125Ir 0.875Sb has the lowest Young’s modulus, indi
cating the least stiffness, with a value of 175.744 GPa. Among these 
alloys, ZrCoSb has the comparatively greatest Young’s and shear 
moduli, indicating high hardness and powerful bonding. A solid’s 
Poisson’s ratio value for stable alloys is 1 to 0.5 [74]. Table 7 demon
strates that the HH alloys’ Poisson’s ratio values range from 0.203 to 
0.291, indicating that these alloys are stable under shear stress. 

According to Table 7, the ZrCoSb half heusler has the highest 
measured hardness compared to other HH alloys with a value of 16.91 
GPa. All of our HH alloys are also classified as hard materials because 
their hardness values are all equal to or higher than 9 GPa. 

Due to its correlation with the potential to generate microcracks in 
materials, elastic anisotropy, which represents varying bonding natures 
in various crystallographic directions, has significant implications [72]. 
An accurate characterization of anisotropic behavior has significant 
implications for solid-state science and engineering research. Along the 
(100), (110), and (001) shear planes, the shear anisotropic factors have 
been defined in the following order [73]: 

A 1 =
4C44

C11 + C33 − 2C13
(19)  

A 2 =
C44(CL + 2C13 + C33)

(
CLC33 − C2

13
) (20)  

A 3 =
2C66

C11 − C12
(21)  

With CL = C66 + (C11 + C12)/2. 
Table 8 presents a list of the obtained anisotropic factors. Four 

anisotropic factors have been estimated in this instance: A for cubic 
crystals and A1, A2 and A3 for tetragonal crystals, The values of A, A1, A2 
and A3 for an isotropic crystal equal 1, and a value less or greater than 1 
indicates the degree of shear anisotropy the crystal possesses [75]. Shear 
anisotropy appears to be greater in the (100) and (110) shear planes for 
alloys with tetragonal crystals. The ZrIrSb cubic crystal exhibits the 
greatest value (A = 1.40324), which demonstrates that, in comparison 
to the other alloys, this one has good isotropy. Additionally, it is noted 
that as the Ir atom’s concentration in ZrCo1− xIrxSb increases, the values 
of A rise. 

To fully describe the mechanical properties of ZrCo1-xIrxSb, we 
calculated Debye temperature θD, a fundamental parameter that is 
closely linked to numerous physical properties of solids, like elastic 
constants, specific heat, and melting temperature, from isotropic lon
gitudinal, transverse, and average sound wave velocities (Vl, Vt, and Vm) 
using the equations that follow [76–78]: 

θD =
h
kB

Vm

(
3n
4π

NA ρ
M

)1/3

(22)  

Vl = [(3B + 4G)/3ρ]1/2 (23) 

Table 6 
The elastic constants in GPa for HH alloys ZrCo1− xIrxSb (x = 0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875 and 1) were computed using GGA approximation.  

The compounds Elastic Constants 

C11 C33 C44 C66 C12 C13 

ZrCoSb 245.1871 – 78.2476 – 50.4579 - 
ZrCo0.875Ir0.125Sb 252.3565 251.7928 73.3990 71.8659 71.4320 71.1438 
ZrCo0.75Ir0.25Sb 249.1501 – 79.0863 – 80.0736 - 
ZrCo0.625Ir0.375Sb 237.3663 237.6766 76.4952 74.0309 79.3299 78.9653 
ZrCo0.5Ir0.5Sb 227.2118 236.8892 67.2495 73.3566 87.6786 82.6070 
ZrCo0.375Ir0.625Sb 235.4416 235.6130 84.7316 82.4938 91.6169 91.3555 
ZrCo0.25Ir0.75Sb 236.7720 – 84.1423 – 94.9882 – 
ZrCo0.125Ir0.875Sb 229.4876 228.9239 69.8895 67.6656 98.5518 95.57 
ZrIrSb 235.7977 – 91.0978 – 105.9587 –  

Table 7 
Modules of elasticity in GPa BV , BR, BH , GV , GR, GH , EV , ER, EH , νV , νR, νH and Hardness H for HH alloys ZrCo1− xIrxSb (x = 0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875 
and 1) were using GGA approximation.  

