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Based on full-potential linearized augmented plane wave (FP-LAPW) method within the density func-

tional theory (DFT), the structural, elastic, electronic, magnetic, thermodynamic and thermal properties of 

quaternary Heusler Cr2GdSn1 – xPbx alloys have been studied under the generalized gradient approxima-

tion (GGA). The structural properties show the stability of Cr2GdSn1 – xPbx alloys in the ferromagnetic 

phase, where their equilibrium structural parameters (lattice constant a(Å), bulk modulus B(GPa) and its 

first-pressure derivative (B) are evaluated. The elastic constants for the cubic system (C11, C12, and C44) 

and anisotropy are computed to prove the mechanical stability of these compounds. The electronic results 

reveal that both Cr2GdSn1 – xPbx alloys have a perfect half-metallic nature. The magnetic properties reveal 

that the total magnetic moment of cubic Cr2GdSn and Cr2GdPb compounds is equal to – 12B and – 11B, 

respectively, affirming their complete half-metallic behavior. The quasi-harmonic Debye model, as imple-

mented in the Gibbs code, was used to predict the thermal properties of Cr2GdSn1 – xPbx. These alloys seem 

to be a potential candidate of spintronic devices. 
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1. INTRODUCTION 
 

In 1903, the history of Heusler materials began. 

Fritz Heusler discovered that the formula Cu2MnAl 

behaves like a ferromagnetic material, knowing that its 

components are not the same magnetic materials [1], 

that attracted exceptional attention of many scientists 

to the study and understanding of their potential prop-

erties, thermal and thermoelectric characteristics [2]. 

The Heusler alloys have attracted a great deal of atten-

tion being among the most important material systems 

used in many fields: optoelectronic [3], superconductivi-

ty, shape memory and thermoelectric [4]. The Heusler 

ternary alloys are determined by the generic formulas 

X2YZ or XYZ [5, 6]. In X2YZ Heusler alloys, X and Y are 

transition metals and Z is an element of group III, IV 

or V, in some cases, Y is replaced by a rare earth ele-

ment. The X2YZ Heusler compounds crystallize in the 

cubic L21 (AlCu2Mn-type) structure with the space 

group Fm3m. The X, