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A B S T R A C T   

The electronic, mechanical, elastic, dynamical, and optical properties of the ZrCoAs half-Heusler compound have 
been systematically investigated using the plane wave self-consistent field approach with the Perdew-Burke- 
Erzerhof generalized gradient approximation (GGA-PBE) exchange-correlation functional. The study includes 
examinations with and without spin orbit coupling (SOC) effects. Results indicate a decrease in the Kohn-Sham 
band gap with the inclusion of SOC effects. Electronic bandgap formation was attributed to Co 3d, Zr 3d, and As 
2p for the conduction band, and Co 3d and As 2p for the valence band without SOC effects. With SOC, Co 5d, Zr 
8d, and As 3p dominated the conduction band, while Co 3d and As 3p dominated the valence band. The lattice 
constant showed a 0. 063% decrease with the SOC effects, which is better aligned with the experimental ob-
servations. ZrCoAs demonstrated ductility, mechanical stability, and dynamical stability. The optical properties 
were found to be excellent for photovoltaic applications, suggesting its potential in solar energy conversion 
technology. This study provides valuable information on ZrCoAs and presents opportunities for its use in solar 
cells, optoelectronic devices, and thermoelectric applications. The material’s versatility and suitability for 
practical applications make it a promising candidate for further exploration in renewable energy research.   

1. Introduction 

The global demand for sustainable and renewable energy sources has 
spurred extensive research in the field of photo-voltaic materials that 
aims to harness solar energy for power generation [1]. Among the 
various materials investigated, Heusler compounds have garnered sig-
nificant attention due to their captivating electronic, magnetic, and 
thermo-electric properties [2–8]. These intermetallic compounds, 
named after Friedrich Heusler, exhibit a cubic structure and comprise 
three elements: an alkali or alkaline earth metal (A), a transition metal 
(B), and a metalloid (X), leading to the formation of ABX for half 
Heuslers and AB2X for full Heuslers [9]. Heusler compounds have 
exhibited potential for use in photovoltaics, providing a unique avenue 
for enhancing solar energy conversion efficiency. Zirconium-based al-
loys, with applications ranging from automobiles to energy sectors, have 
gained attentions [10]. Specifically, half- Heusler compounds ZrCoY 

(Y––Sb, Bi) have emerged as captivating candidates for photovoltaic and 
thermoelectric applications due to their tunable properties [2–9]. 

Among the Zr-based half Heusler semiconductors, the ZrCoAs com-
pound underscores its significance within the realm of intermetallic 
compounds, spotlighting its distinct electronic, magnetic, and structural 
attributes [11]. The potential for superconductivity of the compound 
has been investigated, along with its response to extreme conditions. 
These findings hold promise for applications in diverse fields, facilitated 
by advances in synthesis and characterization techniques, paving the 
way for potential use in quantum materials, superconducting elec-
tronics, and spintronics [11]. Despite the significant progress made in 
understanding half Heusler compounds [2,7,9], to the best of our 
knowledge, limited research has focused on the ZrCoAs compound 
specifically for photovoltaic applications. In this paper, we present an 
ab-initio study aimed at analyzing the electronic, optical, elastic, 
dynamical, and structural properties of the half-Heusler compound 
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ZrCoAs with the aim of bridging this research gap. We employ 
first-principles calculations to accurately determine the fundamental 
properties of ZrCoAs. This approach unveils key electronic properties, 
such as the band structure and optical absorption properties, enriching 
our understanding of the potential of the material as a light-harvesting 
medium. Furthermore, the study of elastic properties, mechanical 
properties, and lattice dynamics offers insight into the mechanical and 
dynamic stability of ZrCoAs, which are critical for the reliability and 
longevity of energy-harvesting devices. The investigation of ZrCoAs’s 
properties further con-tributes to the understanding of its crystal sym-
metry and lattice constants, which are crucial for device optimization 
and design. 

The objective of this study is to conduct a comprehensive analysis of 
the ZrCoAs half-Heusler compound, focusing on its electronic, me-
chanical, elastic, and optical properties with the aim of assessing the 
material’s potential for application in solar energy conversion technol-
ogy. This research seeks to contribute valuable information to the sci-
entific understanding and advancement of sustainable energy 
technologies. The paper is organized as follows. Section 2 outlines the 
calculations made for future reference. In Section 3, we go into the de-
tails of our findings. Structural characteristics are discussed in Section 
3A, while Section 3B covers the projected density of states (PDOS) and 
electronic band structures. The discussion of elastic constants and me-
chanical stability is presented in Section 3C. Section 3D explores the 
dynamical properties of the compounds, including phonon dispersions, 
followed by the analysis of the optical response of ZrCoAs in Section 3E. 
The summary is outlined in Section 4. 

