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A B S T R A C T   

The half-metallic ferromagnets are likely materials to the spintronics systems for the next generation electronic 
devices. Among the half-metallic ferromagnetic materials, the equiatomic quaternary Heusler (EQH) compounds 
get great attention in the recent times. In this study, the EQH CoXCrAl (X = V, Nb, and Ta) compounds are 
investigated using Density Functional Theory (DFT). The three structural types as type-I, type-II, and type-III, are 
considered to determine the most stable structural types of CoXCrAl compounds. Furthermore, the three mag
netic configurations as paramagnetic (PM), ferromagnetic (FM), and antiferromagnetic (AFM), are studied to find 
out the most stable magnetic configuration. The type-I FM configuration is the most stable configuration for the 
CoXCrAl compounds. The calculated electronic band structures reveal that the CoXCrAl compounds are half- 
metals with metallic behavior in spin-up channel and semiconducting behavior in spin-down channel. Also, 
the possible d-d hybridizations between the Co, X, and Cr atoms are investigated to show the half-metallic 
character in detail. Furthermore, the calculated elastic constants satisfy the Born stability criteria, then the 
CoXCrAl compounds have mechanical stability. Using the determined constants, the mechanical properties are 
obtained for CoXCrAl compounds. In addition, the dynamical properties are studied and it is found that CoXCrAl 
compounds are dynamically stable. The structural, magnetic, electronic, mechanic and dynamical properties of 
CoXCrAl compounds that are the potential candidates for the spintronics applications are presented in this study.   

1. Introduction 

In recent years, the electronic devices are an indispensable part of 
daily routine. With the increasing usage of these devices, there have 
been occurring requirements such as storage of more data, reducing the 
device size, less power consumption, etc. The spintronics, also known as 
spin electronics, is an encouraging field for the next generation elec
tronic devices that meets these requirements [1]. In the spintronics, the 
spin of electrons is used for the electronic device similar to the charge of 
the electron in the standard electronic devices [2]. The half-metallic 
ferromagnets are the most compatible materials for the spintronics ap
plications [3]. In 1983, Groot et al. [4] discovered the half metallicity in 
Mn based Heusler compounds. In half metal compounds, the metallic 
behavior is observed in one spin channel and the semiconducting 
behavior is observed in the other spin channel [5]. Therefore, these 

compounds have 100% spin polarization at the Fermi level that is 
fundamental for the spintronics applications. 

The Heusler compounds have been considered as suitable materials 
for the spintronics applications due to their half metallic behavior 
among other half metallic materials such as double perovskites [6,7], 
CrO2 [8], etc. The Heusler compounds are defined in three types as; full- 
Heusler [9,10], half-Heusler [11,12] and quaternary Heusler [13,14]. 
The full-Heusler, hall-Heusler and quaternary Heusler can be described 
with their stoichiometric ratios as follows, X2YZ, XYZ, and XX’YZ, 
respectively. In here, X, X’, and Y are transition metals and Z is the main 
group element [15]. The equiatomic quaternary Heusler compounds 
(EQHCs) [16] have the cubic structure with the space group F 4 3 m, 
#216 [17]. The EQHCs get great attention due to their remarkable 
properties such as ferromagnetism, half metallic characteristics, good 
thermoelectric performance, etc. Although, some experimental studies 

* Corresponding author. 
E-mail address: aysenurgencer@gmail.com (A. Gencer).  

Contents lists available at ScienceDirect 

Journal of Magnetism and Magnetic Materials 

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

https://doi.org/10.1016/j.jmmm.2022.169620 
Received 8 April 2022; Received in revised form 9 June 2022; Accepted 14 June 2022   

mailto:aysenurgencer@gmail.com
www.sciencedirect.com/science/journal/03048853
https://www.elsevier.com/locate/jmmm
https://doi.org/10.1016/j.jmmm.2022.169620
https://doi.org/10.1016/j.jmmm.2022.169620
https://doi.org/10.1016/j.jmmm.2022.169620
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmmm.2022.169620&domain=pdf


Journal of Magnetism and Magnetic Materials 560 (2022) 169620

2

[18–20] have been performed for the EQHCs, the more attention is 
received for the theoretical studies being less expensive and well effi
cient to lead the experimental studies [21,22]. 

