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Abstract 

An ab-initio calculation was performed using the linearized augmented plane wave method (FP-

LAPW), within the framework of density functional theory (DFT), with the generalized gradient 

approximation GGA to calculate the structural, electronic , magnetic, thermodynamic and and 

thermoelectric properties of quaternary Heusler CrCoLaZ alloys (Z=Ga, Si) which are of 

technological interest in the field of spintronics research. Calculations show that CrCoLaZ (Z=Ga, 

Si) compounds having characteristics of ferromagnetic half-metal with a gap of 0.6 eV. Using the 

quasi-harmonic Debye model, the variations of lattice parameter, thermal expansion coefficient, 

heat capacities and Debye temperature with pressures covering the 0–20 GPa interval and 

temperatures ranging from 0 to 1200 K were also investigated and in-depth discussed. The results of 

our simulation have been interpreted and compared to the theoretical results available. Furthermore, 

BoltzTrap package is used to compute thermoelectric parameters sush as density of states, Seebeck 

coefficient S, electrical conductivity (σ/τ), electronic thermal conductivity (κ/τ) and the figure of 

merit (ZT). These parameters are computed at three different temperature ranges 300, 500 and 800 

K to explore the potential of these compounds for high-performance technological applications. 
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1. Introduction 

Heusler alloys have attracted the attention of several scientific researchers due to their 

surprising properties. Half-metallic magnetism is one of these properties. [1-6], magnetic shape 

memory behavior [7-11], spin gapless semiconductor [12-15], giant magnetocaloric [16, 17], 

thermoelectric effects [18, 19], superconductivity [20]. These properties effectively impact 

several technological applications. For example, half-metals are used as spin injectors, magnetic 

tunnel junctions, spin valves, and spin torque transfer random access memories [21]. Heusler 

alloys are divided into two major families based on their chemical composition. The first family 

is known as Half-Heusler with general chemical formula XYZ, it crystallizes in structure 𝐶1𝑏 

with space group 𝐹43𝑚, where 𝑋 and 𝑌 represent transition metals and 𝑍 is 𝑠𝑝 element. The 

second family is the full Heusler and has stoichiometry X2YZ, it crystallizes in structure 𝐿21 

with space group 𝐹𝑚-3𝑚 [22-24]. Another class of Heusler compounds of the LiMgPdSn type 

is formed by the substitution of the X atom by an X' atom. This gives a quaternary compound of 

formula (XX')YZ, where X is a transition metal. The valence of X' is lower than that of X, and 

the valence of the element Y is lower than that of X and X' [25, 26]. Several studies on 

quaternary Heusler alloys can be found in the literature. As an example, we cite the CrLaCoZ 

alloys (Z = Al, Ga, In, Ge, Sn, Pb) studied by Liu [27], who found that these compounds are 

half-metals obeying the Slater-Pauling rule. Priyanka and. Al [28] studied the electronic, 

mechanical and thermoelectric properties of the quaternary compounds CoZrCrZ (Z = Al, Ga, 

In). In addition, Heusler CoScCrZ (Z = Al, Ga, Ge, In) alloys were investigated for various 

physical properties by Shakil and. Al [29] and concluded that these compounds are possible 

candidates for applications in spintronics and thermoelectrics. Other studies interested in the 

theoretical calculation of the structural, electronic and elastic properties of the alloys CoNbCrZ 

(Z = Al, Ga, Si, Ge) [30], NbCoCrAl and NbRhCrAl [31] using codes such as VASP and 

Korringa-Kohn -Rostoker (SPR-KKR). According to our extensive literature search, there are 

no experimental works or theoretical investigations available for the Hesuler alloy CrCoLaSi. 

The aim of our work is to determine the structural, electronic, magnetic, thermodynamic and 

thermoelectric properties of quaternary Heusler alloys CrCoLaZ (Z=Ga; Si) by the FP-LAPW 

method implemented in the Wien2K code under the GGA approximation [32]. 