2. Calculations 

To perform our calculations, we obtained the crystal structure files 
from the Materials Project [12]. Subsequently, the input files were 
generated using the Quantum Espresso tools available on the Materials 
Cloud platform [13]. The choice of the GGA-PBE exchange correlation 
functional [14] was based on previous research carried out by Allan 
et al. [15], where this functional demonstrated the best performance 
among various exchange-correlation options tested for Zr-based HH al-
loys. Additionally, ultra-soft non-linear core corrections [16] were used 
and a scalar relativistic treatment was applied to the elements Zr, Co, 
and As. This selection of computational methodologies improved the 
accuracy of the electronic structure calculations for the ZrCoAs system. 
A 50Ry cutoff energy was used and the integration of the Brillouin zone 
was performed using a Monkhorst-Pack grid with dimensions of 5 × 5 ×
5. The ground-state structural properties were determined by perform-
ing a geometry optimization procedure, that involved evaluating the 
total energy per unit cell across various values of the lattice constants. 
The optimization process involved minimizing the total energy with 
respect to the lattice parameters and fitting the data to the 
Birch–Murnaghan equation of state [17] given by Eq. (1). 

ΔE(V)=BV₀
[(

Vₙ
B′

)

+

(
1

1 − B′

)

+

(
Vₙ

B′ − (B′ − 1)

)]

(1)  

where ΔE(V) = E-E0, B is the bulk modulus, B′ pressure derivative of the 
bulk modulus and V0 is the equilibrium volume and E0 equilibrium 
energy at zero pressure. 

Trials were carried out by exchanging the Wyckoff positions for Zr, 
Co, and As, resulting in three samples illustrated in Table 1. The most 
energetically stable sample was considered for the rest of the calcula-
tions performed in this study. The optimized parameters were used to 
calculate the electronic, optical, elastic, and dynamic properties of 
ZrCoAs following the procedure described in Refs. [15,18]. For example, 
for the lattice dynamics, phonon dispersion was studied; Six 
two-dimensional super cells with a total of 24 atoms were created using 
a 3-atom unit cell, with one atom each of Zr, Co, and As. The Phonopy 
code [19] was used to calculate the phonons. Elastic constants were 

calculated using the Quantum ESPRESSO Thermo-PW post-processing 
code [20]. The Lagrangian theory of elasticity, in which a solid is 
considered to be an anisotropic and homogeneous elastic medium, was 
used to compute the elastic properties. Due to the cubic symmetry of 
ZrCoAs, there are three independent elastic constants stated in section 
III.C, these were computed using the Voigt, Reuss, and Hill averaging 
approach [21]. Elastic moduli were described as follows: 

The bulk modulus B, which is the measure of resistance to 
compressibility, is calculated using the expression in Eq. (2). 

B=
1
3
(C₁₂+ 2C₁₂) (2) 

For Voigt, Reuss, and Hill averages, the bulk modulus for a cubic 
structure is the same. The Shear modulus, which is the deformation that 
occurs in a solid when a force is applied to one of parallel faces while the 
other face opposite the parallel face is held in place by opposing forces, 
is calculated for the cubical symmetry in the Voigt average using Eq. (3) 

GV =
(C₁₁ − C₁₂+ 3C₄₄)

5
(3) 

The Reuss average is calculated using the expression presented in Eq. 
(4). 

GR =
5(C₁₁ − C₁₂)C₄₄)

4C₄₄+ 3(C₁₁ − C₁₂)
(4) 

The arithmetic mean of the Voigt and Reuss average in Eq. (5) gives 
the Hill shear modulus. 

GH =
GV + GR

2
(5) 

Eq. (6) and Eq. (7) are used to compute the Young’s modulus and the 
Poisson’s ratio 

E=
9BG

(3B + G)
(6)  

υ= 3B − 2G
2(3B + G)

(7) 

By replacing G with GV and GR in Eq. (6) and Eq. (7), the Voigt and 
Reuss averages of Young’s modulus and Poisson’s ratio are calculated. 
Eq. (8), is based on Debye’s assumption that the temperature is the 
highest normal mode of vibration. Debye’s temperature (θD) is deter-
mined as indicated in Eq. (8). 

θD =
h
k

[
3n
4π

(
ρNA

M

)]1
3

μm (8)  

where, h is Planck’s constant, k is Boltzmann’s constant, NA is the 
Avogadro’s number, n is the number of atoms per molecule or per for-
mula unit, M is the molar mass, ρ is the density of the unit cell and μm is 
the average sound velocity. Anisotropy (A), a physical characteristic that 
is related to elastic properties, was calculated using Eq. (9) to determine 
the type of bonding in various crystallographic directions. 