In the literature, CrLaCoZ (Z = Al, Ga, In, Ge, Sn, Pb) quaternary 
Heusler alloys have been studied by Liu et. al. [22] and it has been found 
that these compounds are half metals obeying the Slater-Pauling rule for 
their magnetic moments. CoZrCrZ (Z = Al, Ga, In) Heusler compounds 
have been considered by Priyanka et. al. [5] and they have obtained the 
electronic, mechanic, and thermoelectric properties of these com
pounds. Also, CoScCrZ (Z = Al, Ga, Ge, In) Heusler alloys have been 
investigated for the various physical properties by Shakil et. al [23] and 
the determined properties show that these compounds are possible 
candidates for spintronics and thermoelectric applications. In addition 
to these studies, CoNbCrZ (Z = Al, Ga, Si, Ge) [14] and NbCoCrAl and 
NbRhCrAl [24] have been studied recently. These studies have consid
ered X, X’, and Y atoms as Co, Nb, and Cr and the X’ atom could be 
chosen as V and Ta where they are located above Nb and below Nb on 
the periodic table, respectively. Therefore, CoXCrAl (X = V, Nb, and Ta) 
EQHCs have been considered in this study. Density Functional Theory 
(DFT) calculations have been performed for the structural, electronic, 
mechanic, and dynamical properties of these compounds and the results 
for CoVCrAl and CoTaCrAl have been presented for the first time as far 
as known studies in the literature. In addition, this study presents the 
mechanical and dynamical properties of CoXCrAl EQHCs in detail as 
well as their electronic properties which are usually considered in the 
studies found in the literature. The complete investigation of the me
chanical, dynamical, and electronic properties of these compounds will 
be a leading study for future experimental works. 

2. Calculation details 

In this study, the Vienna Ab-initio Simulation Package (VASP) 
[25,26] is used for density functional theory (DFT) calculations which is 
the most common method used to determine ground state properties of 
materials. The Perdew, Burke and Ernzerhof (PBE) functional [27] in the 
Generalized Gradient Approximation (GGA) is employed to describe the 

exchange–correlation energy for electron–electron interactions. For the 
electron–ion interactions, the Projector Augmented Wave (PAW) 
method [28,29] is used. The DFT calculations are employed with a 
Γ-centered Monkhorst-Pack scheme [30] k-points mesh of 18 × 18 × 18 
and a 500 eV cut-off energy for the optimization of CoXCrAl (X = V, Nb, 
and Ta) compounds. Moreover, the energy and force convergence tol
erances are set as 1 × 10-11 eV per atom and 1 × 10-6 eV/Å, respectively. 
Moreover, the valence electron configurations of Co, V, Nb, Ta, Cr and Al 
atoms are employed as 3d84s1, 3d44s1, 4d45s1, 5d36s2, and 3s23p1, 
respectively. The stress–strain method implemented in the VASP [31] is 
used to calculate the mechanical properties of these compounds and the 
ionic contribution is also considered for the elastic constants calcula
tions. The ELATE software [32] is used for the three dimensional sche
matic representations of mechanical properties. The sound wave 
velocities are calculated using the Christoffel software [33]. The phonon 
distribution curves and thermal properties of compounds are examined 
using linear response method employing a 2 × 2 × 2 supercell created 
with PHONOPY software [34]. 

3. Results and discussions 

3.1. Structural and magnetic properties 

In this study, three different structural phases, type-I, type-II, and 
type-III, are examined that are the only possible configurations of 
CoXCrAl (X = V, Nb, and Ta) EQHCs. The schematic representations of 
the compounds are shown in Fig. 1. The Co, X, Cr, and Al atoms are 
located at 4a, 4b, 4c, and 4d Wyckoff positions for type-I while they are 
located at 4a, 4c, 4b, and 4d Wyckoff positions for type-II, respectively. 
For type-III structure, the Co, X, Cr, and Al atoms are located at 4b, 4c, 4a 
and 4d, respectively. The CoXCrAl compounds are optimized and the 
obtained lattice parameters, partial and total magnetic moments and the 
calculated formation energies are listed in Table 1. The calculated lattice 
parameter for CoNbCrAl is coherent with the available literature as 
listed in Table 1. However, the lattice parameters for CoVCrAl and 
CoTaCrAl cannot be compared due to no results for CoVCrAl and 

Fig. 1. Three-dimensional lattice of (a) Type-I, (b) Type-II, and (c) Type-III phases of CoXCrAl (X = V, Nb, Ta) compounds.  