II- Computational Details  

The structural properties were determined using the Wien2K code [32], which is a direct application 

of the linear augmented plane wave method FP-LAPW [33, 34], by performing relativistic scalar 

calculations. For the determination of the exchange and correlation potential, we used the 

generalized gradient approximation GGA [35], for magnetic systems, we used the generalized 



 

gradient approximation proposed by Perdew-Burke- Ernzerhof (GGA-PBE) [36]. We set the 

parameter Rmt*Kmax, which controls the size of the bases, to 7. In these calculations, we used a 

default radius Rmt. The value of Gmax is 12, where Gmax is the norm of the largest wave vector used 

for the wave expansion of the charge density. The separation energy between the valence and core 

states is assumed -81.6 eV. The K integration on the Brillouin zone was performed with 3000 

special points (14x14x14). In addition, we applied the quasi-harmonic Debye model implemented in 

the Gibbs pseudo code [37-40]. This allowed us to calculate the thermodynamic quantities at any 

temperature and pressure from the calculated E-V data at T = 0 K and P = 0 GP. To carry out these 

investigations, ab initio calculations using the FPLAPW method were performed to study the 

structural, magnetic, thermodynamic and thermoelectric properties of CrCoLaGa and CrCoLaSi. 

 

III- RESULTS AND DISCUSSION 

III- 1. Structural properties 

In general, CrCoLaZ (Z=Ga; Si) quaternary alloys crystallize in three types of face-centered cubic 

(CFC) structures with space group F4-3m (216). The atomic positions of each type are given in 

Table 1 [41]. The representation of the crystal structure of CrCoLaZ compounds (Z=Ga; Si) for 

each type of structure is schematized in Figure 1: 

Tableau 1: The three possible structures of Heusler CrCoLaZ quaternary alloys [41]. 

 Type I Type II   Type III 
Cr (0 ; 0 ; 0) (0.5 ; 0.5 ; 0.5) (0 ; 0 ; 0) 
Co (0.25 ; 0.25 ; 0.25) (0 ; 0 ; 0) (0.5 ; 0.5 ; 0.5) 
La (0.5 ; 0.5 ; 0.5) (0.25 ; 0.25 ; 0.25) (0.25 ; 0.25 ; 0.25) 
Z = G a, Si (0.75 ; 0.75 ; 0.75) (0.75 ; 0.75 ; 0.75) (0.75 ; 0.75 ; 0.75) 

 

In order to find the stable structure of the compounds CrCoLaGa and CrCoLaSi, we calculated the 

variation of the total energy as a function of the volume in the ferromagnetic state (FM) and in the 

non-magnetic state (NM) for each type of the previous structures. 



 

 

Figure 1: Crystal structures of the three types for CrCoLaZ (Z=Ga; Si). 

 

The equilibrium parameters such as the lattice parameter (a0), the compressibility modulus B0 and 

its derivative B′ were obtained by fitting the total energy Etot (eV) as a function of the volume V (Å) 

using the Murnaghan equation of state [42]: 

                                        (1) 

  
                                    

                      
  Where, B0 and B′ are bulk modulus and pressure derivative of the bulk modulus in the equilibrium 

volume V0, respectively. 

The graphical representation of the variation of total energy Etot (eV) versus volume V (Å) for 

CrCoLaGa and CrCoLaSi compounds is shown in Figures 2 and 3, respectively. From these figures, 

it can be seen that both compounds are mechanically stable in the ferromagnetic phase – type III. 

The values obtained for the lattice parameter a0, the compressibility modulus B0, its first derivative 

as well as the total energy E0 calculated by the GGA approximation of the CrCoLaGa and 

CrCoLaSi compounds are shown in Table 2. 
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Figure 2: Variation of the total energy Etot versus the unit cell volume for CrCoLaGa.  



 

 

 

Figure 3: Variation of the total energy Etot versus the unit cell volume for CrCoLaSi. 

According to our bibliographic research, we did not find enough results to make a comparison with 

our calculations, except for the CrCoLaGa material in reference [43]. We found that the value of the 

lattice parameter of this compound in this reference is in good agreement with our result. 

 

III-2. Electronic and magnetic properties  

 
In this section we have used the ground state lattice parameters a0 (Type III -FM) to calculate the 

electronic band structure (EBS) of the quaternary Heusler alloys CrCoLaGa and CrCoLaSi. Figures 

4 and 5 visualize the BS for the spin up (majority spin) and spin down (minority spin) of the two 

compounds. 