Table 1 
Wyckoff positions for the three possible configurations of ZrCoAs half Heusler 
alloy in space group number 216 and symbol F43 m.  

Atomic 
configurations 

Zr Co As 

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

ZXY 4c 
(0.25,0.25,0.25) 

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

YZX 4b(0.5,0.5,0.5) 4c 
(0.25,0.25,0.25) 

4a(0,0,0)  
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A=
2C₄₄

C₁₁ − C₁₂
(9) 

By comprehensively analyzing these properties, this study aims to 
shed light on the potential of ZrCoAs’s suitability for photovoltaic ap-
plications. The results obtained from this research will contribute to the 
advancement of sustainable energy technologies, which addresses the 
global demand for clean and renewable energy sources. 

3. Results and discussions  

A. Structure of ZrCoAs 

Geometry optimization of the ZrCoAs half-Heusler (HH) compound 
was carried out by calculating the lattice parameter as a function of the 
total energy. To determine structural stability from an energy point of 
view, the formation energy (Eformation) of the ZrCoAs compound was 
calculated using Eq. (10); 

Eformation =Etotal(ZrCoAs) −
[
EZr +ECo +EAs] (10)  

Where EZr, ECo, and EAs are energy per atom for bulk Zr, Co and As, 
respectively. The tests were carried out by exchanging the Wyckoff 
positions for Zr, Co and As, resulting in three samples shown in Table 1. 

The most energetically stable sample (YXZ), as indicated in Fig. 1, 
has its atoms at the Wyckoff positions 4b(0.5,0.5,0.5), 4c 
(0.25,0.25,0.25), and 4a(0,0,0) for Zr, Co, and As, respectively. This 
configuration is consistent with the findings of Osafile et al. [22]. 
Therefore this sample is deemed the most preferred and was used for 
subsequent calculations. The optimized structure of the YXZ sample, 
shown in Fig. 2, has lattice parameters a = b = c and angles α = β = γ =
900. 

Using the formula in Eq. (10), a formation energy of − 2.69 eV was 
obtained for the most energetically stable sample YXZ. The negative 
result means that energy is gained during the formation process, sug-
gesting not only structural stability, but also potential experimental 
feasibility for the alloy. The Zr–Co bond length, calculated at 2.64 Å, is 
equal to the Co–As bonds but slightly shorter than the Zr–As bonds (3.05 
Å). These calculated bond lengths align well with those reported for 
similar Zr-based HH compounds by Allan et al. (2023) [18], indicating a 
precise definition of the structure. 

Fig. 2b and c, respectively, show the lattice constant (a0) and the 
energy relationship. Subsequently, the obtained data from the energy- 
lattice parameter relationship were fitted to the Birch-Murnaghan 
equation of state (Eq. (1)). The ground state properties of ZrCoAs after 
the fitting process yielded a lattice parameter of a = 6.0238 Å and 5.954 
Å respectively, without and with SOC effects. Additional ground-state 
properties obtained from the fitting are listed in Table 2. 

As illustrated in Table 2, the calculated bulk modulus of 143.7 GPa 
and the lattice constant is 6.023 Å for ZrCoAs without SOC are obtained, 
which are in accordance with the reported values for ZrCoSb and ZrCoBi 
[18]. The bulk modulus is a measure of a material’s resistance to 
compression or volume change under pressure. A higher bulk modulus 
indicates greater stiffness and a more compact structure. In this case, 
ZrCoAs has the highest bulk modulus compared to the other Zr- based 
HH compounds considered in Table 2. The volume of ZrCoAs is 
approximately 49.75 Å3 without SOC and 49.66 Å 3 with SOC, which is 
consistent with what was achieved for ZrCoSb and ZrCoBi in Ref. [18]. 
The volume represents the size of the unit cell and provides information 
about the density of the material. In this case, ZrCoAs have the largest 
volume among the three materials. For the minimum energy (Emin) and 
electronic band gaps, ZrCoAs has Emin of − 5660.23 eV without SOC and 
− 5593.84 eV with SOC. The corresponding band gap for ZrCoAs is 1.09 
eV without SOC and 0.85 eV with SOC. This is in good agreement with 
the reported results for ZrCoSb and ZrCoBi. The minimum energy 
(Emin) represents the equilibrium energy of the material, and the band 
gap indicates the energy range between the highest-occupied and 
lowest-unoccupied electronic states. The significance and nature of the 
band gaps will be discussed in section III.B.  