Table 1 
Lattice constants (a in Å), formation energies (ΔEf in eV/atom), total magnetic moments (Mt in μB), and partial magnetic moments of atoms (MCo, MX , and MCr in μB) for 
CoXCrAl (X = V, Nb, and Ta) compounds in the type-I, type-II, and type-III phases.  

Compound Phase a ΔEf Mt MCo MX MCr 

CoVCrAl Type-I  5.816  − 0.258  − 0.966  − 0.315  0.485  − 1.141 
Type-II  5.848  − 0.104  − 0.785  − 0.411  − 1.339  0.977 
Type-III  5.939  − 0.037  − 4.340  − 1.255  − 0.471  − 2.614 

CoNbCrAl Type-I  6.023  − 0.186  − 0.951  − 0.121  0.170  − 1.006  
6.018 [14]   0.993 [14]  0.158 [14]  − 0.119 [14]  0.887 [14]  
6.020 [24]    0.060 [24]  − 0.160 [24]  1.080 [24] 

Type-II  6.053  0.049  − 1.771  − 1.015  − 0.065  − 0.709  
6.049 [14]      

Type-III  6.153  − 0.035  − 4.397  − 1.398  0.049  − 3.044  
6.149 [14]      

CoTaCrAl Type-I  5.997  − 0.245  − 0.959  − 0.143  0.082  − 0.903  
Type-II  6.052  0.085  − 1.841  − 1.069  − 0.048  − 0.742  
Type-III  6.133  − 0.017  − 4.326  − 1.390  0.066  − 2.993  
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CoTaCrAl in the literature. If one compares the lattice parameters for 
different types, it can be found that the type-III phase has the greatest 
one for these compounds. In addition, the order of lattice parameter is 
CoNbCrAl > CoTaCrAl > CoVCrAl that is resulted from the bond lengths 
between these atoms as listed in Table S1. 

The formation energies [35] are calculated with Equation (1) where 
ECoXCrAl is the total energy of CoXCrAl compound and ECo, EX, ECr and EAl 

are the ground state energies of one Co, X, Cr, and Al atoms obtained 
from the bulk form, respectively. A negative formation energy indicates 
that the material is structurally stable and experimentally synthesizable. 
In addition, if it is desired to make a comparison between these calcu
lated values, it can be said that the lower value is more favorable 
energetically than the high one. It is seen that the type-I phase is the 
most stable for all CoXCrAl compounds according to the calculated 
formation energies. In addition, the convex hull distance is another in
dicator for the experimental synthesizability of materials and it is 
defined as the difference between hull energy and formation energy. The 
convex hull distance less than 0.1 eV/atom implies the experimental 
synthesizability for the quaternary Heusler compounds [36] and also, it 
is reported that a convex hull distance ~ 0.2 eV/atom is occurred for 
some synthesized compounds and it is indicating metastability [37,38]. 
The convex hull distances for CoXCrAl compounds are obtained from the 
Open Quantum Materials Database (OQMD) [39,40]. The convex hull 
distances are 0.143 eV/atom, 0.189 eV/atom and 0.184 eV/atom for 
CoVCrAl, CoNbCrAl and CoTaCrAl, respectively. Therefore, these com
pounds are also synthesizable as a metastable phase according to the 
convex hull distances. 

ΔEf = ECoXCrAl − (ECo + EX + ECr + EAl) (1) 

In Table 1, the calculated magnetic moments are listed and the 
Slater-Pauling rule [41] could be used to determine these magnetic 
moments theoretically using the number of valence electrons. According 
to the Slater-Pauling rule, the total magnetic moment for a quaternary 
Heusler compound could be determined using Equation (2) where Mtot is 
the total magnetic moment per formula unit and NV is the number of 
total valence electrons. 

Mtot = (NV − 24)μB (2) 

The number of valence electrons is 23 for CoXCrAl compounds, and 
the calculated magnetic moments for type-I phase, the most stable 
phase, are − 0.966 μB, − 0.951 μB, and − 0.959 μB for CoVCrAl, CoN
bCrAl, and CoTaCrAl, respectively. These magnetic moments are 
consistent with the expected -1μB value according to the Slater-Pauling 
rule. In literature, Reference [14] and [24] take the Slater-Pauling rule 
as (24 − NV)μB and they found the total magnetic moment as 0.993 μB 
but if they used Equation (2), they would get the total magnetic moment 
value around − 1 μB that is consistent with the presented results as 
− 0.951 μB in Table 1. 