 
 
 
 
 

 
 
 
 
 



 

Tableau 2. Values of equilibrium lattice constant (a0), bulk modulus (B), the pressure derivate of 
bulk modulus (B’) and energy total (E0) of the CrCoLaGa and CrCoLaSi. 

compound 
 

types 
phase a(Å) V0 (Å3) B( GPa) B’ E0 (eV) 

 

 

CrCoLaGa 

TypeI 
FM 6.77 78,126 70.06 5.05 -350501,99389 

NM 6.61 72,920 90.79 4.07 -350500,70658 

TypeII 
FM 6.57 71,283 70.62 5.02 -350502,38394 

NM 6.42 66,807 90.47 4.37 -350501,36912 

TypeIII 
FM 6.57 71,303 78.64 5.01 -350502,44244 

NM 6.42 66,744 99.749 4.45 -350501,42712 

   6.582[43]     

 

 

CrCoLaSi 

TypeI 
FM 6.71 75,979 76.47 3.45 -305511,3203 

NM 6.53 70,074 100.37 4.17 -305510,0599 

TypeII 
FM 6.49 68,942 101.28 3.57 -305511,65845 

NM 6.31 63,296 135.20 6.15 -305511,1379 

TypeIII 
FM 6.49 68,739 104.39 5.47 -305511,6599 

NM 6.31 63,304 128.79 2.75 -305511,1648 

 

The analysis of these figures shows that the quaternary Heusler compounds CrCoLaGa and 

CrCoLaSi exhibit a half-metallic behavior. Indeed, for the majority spins we observe an 

overlapping of the bands at the Fermi level with zero energy gaps, unlike for the minority spins. For 

the latter, we observe the existence of an indirect gap with a value of 0.56 eV for CrCoLaGa and 

0.62 eV for CrCoLaSi, 

 

. 



 

Figure 4: The band structure for the majority-spin (left) and the minority-spin (right) of 

CrCoLaGa type III-FM. 

 

 

Figure 5: The band structure for the majority-spin (left) and the minority-spin (right) of 
CrCoLaSi type III-FM 

 

Figs. 6 and 7, show the calculated spin-dependent total density of states (TDOS) and atom 

resolved partial density of states (PDOS) for the two quaternary Heusler compounds CrCoLaZ(Z= 

Ga,Si) with the FM type (III) structure at equilibrium lattice constants. It is obvious from the TDOS 

of these Heusler alloys, the majority spin version are metallic in nature while the minority spin 

version have a semiconducting character. According to the examination of PDOS for both 

compounds, we see that there is a strong presence of s-Ga and s-Si states in the energy interval [-

10,-5 eV]. In the energetic region [-5,-2.5 eV], there is a strong contribution between p-Ga and Cr-

deg(up) states (fig.6), while in fig 7 and in the same region , there is a strong hybridization between 

the p-Si, d-Cr and d-Co states. In the energy interval [-2.5,-1eV] (Fig. 6), there is a strong presence 

of d-t2g-Co (down), d-Cr (up) states and a small population of p-Ga states. From fig .7 and in the 

same interval, a strong presence of d-Co states (up and down) and d-Cr states (up). Around the 

Fermi level, it is constituted only by the states d-Cr (up) and d-Co (up) for both compounds and p-

Si (up) for CrCoLaSi  and p-Ga (up) for CrCoLaGa. In the conduction band, from 1 to 2.5 eV, 

strong presence of the d-eg (down) and d-t2g (down) states for Cr and Co atoms for both alloys, 

while from 2.5 to 5 eV, we see a strong contribution of states d-La. 



 

 

 

 

  

Figure 6: Total and partial spin-polarized density of states for CrCoLaGa. 

 

 

 



 

 

 

 

 

  

Figure 7: Total and partial spin-polarized density of states for CrCoLaSi. 



 

 

 

Magnetic properties tell us in particular about the magnetic moment of a material, which is a very 

important indicator of the speed of the magnetic field in one material compared to another. Table 3 

summarizes the values obtained for the total and atom-resolved spin magnetic moments at 

equilibrium for the Heusler compounds CrCoLaGa and CrCoLaSi. As shown in Table 3, the total 

magnetic moment (MMtot) for the CrCoLaGa compound (3.210 µB) is quite comparable to the 

result of the previous theoretical study [44]. In addition, we note that the MMtot of the CrCoLaSi 

compound (3.16 µB) is higher than the MMtot of the CrCoLaGa compound. This increase is mainly 

due to the high contribution of the magnetic moment of the chromium atom. 