B. Electronic properties 

To gain insight into the electronic bandgap size of ZrCoAs, electronic 
structure calculations were performed along the Γ-X-K-Γ-L-W-X high 
symmetry points [23], with and without SOC. From Fig. 3a, an indirect 
W symmetry point (conduction band minima) and the L symmetry point 
(valence band maxima) without SOC effects are observed. Fig. 4a con-
firms the indirect gap, located between the symmetry point Γ (minima of 
the conduction band) and the symmetry point L (maxima of the valence 
band) with SOC effects. When SOC is not included, ZrCoAs exhibit a 
band gap of 1.09 eV. However, when SOC is incorporated, the band gap 
reduces to 0.85 eV. This reduction in the band gap is attributed to the 
spin-orbit splitting caused by SOC. Spin-orbit coupling introduces en-
ergy corrections based on the interaction between the electron spin and 
its orbital motion, leading to a splitting of energy levels. In the presence 
of SOC, the energy bands near the band edges shift differently for 
spin-up and spin-down electrons, breaking the spin degeneracy and 
modifying the electronic structure as seen in Fig. 4a. The SOC-induced 
band splitting results in a change in the magnitude of the band gap, 
thereby decreasing it. Even though the material retains its indirect 
bandgap nature, the position of the Valence Band Maxima and Con-
duction Band Minimum changes, an indication that the SOC effect en-
hances the overlap between the valence and conduction bands, making 
the material more favorable for certain electronic and optoelectronic 
applications [24,25]. 

It is therefore important to consider the SOC effect when studying 
and designing devices based on ZrCoAs, especially those that rely on its 
electronic properties, such as solar cells, transistors, or other energy- 
harvesting and electronic devices. SOC can significantly influence the 
behavior and functionality of the material, making its accurate inclusion 
in simulations and calculations crucial for a comprehensive under-
standing of the electronic properties of ZrCoAs. 

Further analysis of the density of states with SOC effects demon-
strated how different states of the constituent elements contribute to the 
formation of the conduction and valence bands of the compound. In 
Fig. 3b, it is evident that the formation of the valence band is predom-
inantly influenced by the Co 3d and Zr 3d states, with the As 2p states 
making minimal contributions around the Fermi level (EF) when SOC 
was not included in the calculation. In contrast, the formation of the 
conduction band is mainly attributed to the Zr 8d states, along with 
additional states from Co5d and As 3p when SOC is incorporated. The 
change in dominant states that contributes to the valence and conduc-
tion bands of ZrCoAs when SOC is incorporated in the electronic 
structure calculations can be attributed to the relativistic effects 

Fig. 1. Total energy against the Volume for the three possible configurations, 
showing the most energetically favoured atomic configuration for 
cubic ZrCoAs. 
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introduced by SOC. Without SOC, the electronic structure calculations 
consider only the static interactions between the electrons and the 
atomic nuclei, neglecting the relativistic effects caused by the electron’s 
motion relative to the atomic nucleus and its own spin. In this case, the 
dominant states influencing the valence and conduction bands are 
mainly determined by the 3d orbitals of cobalt (Co) and zirconium (Zr) 
atoms for the valence band and the 4d orbitals of zirconium (Zr) atoms 
for the conduction band. However, when SOC is incorporated into the 
calculations, the relativistic effects become significant. SOC considers 
the coupling between the electron’s orbital motion and its intrinsic spin 
angular momentum because of the electron’s charge and mass. This 
relativistic effect leads to spin-orbit splitting, which means that the 

energy levels of the electronic states are affected differently for electrons 
with different spin orientations. As a result of SOC, the contribution of 
additional atomic orbitals becomes more pronounced. In the conduction 
band, in addition to the dominant contribution from Zr 4d states, the Co 
5d and As 3p orbitals also play a more substantial role. SOC-induced 
splitting modifies the electronic states near the edge of the band, 
causing these additional orbitals to contribute to the formation of the 
conduction band. The relativistic effects of SOC also impact the valence 
band, where the contributions of Co 3d and Zr 3d states remain domi-
nant, but the As 2p states contribute minimally around the Fermi level 
(EF). The subsequent spin up and spin down is calculated and presented 
in Fig. 5. 

Fig. 2. (a) Optimized structure (b) Energy vs lattice constant curve without SOC, and (c) Energy vs lattice constant curve with SOC for cubic ZrCoAs.  

Table 2 
Lattice constants, its derivatives and electronic bandgap of ZrCoAs compared to similar Zr based half Heusler compounds.  