The type-I phase is the most stable phase for these compounds ac
cording to the formation energy calculations. In addition to these cal
culations, the total energy change with respect to volume is obtained as 
shown in Fig. 2. The type-I phase, the lowest lying curve, is the most 
stable phase as can be seen from Fig. 2 that is consistent with the results 
from the formation energy. 

In addition to consideration of different structural phases, the 
CoXCrAl compounds are considered for the magnetic configurations as 
paramagnetic (PM), ferromagnetic (FM) and antiferromagnetic (AFM) 
to decide the stable magnetic configuration in addition to the 

Fig. 2. Energy change with respect to volume for (a) CoVCrAl (b) CoNbCrAl and (c) CoTaCrAl compounds for type-I, type-II, and type-III phases.  
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structurally stable phase. Fig. 3 presents the energy evolution with the 
volume change for PM, FM and AFM configurations and it can be seen 
that the most stable configuration is FM. Also, the insets in Fig. 3 shows 
the difference between PM and FM configurations in detail. Therefore, 
the type-I FM phase is considered in the subsequent sections. 

3.2. Electronic properties 

The electronic properties of CoXCrAl (X = V, Nb, and Ta) EQHCs are 
investigated with the calculation of the band structure and partial 
density of states (DOS) as shown in Fig. 4. The spin-polarized electronic 
band structure of CoXCrAl compounds show that these compounds 
exhibit a metallic character in the spin-up channel, while semi
conducting character with a band gap in the spin-down channel. 
Therefore, equiatomic quaternary Heusler CoXCrAl compounds are half 
metals with 0.161 eV, 0.167 eV and 0.142 eV band gaps in spin-down 
channel for CoVCrAl, CoNbCrAl and CoTaCrAl, respectively. Also, the 
middle part in the band structure shows the density of states and as can 
be seen from Fig. 4, the most contributions come from Cr and Al atoms 
above the Fermi level and below the Fermi level, respectively. 
Furthermore, the detailed partial density of states are given in Fig. 4 and 
it is concluded that the d orbitals of Co, V, Nb, Ta, Cr and p orbitals of Al 
atoms give more contributions to the partial DOS. The CoXCrAl EQHCs 
with FM half metallic character have a considerable potential to applied 
in the spintronics applications. 

Özdoğan et. al. [41] considered the principle of the half-metallic 
character of the EQHCs that have only one magnetic atom. The CoXC
rAl compounds having more than one magnetic atom, could be 
considered with this interpretation to discuss the half-metallic character 

of the CoXCrAl compounds. Fig. 5 shows the probable hybridizations of 
the d-d orbitals of Co, X and Cr atoms. Besides, the contribution to the 
band gap formation from the s and p orbitals is minor due to location at 
lower energies than d orbitals [42,43]. The Co, X, and Cr atoms have five 
d orbitals being double (dz2 and dx2 − y2 ) and triple (dxy, dyz, and dzx) 
degenerated. In the CoXCrAl compounds, there are five bonding and five 
anti-bonding orbitals resulted from the hybridizations of the d orbitals of 
the Co and X atoms. In these orbitals, the double degenerated bonding eg 
and anti-bonding eu orbitals are created with the hybridizations of the 
double degenerated d orbitals of Co and X atoms while triple degen
erated bonding t2g and anti-bonding t1u orbitals are created with the 
hybridizations of the triple degenerated d orbitals of Co and X atoms. 
After these hybridizations, these bonding and anti-bonding orbitals 
hybridize with the d orbitals of Cr atoms with the generation of eg and t2g 
bonding orbitals located at lower energy and eg and t2g anti-bonding 
orbitals located at higher energy as shown in Fig. 5. The hybridiza
tions of Co - X and Cr atoms yield with bonding and anti-bonding orbitals 
with E(eg) < E(t2g) due to the location of the Co and X atoms being at the 
center of Cr tetrahedron. In addition, the anti-bonding orbitals of Co - X 
hybridizations do not hybridize with the Cr atoms and these orbitals are 
located at the same energy level. Therefore, CoXCrAl compounds are 
half-metals. To visualize these hybridizations that are shown schemati
cally in Fig. 5, the detailed density of states are shown in Fig. 6a and 
Fig. 6b for eg and t2g orbitals of Co and V atoms and of Co-V and Cr 
atoms, respectively. In Fig. 6a, the t2g orbitals of Co and V atoms hy
bridize between − 1.50 and − 1.30 eV and the eg orbitals of these atoms 
hybridize between 1.00 and 1.20 eV in the spin-down orientation. For 
the hybridizations between Co-V and Cr atoms, the t2g orbitals hybridize 
between − 1.20 and 0.00 eV and the eg orbitals hybridize between 0.60 

Fig. 3. Energy change with respect to volume for (a) CoVCrAl, (b) CoNbCrAl, and (c) CoTaCrAl compounds for type-I PM, FM, and AFM phases.  
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and 1.10 eV in the spin-down orientation as shown in Fig. 6b. 