Tableau 3: Total, atom-resolved, and interstitial spin magnetic moments for CrCoLaGa and CrCoLaSi. 
 

 

 

Structure 

 

 

 

 
Magnetic Moment in µB 

Cr 
 

Co La Ga Si Intersti
-tial  

MMtot 

CrCoLaGa Present work 

 
Theoretical [43] 
 

3.210 

 

3.69  

-0.267 

 

- 0.10  

0.015 

 

- 0.35 

-0.073 

 

- 0.24 

 0.095 2.98 

 

3.00 

CrCoLaSi Present work 3.16 0.84 -0.056  -0.12 -0.108 3.72 

 

 

The contribution of the magnetic moments of the atoms of Silicium and Gallium in MMtot for the 

two compounds is low and its atom –resolved spin magnetic moments have negative values. 

 

III-3. Chemical bonds 

The bonding character of materials is determined by the distribution of electrons in the charge 

density contour plots. The nature of the bond (ionic or covalent) is related to the transfer of charge 

between the cation and anion of the atoms. In a polar (ionic) bond, the cation and anion pair is 

formed by the transfer of charge between the atoms, while a non-polar (covalent) bond is formed by 

the sharing of charge between the cation and anion. The charge density contour plots of the Heusler 

quaternary compounds CrCoLaGa and CrCoLaSi in the (001) crystallographic planes are shown in 

Figures 8 and 10, respectively. While the charge density contour plots of the two compounds in 

(011) planes are shown in Figures 9 and 11. From these figures we can conclude that there are two 

types of chemical bonds in the Heusler alloys CrCoLaGa and CrCoLaSi. The first bond, which is 



 

the ionic bond, appears between the Cr atoms, where we notice a barrier between them, and this is 

due to a difference in the ability to lose or gain electrons. The second bond, which is the covalent 

bond that results from the contribution of Cr and Co atoms by an electron from its valence level. 

 

 

Figure 8:  The charge density contours plot of CrCoLaGa in (001) plane. 

 

 

Figure 9: The charge density contours plot of CrCoLaGa in (011) plane   

 

 



 

 

Figure 10: The charge density contours plot of CrCoLaSi in (001) plane 

 

Figure 11: The charge density contours plot of CrCoLaSi in (011) 

 

 

III-4. Thermodynamic properties 

According to the laws of dynamics, when the lattice temperature is above absolute zero, its energy 

is not constant, but fluctuates randomly around the mean value. These energy fluctuations are due to 

random vibrations of the lattice, which can be seen as a gas of phonons, and since these phonons are 

related to the lattice temperature, they are sometimes called thermal. Phonons are concepts of 

quantum mechanics, and their study occupies an important place in condensed matter physics. They 

play an important role in many properties of solids, including heat capacity, thermal conductivity, 

and electrical conductivity. The behavior of phonons is studied by Debye's quasi-harmonic model, 

which is an explanation of the behavior of the heat capacity of solids as a function of temperature, 

developed by Peter Debye in 1912 [44]. It consists in studying the vibrations of the network of 

atoms that make up the solid. This model makes it possible to explain precisely the experimental 

values; it also agrees with the law of Dulong and Petit [45] at high temperature. In this section, we 



 

have used the Debye quasi-harmonic model to calculate the thermodynamic properties such as the 

variation of volume, the specific heat capacity at constant volume(CV), specific capacity (CP), the 

Debeye temperature and the coefficient of thermal expansion as a function of temperature of 

CrCoLaGa and CrCoLaSi. The thermal properties are determined in the temperature range from 0K 

to 1200 K, where the quasi-harmonic model remains fully valid. The pressure effect has been 

studied in the range of 0 to 20 GPa. 

     The variation of volume with respect to temperature at different pressures is shown in Fig. 12. It 

was found that the volume increases slightly with increasing temperature. 

 

 

Figure 12: The temperature effects on the lattice parameter for CrCoLaGa and CrCoLaSi alloys. 