Comp Calculated bulk modulus (B in GPa) a0(Å) Volume (Å)3 Emin (eV) Band gaps (eV) Ref 

Birch -Murnaghan EoS Thermo-pw 

ZrCoAs 143.7 107.9 6.023 49.75 − 5660.23 1.0957 This work without SOC 
ZrCoAs 145.7 107.9 5.954 49.66 − 5593.84 0.85 This work with SOC 
ZrCoSb 127.6 133.3 6.109 45.01 − 7928.71 1.0765 Ref [18] 
ZrCoBi 114.8 207.6 6.199 46.25 − 7932.11 1.0416 Ref [18]  

Fig. 3. plots for (a) Electronic band structure without SOC effects (b) density of 
states without SOC as a function of energy for ZrCoAs. 

Fig. 4. Plots for (a) Electronic band structure with SOC, and (b) density of 
states with SOC as a function of energy for ZrCoAs. 
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Furthermore, the symmetric DOS, coupled with a higher total DOS, 
signifies a balanced distribution of energy states conducive to efficient 
charge transport. In the realm of photovoltaics, this characteristic is 
desirable for optimizing the absorption of sunlight and promoting 
effective electron-hole pair generation [27]. The absence of spin asym-
metry simplifies the material’s behavior, making it potentially more 
suitable for integration into photovoltaic devices where the efficiency of 
charge separation and transport is crucial. 

Overall, the inclusion of SOC in the electronic structure calculations 
alters the electronic band structure by introducing spin-orbit splitting, 
which changes the dominant atomic orbitals that contribute to the 
valence and conduction bands of ZrCoAs. SOC provides a more accurate 
description of the electronic properties, especially in materials with 
heavy elements and strong spin-orbit coupling interactions, like ZrCoAs. 
Given this, the SOC effects were incorporated into the rest of the cal-
culations in this study. Furthermore, Table 2 compares the band gap 
with those of selected ZrCoSb/Bi compounds. To determine which ma-
terial is the most favorable for solar energy harvesting, we need to 
consider the band gap of the material and its compatibility with solar 
energy conversion processes. In solar energy harvesting, materials with 
appropriate band gaps that can efficiently absorb solar photons and 
generate charge carriers (electrons and holes) are preferred [28]. A 
suitable band gap allows the material to absorb a significant portion of 
sunlight and enables efficient energy conversion. Based on the band gaps 
reported and calculated in Table 2, we can compare the band gaps of the 
materials. ZrCoAs (both with and without SOC) have the widest band 
gap, which means that they require photons with higher energy (shorter 
wavelengths) to be efficiently absorbed. On the other hand, ZrCoSb and 
ZrCoBi have slightly narrower band gaps, making them capable of 
absorbing a broader range of solar photons. In solar energy harvesting, it 
is generally more favorable to have a material with a band gap close to 
the optimal value for solar absorption, which is around 1.1–1.4 eV. This 
range corresponds to the energy of visible light, where a significant 
portion of solar radiation lies [29]. 

In Fig. 5, it is observed that the density of states (DOS) configuration 
in ZrCoAs is symmetric, where the pat-tern remains exactly the same on 
both sides of spin up and spin down. This adds a layer of significance to 
its potential applications in photovoltaics. This symmetry implies a spin 
degeneracy, indicating that the energy levels for electrons with opposite 
spin orientations are identical. In the context of photovoltaics, a sym-
metric DOS is advantageous as it suggests a lack of strong spin- 
dependent effects that could lead to unwanted electronic complica-
tions. This implies a simplified electronic structure, facilitating a more 
predictable and controllable behavior of charge carriers during the 
conversion of solar energy [26]. 

However, it is important to note that the analysis of the material’s 
electronic properties is just one factor, and other material properties and 

engineering considerations may also play a role in determining the 
overall performance and efficiency of a solar energy harvesting device. 
Also, the Kohn-Sham DFT is well known to underestimate the electronic 
band gaps [30]. Among the optical properties calculated of ZrCoAs in 
section III E, the optical gap will be discussed.  

C. Elastic and Mechanical Stability 

The crystal structure of the half-Heusler compound ZrCoAs is char-
acterized by a face-centered cubic arrangement. Within the cubic crystal 
system, there are three independent elastic constants, namely C11, C12, 
and C44 [31]. The calculated values for these elastic constants were 
found to be C11 = 180.07 GPa, C12 = 26.8 GPa, and C44 = 71.13 GPa, 
indicating that the ZrCoAs semiconductor is mechanically stable ac-
cording to Born’s criteria [32]. The derived values using the 
Voigt–Reuss–Hill approximation for bulk modulus (B), Young’s modulus 
(E), shear modulus (G), and Poisson’s ratio (v) as presented in Table 4. 
The Pugh ratio (B/G) of 1.47 indicates that the material is ductile. 
Additionally, Poisson’s ratio (v), a mechanical property of materials that 
represents the ratio of lateral strain to axial strain when a material is 
subjected to uniaxial stress, is a dimensionless quantity that character-
izes a material’s response to deformation in different directions [33]. 
From our calculations, Poisson’s ratio suggests that the compound ex-
hibits ionic properties. Their results are in good agreement with the 
reported Zr-based half Heusler alloys tabulated in Table 4. 