3.3. Mechanic and dynamical properties 

Elastic constants of a material provide information about the me
chanical properties and mechanical stability of a material. The elastic 
constants for equiatomic quaternary Heusler CoXCrAl (X = V, Nb, and 
Ta) compounds are calculated and listed in Table 2. Three elastic con
stants as C11, C12 and C44 are listed in Table 2 that are the necessary 
constants for the cubic crystal systems. These elastic constants should 
satisfy the Born stability criteria [44,45] as given in Equation (3) and if 
these criteria are satisfied, it could be concluded that the compound has 

the mechanical stability.  

C11–C12>0                                                                                            

C11+2C12>0                                                                                   (3)  

C11>0, C44>0                                                                                       

The listed elastic constants in Table 2 satisfy the Born stability 
criteria that indicates the mechanical stability of CoXCrAl compounds. 
In addition to the elastic constants, the Cauchy pressure are listed in 
Table 2. A negative value for the Cauchy pressure indicates the brittle
ness while a positive value indicates the ductility. As concluded from 
Table 2, the CoXCrAl compounds are ductile materials having positive 

Fig. 4. The electronic band structures for (a) CoVCrAl, (b) CoNbCrAl, (c) CoTaCrAl and partial density of states for (d) CoVCrAl, (e) CoNbCrAl and (f) CoTaCrAl.  
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Cauchy pressures. In Table 2, the results for CoNbCrAl [14] are also 
listed and these results are lower than the results obtained in this study. 
In this study, the elastic constants of CoNbCrAl are determined with the 
ionic contribution that provides detailed consideration for this com
pound. So, the difference between Ref. [14] and this study could be due 
to the disparate calculation methods. Furthermore, CoNbCrAl has the 
lowest elastic constants among these compounds consistent with the 

highest lattice parameter and it has the lowest hardness among these 
compounds. This is due to the longer bond lengths in CoNbCrAl than in 
CoVCrAl and CoTaCrAl compounds. 

The calculated elastic constants could be employed to obtain the 
mechanical properties like bulk modulus, shear modulus, etc. to 
demonstrate the technological applications for the CoXCrAl compounds. 
Table 3 lists the bulk (B) and shear (G) moduli for the CoXCrAl com
pounds determined with the Voight [46] – Reuss [47] – Hill [48] ap
proximations using the calculated elastic constants in Table 2. In these 
approximations, the upper, lower and average values are calculated 
using Voight, Reuss, and Hill approximations, respectively. The listed 
bulk and shear moduli in Table 3 are the results from the Hill approxi
mation which gives the closer values to the experimental results. Using 
these bulk and shear moduli, Young’s modulus, Poisson’s ratio, G/B and 
B/G ratios are obtained and listed in Table 3 as well. According to 
Table 3, CoTaCrAl has the highest bulk modulus among these com
pounds. Therefore, it has the highest resistance to the volume change 

Fig. 5. The schematic representations of possible d-d hybridization for CoXCrAl compounds.  

Fig. 6. The partial density of states using eg and t2g states for (a) Co and V atoms and (b) Co-V and Cr atoms.  

Table 2 
Elastic constants (Cij in GPa), and Cauchy pressure (Cp = C12-C44 in GPa) for 
CoXCrAl (X = V, Nb, and Ta) compounds.  

Compound C11 C12 C44 Cp 

CoVCrAl  291.312  132.936  110.518  22.418 
CoNbCrAl  265.323  143.834  92.628  51.207  

173.300 [14]  117.200 [14]  62.800 [14]  
CoTaCrAl  270.765  157.318  99.971  57.347  

Table 3 
The bulk modulus (B in GPa), shear modulus (G in GPa), Young’s modulus (E in GPa), Poisson’s ratio (υ), G/B ratio, and B/G ratio for CoXCrAl (X = V, Nb, and Ta) 
compounds.  