 

The investigation of Cv as a function of the temperature at different pressures of 0, 5, 10, 15 and 20 

GPa is shown in Fig 13. At high temperatures, Cv tends to the Dulong and Petit limit, which is 

rather common for all solids. At sufficiently low temperatures, Cv is proportional to T 3. While at at 

300K and 0 GPa, the heat capacity for the CrCoLaGa and CrCoLaSi compounds are found to be 

97.05 J mol1 K1 and 93.12 J mol-1 K-1, respectively. Figure 14 illustrates how the temperature (T) 

at different pressures affects the CrCoLaGa and CrCoLaSi alloy's specific capacity (Cp) under 

constant pressure. It is found that the specific capacity increases quickly when T ≥ 200 K and that 

Cp becomes stable and trends toward infinity when T ≥ 500 K. Figure 15 represent the variation of 

the Debye temperature as a function of temperature. We notice that the Debye temperature is 

inversely proportional to the temperature. As the temperature increases, the Debye temperature 

continuously decreases. The Debye temperatures of the Heusler alloys CrCoLaGa and CrCoLaSi at 

300K and 0 GPa pressure are 300 K and 375 K, respectively. This indicates that the compound 

CrCoLaSi is harder than CrCoLaGa compound. Figure 16 represents the variation of the thermal 



 

expansion coefficient α (T) of CrCoLaGa and CrCoLaSi as a function of the temperature and the 

pressure. It is shown that, at a constant pressure and at low temperatures, α increases with 

temperature—especially at zero pressure—and gradually tends to a linear increase at higher 

temperatures. As the pressure increases, the increase of α with the temperature becomes smaller, 

while at a constant temperature, α decreases strongly with increasing pressure. 
 

 

Figure 13: The heat capacity depending on the temperature for different pressures from 0 to 20 GPa 
for CrCoLaGa and CrCoLaSi alloys. 

 

Figure 14: The specific capacity (CP) depending on the temperature for different pressures from 
0GPa to 20 GPa for CrCoLaGa and CrCoLaSi alloys. 

 

 

 



 

 

Figure 15: Variation of the Debye temperature with respect to the temperature at different pressures 
ranging from 0 to 20 GPa for CrCoLaGa and CrCoLaSi alloys. 

  

 

Figure 16: The thermal expansion coefficient as a function of the temperature at different pressures 

ranging from 0 GPa to 20 GPa for CrCoLaGa and CrCoLaSi alloys. 

3.5 Thermoelectric properties 

We used BoltzTrap package [46] to compute thermoelectric parameters. The method is based on 

Fourier expansion of band energies where space-group symmetry has been preserved by star 

functions. This method allows for the calculation of band structure-related quantities such as 

thermal and electrochemical properties. These properties allow for the assessment of transport 

parameters such as Seebeck coefficient, electrical conductivity, thermal conductivity and figure of 

merit ( ZT) as a temperature (T) function. The latter parameter characterizes the performance of the 

material and the criterion of ZT ≥ 1 is usually maintained for applications [47] and it is given by the 

relation:  

 



 

, 

where S is the Seebeck coefficient, σ is the electrical conductivity, κ is the thermal conductivity, and T is  the 

absolute temperature. Good thermoelectric materials have a high figure of merit, Seebeck coefficient and 

electrical conductivity, low thermal conductivity and power factor PF defined as:  

 

For both spin channels, these parameters have been analyzed at three different temperature ranges 

300, 500 and 800 k, as shown in Figures 17 and 20. The values of S, σ/τ, κe/τ, PF and ZT at 300 K 

are summarized in Table. 4. We note that at 300 K, both compounds have large S in n-type carriers, 

with S decreasing with increasing temperature, and CrCoLaGa having larger S in both spin 

channels than CrCoLaSi. This is due to the different valence electrons of both compounds, resulting 

in an inverse relationship between n and S. The investigation of the electrical conductivity (σ/ τ) as 

a function of (μ –μ0) shows that for all the cases the temperature 300 K induce the highest electrical 

conductivity in the p-type doping range, depicting at higher temperature the mobility increases by 

reducing the electrical conductivity. Generally, the thermal conductivity κ is expressed as κ = κe + 

κL where κe is the electronic thermal conductivity and κL is the lattice thermal conductivity (the 

phonon vibrations). In the BoltzTrap code, the phonon energy is small so that the phonon–phonon 

and the electron–phonon interactions can be neglected in the calculation. The parameter (κ/ τ) 

inversely affects the thermoelectric performance of the materials. Figures 17 to 20 show that the 

electronic conductivity increases with temperature in both compounds in the negative and positive 

regions of the chemical potential, with the maximum located in the p-type region, 17.99 and 29.93 

at 800 K for CrCoLaGa and CrCoLaS, respectively. Finally, the power factor PF is an important 

quantity in the study of the efficiency of thermoelectric materials; it depends to ZT of Merit. From 

the PF analysis, we can see that the PFs of both compounds increase with increasing temperature. 