Fig. 6 shows the degree of anisotropy dependence on the deviation of 
a geometrical body from the spherical shape. In this case, the repre-
sentation is in a 2D shape. If a geometric body is of spherical (3D) or 
circular (2D) shape, it exhibits isotropy, which is observed in all planes 
for Young’s modulus, shear modulus, and Poisson’s ratio at slightly 
different degrees. The degree of anisotropy is observed to be symmetric 
for Young’s modulus, shear modulus, and Poisson’s ratio. The aniso-
tropic variation for the calculated values of Young’s modulus, the shear 
modulus, and Poisson’s ratio are tabulated in Table 3. 

Table 3 provides a comprehensive view of the material properties of 
ZrCoAs, a crucial endeavor to understand their mechanical behavior. 
Three different averaging schemes, Voigt, Reuss, and Hill, offer consis-
tent estimates for the bulk modulus, Young’s modulus, shear modulus, 
and Poisson’s ratio. In particular, the bulk modulus values are strikingly 
uniform at approximately 107.9 GPa in all schemes, indicating that 
ZrCoAs possess robust resistance to volume changes when subjected to 
external pressure. Likewise, the values for Young’s modulus, ranging 
from roughly 167.29 GPa–167.46 GPa, show a high degree of stiffness 
and elasticity, making ZrCoAs well-suited for applications requiring 
load-bearing capacity. The shear modulus values, around 73.23 
GPa–73.33 GPa, further confirm its strength to resist shear deformation. 
Despite minor variations, Poisson’s ratio values (ranging from 0.1418 to 
0.14216) indicate consistent behavior in response to different types of 
stress. This behavior is confirmed in Fig. 6. The remarkable consistency 
in the estimated values suggests that ZrCoAs can be classified as an 
isotropic material, making it ideal for engineering applications where 
uniform mechanical behavior is essential. 

Eigenvalues are fundamental in solid mechanics, because they 
describe the stiffness properties of materials, allowing researchers and 
engineers to comprehend how a material responds to external forces and 
deformations. As illustrated in Table 5, these eigenvalues signify 

Fig. 5. Computed total and partial spin-polarized DOS for ZrCoAs.  

Table 3 
Average properties of ZrCoAs.  

Averaging 
scheme 

Bulk modulus 
(GPa) 

Young’s 
modulus (GPa) 

Shear 
modulus 
(GPa) 

Poisson’s 
ratio 

Voigt 107.9 167.46 73.33 0.1418 
Reuss 107.9 167.29 73.23 0.14216 
Hill 107.9 167.37 73.28 0.14198  

L. Allan et al.                                                                                                                                                                                                                                    



Results in Materials 22 (2024) 100558

6

different stiffness characteristics of ZrCoAs in various directions. It is 
worth noting that the eigenvalues λ1, λ2, and λ3 are the same (711.36 
GPa), indicating that ZrCoAs has an isotropic behavior in these di-
rections. In contrast, λ4, λ5, and λ6 are different, suggesting different 
stiffness characteristics in other directions. 

Young’s modulus, with a minimum of 163.61 GPa and a maximum of 
173.12 GPa, as illustrated in Table 6, indicates that ZrCoAs can with-
stand mechanical stresses and deformations. In particular, the maximum 
value of Young’s modulus suggests the potential of ZrCoAs as a resilient 
material for use in photovoltaic applications. Furthermore, the unifor-
mity of the linear compressibility values (0.42782 TPa− 1 for both min-
imum and maximum) means that ZrCoAs can maintain consistent 
volume stability under varying environmental conditions, an attribute 
essential for solar panel materials that must withstand changes in tem-
perature and pressure. 

The Shear Modulus values, ranging from 71.13 GPa (minimum) to 
76.62 GPa (maximum), are relevant in the case where materials need to 
withstand shear forces caused by wind loads. The capability of ZrCoA to 
resist shearing deformations makes it a promising candidate for use in 
the mechanical components of solar tracking systems. However, the 
Poisson ratio values are essential in understanding how a material re-
sponds to different strains. The range of these values, as tabulated in 
Table 6, shows the ability of ZrCoAs to adapt to varying stress and strain 
conditions, which is invaluable for materials used in solar panels that 
experience different mechanical loads, including thermal expansion and 
contraction.  