Compound B G E υ G/B B/G 

CoVCrAl  185.728  96.702  247.203  0.278  0.521  1.921 
CoNbCrAl  184.330  78.215  205.568  0.314  0.424  2.357  

135.900 [14]  45.450 [14]  122.670 [14]  0.340 [14]   2.900 [14] 
CoTaCrAl  195.134  79.640  210.308  0.320  0.408  2.450  
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when a hydrostatic pressure is employed. Besides, CoVCrAl has the 
highest shear and Young’s moduli that indicates the highest resistance to 
plastic deformations and highest stiffness among these compounds. The 
Poisson’s ratio is an essential parameter to determine the bonding na
ture of a material and it is the length change in the perpendicular di
rection when a push or pull applied. The dominantly ionic bonding 
materials have the Poisson’s ratio around 0.25 while the dominantly 
covalent bonding materials have the Poisson’s ratio around 0.1 [49]. 

The CoXCrAl compounds have dominantly ionic bonding as concluded 
from the listed Poisson’s ratios in Table 3. Another essential parameter 
for the determination of the bonding type of a material is G/B ratio and if 
the G/B ratio is around 0.6, it indicates the dominantly ionic bonding 
while if it is 1.1, it indicates the covalent bonding [49]. The CoXCrAl 
compounds have dominantly ionic bonding having the G/B ratios 
around 0.6 that is consistent with the results of the Poisson’s ratios. Like 
the Cauchy pressure, the B/G ratio could be used to determine the 

Fig. 7. The three-dimensional directional dependence of (a) Young’s modulus, (b) linear compressibility, (c) shear modulus, and (d) Poisson’s ratio for CoCrAl (X =
V, Nb, and Ta) compounds. 
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Table 4 
The longitudinal (VL in m/s), transverse (VT in m/s), and average (VM in m/s) wave velocities, the minimum thermal conductivities (λmin in W/m K) using Cahill, Clarke 
and Long models and the diffusion thermal conductivities (λdiff in W/m K) for CoXCrAl (=V, Nb, and Ta) compounds.  

Compound VL VT VM λmin λdif f 

Cahill 
Model 

Clarke 
Model 

Long 
Model 

CoVCrAl 7025 3894 4338  1.403  1.547  1.128  0.872 
CoNbCrAl 6413 3339 3736  1.250  1.378  1.005  0.776 

2490 [14] 5195 [14] 3090 [14]     
CoTaCrAl 5539 2848 3189  1.063  1.173  0.855  0.660  

Fig. 8. (a) Group velocity, (b) phase velocity, (c) polarization of sound waves, (d) enhancement factor and (e) power flow angle for the CoVCrAl compound.  
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ductility or brittleness. For this determination, 1.75 value is crucial and 
if the B/G ratio is higher than this value, it indicates the ductility while if 
it is lower, it indicates the brittleness [49]. The CoXCrAl compounds are 
ductile materials having the B/G ratios larger than 1.75 and this result is 
coherent with the result from the Cauchy pressure. 

In addition to the listed mechanical properties in Table 3, the three- 
dimensional directional dependence for Young’s modulus, linear 
compressibility, shear modulus and Poisson’s ratio for CoXCrAl com
pounds are shown in Fig. 7 obtained using ELATE software [32]. These 
directional dependences are crucial to determine the anisotropic char
acteristics that give information for microcracks, plastic deformations, 
etc. The spherical shapes indicate the isotropy while the distorted shapes 
indicate the anisotropy in the three-dimensional directional dependence 
displays. As can be seen from Fig. 7, the linear compressibility is 
isotropic and the remaining parameters are anisotropic. In addition, the 
green shapes show the minimum values while the blue ones show the 
maximum values of these parameters in Fig. 7 and the values are listed in 
Table S2. 

The equations given in [50] could be applied to obtain the longitu
dinal, transverse and average wave velocities using the determined bulk 
and shear moduli. The obtained longitudinal, transverse and average 
wave velocities for CoXCrAl compounds are listed in Table 4 and 
CoVCrAl has the highest longitudinal, transverse and average wave 
velocities among these compounds. Furthermore, the minimum and 
diffusion thermal conductivities for CoXCrAl compounds are listed in 
Table 4. The minimum thermal conductivities are determined using 
Cahill model [51], Clarke model [52] and Long model [53] while the 
Synder model [54] is employed to determine the diffusion thermal 
conductivities. As listed in Table 4, the Clarke model gives the higher 

thermal conductivities for these compounds among these models. In 
addition, CoVCrAl has the highest minimum and diffusion thermal 
conductivities among these compounds that is consistent with the 
highest wave velocities of this compound. 