Elasticity Modules The composition x 

x = 0 x = 0.125 x = 0.25 x = 0.375 x = 0.5 x = 0.625 x = 0.75 x = 0.875 x = 1 

BV 115.367 131.549 136.432 131.881 133.01 139.461 142.249 140.809 149.238 
BR 115.367 131.549 136.432 131.881 133 139.461 142.249 140.802 149.237 
BH 115.367 131.549 136.432 131.881 133.005 139.461 142.249 140.805 149.237 
GV 85.893 79.917 81.266 77.08 70.799 79.202 78.841 68.035 80.625 
GR 84.916 79.024 81.18 77.031 70.621 78.748 78.289 67.993 78.444 
GH 85.404 79.47 81.223 77.055 70.71 78.975 78.565 68.014 79.534 
EV 206.444 199.376 203.41 193.535 180.39 199.785 199.639 175.792 204.964 
ER 204.559 197.52 203.231 193.432 180.003 198.821 198.458 175.697 200.246 
EH 205.502 198.448 203.32 193.482 180.197 199.303 199.049 175.744 202.609 
νV 0.201 0.247 0.251 0.255 0.273 0.261 0.266 0.291 0.271 
νR 0.204 0.249 0.251 0.255 0.273 0.261 0.267 0.292 0.271 
νH 0.203 0.248 0.251 0.255 0.274 0.261 0.266 0.291 0.273 
H 16.91 13.35 13.48 12.59 10.65 12.59 12.26 9.48 12.04  

Table 8 
The calculated shear anisotropic factors (A, A1, A2 and A3) for HH alloys 
ZrCo1− xIrxSb (x = 0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875 and 1).  

The compounds A A1 A2 A3 

ZrCoSb 0.80366 – – – 
ZrCo0.875Ir0.125Sb – 0.81135 0.8566 0.79443 
ZrCo0.75Ir0.25Sb 0.93551 – – – 
ZrCo0.625Ir0.375Sb - 0.9649 0.98046 0.93688 
ZrCo0.5Ir0.5Sb – 0.9 0.88949 1.05146 
ZrCo0.375Ir0.625Sb - 1.17543 1.13444 1.14714 
ZrCo0.25Ir0.75Sb 1.18691 – – – 
ZrCo0.125Ir0.875Sb - 1.04597 1.03748 1.03357 
ZrIrSb 1.40324 – – –  
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Vt =(G/ρ)1/2 (24)  

Vm =

[
1
3
(
2V− 3

t + V− 3
l
)
]− 1/3

(25)  

Where the symbols h, kB, ρ, NA, M, n, B and G correspondingly signify 
Planck’s constant, Boltzman’s constant, mass density, Avogadro num
ber, molecular weight, number of atoms in the molecule, bulk modulus 
and shear modulus. Table 9 shows the computed values for Debye 
temperature (θD) and sound velocities (Vl, Vt, and Vm) at zero pressure. 

The computed values of Debye temperature, the longitudinal, 
transverse and average sound velocities appear in Table 9. In this 
instance, ZrCoSb has the highest Debye temperature (404.432 K) among 
the alloys. This ZrCoSb value suggests stronger chemical bonding and 
comparatively superior thermal conductivity in the crystal structure. 
Table 9 further demonstrates that all HH alloys have longitudinal sound 
velocities that are significantly faster than transverse velocities. 

4. Conclusions 

We studied the structural and electronic properties of ZrCo1− xIrxSb 
half-Heusler alloys at different concentrations (x = 0, 0.125, 0.25, 0.375, 
0.5, 0.625, 0.75, 0.875 and 1) with cubic structures by emeploying the 
full-potential linearized-augmented plane wave method (FP-LAPW). 
GGA, LDA, EV-GGA, and mBJ-GGA approximations were used to handle 
the exchange-correlation potential. According to the structural proper
ties, the (4b, 4c, 4a) arrangement structure is the most stable for the 
ternary alloys. We also observed its nonmagnetic state, and it is observed 
that the estimated lattice constant and bulk modulus rise with a con
centration increase of the Ir atom in ZrCo1− xIrxSb, where the lattice 
parameters for ternary compounds accord reasonably well with theo
retical values. As to the electronic band structure calculation, all com
pounds are indirect semiconductors, except for ZrCo0.25Ir0.75Sb and 
ZrCo0.125Ir0.875Sb, which have a direct band gap. In contrast, substitut
ing Ir for Co causes significant changes in the electronic structures of the 
ternary alloys ZrCoSb and ZrIrSb. In Co compounds, the valence band 
maximum happens at the L point, but in Ir compounds, it happens at the 
Γ point. Furthermore, the band gap shows nonlinear behavior in relation 
to the composition x. When compared to previous theoretical results, the 
result achieved with EV-GGA potential is superior to that produced with 
mBJ-GGA potential. Additionally, we computed the mechanical prop
erties of these alloys and found that ZrCo1− xIrxSb exhibits stable elastic 
behavior. We discussed the elastic constants, bulk modulus, shear 
modulus, Young’s modulus, Poisson’s ratio, hardness, shear anisotropy 
factor, sound velocities and Debye temperature. It was observed that 
there is an upward correlation between the concentration of Ir atoms in 
ZrCo1− xIrxSb and the values of C12, C13 and shear anisotropic factors. 
Since every one of our HH alloys has a hardness rating of at least 9 GPa, 
they are all categorized as hard materials as well. The future experi
mental investigation may be motivated by the description of the elec
tronic, structural and mechanical properties of ZrCo1− xIrxSb (x = 0, 

0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875 and 1) compounds. 
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