D. Dynamical Stability 

Lattice dynamics is the study of how the atoms in a crystal lattice 
vibrate and interact with each other [34–36]. The phonon dispersion 
and Density of States (DOS) are key components of lattice dynamics 
analysis and provide valuable insights into the thermal and vibrational 
behavior of materials like ZrCoAs. The phonon dispersion curve ob-
tained for ZrCoAs represents the relationship between phonon fre-
quencies and wavevectors in the Brillouin zone as shown in Fig. 7a. 

The different branches of the dispersion curve correspond to various 
phonon modes, and the dispersion along each branch provides infor-
mation about the vibrational properties of the material [37]. In Fig. 7a at 
the Γ point of the Brillouin zone, there are three acoustic phonon modes, 
one for each crystallographic direction. These modes have low fre-
quencies and correspond to the collective vibrations of atoms in the 
crystal lattice. They play a crucial role in determining the thermal 
conductivity of the material, as they carry heat energy through lattice 
vibrations [37]. On the other hand, the optical phonon modes are higher 
in frequency and correspond to vibrations that involve the relative 
motion of atoms within the unit cell [37]. Fig. 7b shows the density of 
states (DOS) plot, which shows the distribution of the phonon states with 
respect to their energies. It provides information on the number of 
phonon modes that are available at different energy levels. The peaks in 
the DOS curve represent the allowed phonon modes, and the area under 
the curve corresponds to the total number of phonon states. The phonon 
frequencies and modes dictate the vibrational behavior of the material. 
The presence of specific phonon modes can give rise to characteristic 
vibrational patterns, influencing various properties. In this study, the 
phonon branches near the Brillouin zone boundaries are of particular 
interest. These modes are associated with specific lattice distortions and 

can give insight into the stability and mechanical properties of ZrCoAs. 
For example, soft-phonon modes near the Brillouin zone boundary 
indicate a phase transition or structural instability. Additionally, the 
absence of negative frequencies is a clear indication that the ZrCoAs are 
dynamically stable. The lattice dynamics analysis based on the phonon 
dispersion and DOS for ZrCoAs provides an understanding of its vibra-
tional and thermal properties, which are crucial in designing and opti-
mizing the material for various technological applications, such as 
thermoelectric and optoelectronic devices.  

E. Optical Properties 

The optical properties of ZrCoAs, which are essential for under-
standing its suitability for optoelectronic and photovoltaic applications, 
are reported in this section. The complex dielectric function was used to 
determine properties such as refractive index (n), extinction coefficient 
(k), absorption coefficient (α) and energy loss (L). The dielectric constant 
(ε) is a complex property characterizing how materials respond to 
electric fields. It consists of real (ε1) and imaginary (ε2) parts. The 
dielectric constant is expressed as ε = ε1 +iε2. The real part (ε) reflects a 
material’s polarizability indicating its ability to store electrical energy. 
The imaginary part (ε2) relates to energy dissipation and losses, 
demonstrating how much energy is absorbed and converted into other 
forms, such as heat [38]. The frequency-dependence behavior of ε2 (ω) 
reveals resonances associated with molecular or atomic structures. 
Together, these components provide a comprehensive understanding of 
the electrical behavior of a material, which is crucial for designing 
efficient electronic devices. The results are presented in Fig. 8, Figs. 9 
and 10 summarized in Table 7. 

In Fig. 7, the main peaks in the complex dielectric functions are 
observed between 1.9 eV and 4.5 eV, with additional peaks at 6.1 eV and 
7.3 eV. Regions where ε1(ω) < 0 indicated that incident photons are 
fully attenuated. The refractive index and extinction coefficient, illus-
trated in Fig. 8, are obtained from the dielectric functions. They provide 
valuable information about the optical behavior of the material [39,40]. 
In Fig. 9, ZrCoAs is a good absorber of photon energy with very minimal 
energy loss. 

Based on the results reported in Table 7, ZrCoSb has the lowest op-
tical bandgap indicating that it is more efficient in absorbing a wider 
range of solar photons compared to ZrCoAs with a bandgap of 1.78 eV. 
However, both ZrCoSb and ZrCoBi have been reported to have refractive 
indices compared to the calculated refractive index of ZrCoAs (2.560), 
suggesting better light bending and trapping abilities suitable for light 
management in solar energy harvesting applications [28]. The optical 
properties of ZrCoAs are comparable to those of the other reported 
Zr-based HH compounds. 