The sound wave velocities of CoXCrAl compounds are obtained using 
the Christoffel software [33] and Fig. 8 shows the group velocity, phase 
velocity, phase polarization, enhancement factor and power flow angle 
for CoVCrAl. Figures for CoNbCrAl and CoTaCrAl are available in Fig. S1 
and Fig. S2, respectively. In Fig. 8, the slow secondary and fast sec
ondary spheres show the transverse wave velocities, while the primary 
sphere shows the longitudinal wave velocity. The group wave velocity 
along the x, y, and z axes have higher velocities for the slow secondary 
and fast secondary phases and lower velocities for the primary phase. 
Similar behavior is observed for phase wave velocities in Fig. 8b. In 
Fig. 8c, the transverse polarization is occurred in the primary mode and 
the longitudinal polarization is occurred in the secondary modes. The 
enhancement factor is the ratio of the direction of the group wave ve
locity to the direction of the phase wave velocity and has higher values 
for the secondary phases along the x, y, and z axes and lower values for 
the primary phase along the same directions. The power flow angle is the 
angle between the group wave velocity and the phase wave velocity and 
all phases have low values along the x, y, and z axes. In addition, similar 
results are observed for CoNbCrAl and CoTaCrAl compounds. 

The phonon dispersion curves of CoXCrAl compounds are presented 
in Fig. 9 with the phonon density of states (DOS). The CoXCrAl com
pounds have 4 atoms in their unit cell, so there are 12 phonon branches 
in Fig. 9 where 3 of them are acoustic phonon branches and the 
remaining branches are optic phonon branches. In addition, there is no 
negative frequency called soft mode that indicates the dynamically 

Fig. 9. Phonon dispersion curves with the phonon density of states (DOS) (a) CoVCrAl, (b) CoNbCrAl and (c) CoTaCrAl compounds.  
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stability for these compounds. The phonon DOS presents that the Al 
atoms contribute more to higher frequencies due to the smaller atomic 
mass than other atoms in these compounds. Furthermore, the thermal 
properties as entropy, free energy and heat capacity change with respect 
to temperature are presented in Fig. S3. As can be seen from Fig. S3, the 
entropy increases with the temperature increment while the free energy 
decreases. Also, the heat capacity has a sharp increase at low tempera
ture and it reaches a constant called Dulong-Petit limit at the high 
temperatures. 

4. Conclusion 

In this study, the structural, mechanical, magnetic, electronic and 
dynamic properties of equiatomic quaternary Heusler CoXCrAl (X = V, 
Nb, and Ta) compounds are investigated using Density Functional 
Theory. The three different structural phases are studied for these 
compounds and it has been found that type-I is the most stable phase. 
Among the three different magnetic configurations as ferromagnetic 
(FM), paramagnetic (PM) and antiferromagnetic (AFM) are investigated 
for type-I phase and it is revealed that the FM phase is the most stable. 
The magnetic moments of the compounds are determined as − 0.966, 
− 0.951 and − 0.959 for CoXCrAl (X = V, Nb, Ta) compounds, and they 
are consistent with the Slater-Pauling rule. The electronic band struc
tures show that these compounds are half metals. In addition, the hy
bridizations between the d orbitals of Co, X and Cr atoms are examined 
to reveal the half metallic character of these compounds. These com
pounds are mechanically stable according to the calculated elastic 
constants. Furthermore, the studied mechanical properties show that 
these compounds exhibit a ductile behavior and have dominantly ionic 
bonding. The three-dimensional directional dependence of Young’s 
modulus, linear compressibility, shear modulus and Poisson’s ratio show 
that the linear compressibility is isotropic, while the Young’s modulus, 
shear modulus and Poisson’s ratio are anisotropic. In addition to these 
mechanical properties, the minimum thermal conductivities are ob
tained and the sound wave velocities are calculated and visualized in 3D. 
Furthermore, the phonon dispersion curves having no soft modes show 
that these compounds are also dynamically stable. Therefore, these 
detailed structural properties especially their FM half-metallic char
acter, indicate that the CoXCrAl (X = V, Nb, Ta) compounds are po
tential candidates for the spintronics applications. 
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