The variation of ZT with temperature reaches a maximum value of 0.97 at 300 K for both 

compounds; these values are due to the high Seebeck coefficient. The DOS as a function of 

temperature shows that semi-metallic behavior is preserved up to 800 K. All these observations 

indicate that the investigated compounds are half-metallic ferromagnetic (HMFs) and this behavior 

is preserved at high temperature. Therefore, Primer research of Jiangang He [47], Oded Rabina [48] 

and Tsunehiro Takeuchi [49], the present compounds are potential candidates for spintronic 

thermoelectric devices.  

 

 

 

 

 



 

 

 

Figure17. Density of states, Seebeck coefficient S, electrical conductivity (σ/τ), electronic thermal 
conductivity (κ/τ), PF and the figure of merit (ZT) for CrCoLaGa-up Heusler compound 

 

 

 

 



 

 

 

 

 

 

 

Figure18. Density of states, Seebeck coefficient S, electrical conductivity (σ/τ), electronic thermal 
conductivity (κ/τ), PF and the figure of merit (ZT) for CrCoLaGa-dn Heusler compound. 

 



 

 

 

Figure 19. Density of states, Seebeck coefficient S, electrical conductivity (σ/τ), electronic thermal 
conductivity (κ/τ), PF and the figure of merit (ZT) for CrCoLaSi –up Heusler compound.  

 

 

 

 



 

 

Figure 20. Density of states, Seebeck coefficient S, electrical conductivity (σ/τ), electronic thermal 
conductivity (κ/τ), PF and the figure of merit (ZT) for CrCoLaSi-dn Heusler compound.  

 

 



 

 

Table 4 : Seebeck coefficient, the electrical resistivity, thermal conductivity and ZT when the PF 
takes the max value at 300 K for CrCoLaGa and CrCoLaSi compounds. 

 

4. CONCLUSIONS 

In this work, we have studied the structural, electronic, magnetic, thermodynamic, and finally 

thermoelectric properties of the quaternary Heusler compounds CrCoLaGa and CrCoLaSi. The 

study showed that both compounds are stable in the type III –ferromagnetic phase and have half-

metal character. The study of chemical bonding propertie had shown the existence of ionic and 

covalent bonds. Indeed, the ionic bond is between Cr-Cr atoms and covalent bond is between Co-

Co atoms. Also, we have found that the magnetic moment of CrCoLaGa (3.21µB) is greater than 

the magnetic moment of CrCoLaSi (3.16 µB). The thermodynamic properties are predicted by the 

quasi-harmonic model of Debye in the range of pressure from 0 to 20 GPa and temperature from 0 

to 1200 K. This study allowed us to have a global idea on the effect of temperature and pressure on 

certain macroscopic parameters such as the volume V, the molar heat capacity Cv, the Debye 

temperature θD and the coefficient of thermal expansion α. The calculated thermoelectric 

parameters categorized our compounds as good candidates for thermoelectric applications. 
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PF 
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1 K-2s-1 

S 

10-5V.K-
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(σ/τ) 

1020 Ω-1 . 

m-1s-1 

(κ/τ) 

1014W. 

m-1K-1s-1 

ZT ZTmax 

 

CrCoLaGa Spin-
up 
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EF 30.5 -4.57 1.45 10.6 0.08 

0.97 
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9.92 -2.52 2.4 17.99 0.016 

Spin-
dn 

Before 
EF 83.73 10.84 0.71 6.80 0.36 

After 
EF 

21.42 14.57 0.1 1.22 0.52 

CrCoLaSi 

Spin-
up 

Before 
EF 30.9 -5.29 1.1 9.07 0.1 

0.97 

After 
EF 15.61 1.96 40.0 29.93 0.015 
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dn 
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42.52 14.02 0.21 2.45 0.51 
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EF 37.22 5.70 1.14 9.05 0.12 
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