4. Conclusion 

In conclusion, the comprehensive study of ZrCoAs has provided 
valuable information on its structural, electronic, optical, dynamical, 
elastic, and mechanical properties. The compound exhibits a stable 
crystal structure, which makes it promising for practical applications. 
Electronic band structure analysis indicates contributions primarily 
from Co 3d and Zr 3d states, influencing the material’s electronic 
behavior with an indirect bandgap of 1.0957 eV without SOC and 0.85 
eV with SOC, suggesting its potential for solar energy harvesting and 

Table 4 
The derived values using the Voigt-Reuss-Hill approximation for bulk modulus (B), Young’s modulus (E), shear modulus (G), Debye’s Temperature θD, and Poisson’s 
ratio (v).  

Comp C11 C12 C44 B(GPa) G(GPa) B/G E(GPa) v θD 
(K) REF 

ZrCoAs 180.1 26.8 71.1 107.9 73.2 1.47 167.3 0.14 403.39 This work 
ZrCoSb 262.3 68.1 67.7 113.3 79.9 1.66 199.8 0.25 393.12 Ref [18] 
ZrCoBi 322.2 150.3 52.7 207.6 64.3 3.23 174.7 0.35 312.75 Ref [18]  
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optoelectronic applications. The lattice dynamical analysis reveals 
phonon frequencies and modes, contributing to thermal and vibrational 
behavior, with particular interest in phonon branches near the Brillouin 
zone boundaries. In terms of mechanical properties, ZrCoAs exhibit 
Young’s modulus of 167.3 GPa, a shear modulus of 73.2 GPa, and a bulk 
modulus of 107.9 GPa, indicating its mechanical strength and resistance 

Fig. 6. The spatial dependency of (a) Young’s modulus, (b) Shear modulus, and (c) Poisson’s ratio for ZrCoAs, (Blue and green indicate the maximum and minimum 
values, respectively). 

Table 5 
Eigenvalues of the stiffness matrix for ZrCoAs in GPa.  

λ1 λ2 λ3 λ4 λ5 λ6 

711.36 711.36 1532.4 1532.4 1532.4 2337.4  
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to deformation. The material’s B/G ratio of 1.47 suggests its ability to 
withstand volume changes compared to shear deformation. Addition-
ally, ZrCoAs has a relatively low Poisson ratio of 0.14, indicating its 
limited lateral contraction under tensile stress. The optical properties of 
ZrCoAs are excellent for photovoltaic applications, indicating potential 

for use in solar energy harvesting devices. Its optical properties are 
comparable to those of the other two reported Zr-based HH compounds, 
ZrCoSb and ZrCoBi. Overall, the collective investigation of these prop-
erties provides a comprehensive understanding of ZrCoAs, offering op-
portunities for optimizing its performance in various technological 
applications. These insights contribute to the potential use of ZrCoAs in 
solar cells, optoelectronic devices, thermoelectric applications, and 
structural components, promoting advancements in the fields of 
renewable energy and materials science. As researchers continue to 
explore and harness the potential of ZrCoAs, it holds promise in 
contributing to advances in renewable energy technologies and mate-
rials science because of its versatility and suitability for a wide range of 
practical applications. 

Table 6 
Variations of the elastic moduli for ZrCoAs.   

Young’s modulus Linear compressibility Shear modulus Poisson’s ratio  

Emin Emax βmin βmax Gmin Gmax vmin vmax 

Value 163.61 GPa 173.12 GPa 0.42782 TPa− 1 0.42782 TPa − 1 71.13 GPa 76.62 GPa 0.12428 0.16602 
Anisotropy 1.058 1.0000 1.077 1.3359  

Fig. 7. Plots for (a) Phonon band structure, and (b) phonon density of states (DOS) for ZrCoAs.  

Fig. 8. Frequency-dependent complex dielectric functions ε1(ω) and ε2(ω).  

Fig. 9. Frequency-dependent refractive index n(ω) and extinction coefficient 
k(ω). 

Fig. 10. Frequency-dependent absorption coefficient α (ω) and energy loss 
L(ω). 

Table 7 
Optical properties of ZrCoAs compared to selected Zr-based half Heusler 
compounds.  

Comp ε1(0) ΔEOG n(0) R(0) L(0) Ref 

ZrCoAs 22.67 1.78 2.560 0.19205 0.000352 This work 
ZrCoSb 19.7 1.36 4.435 0.399 0.000347 Ref [18] 
ZrCoBi 21.1 1.55 4.593 0.413 0.000344 Ref [18]  
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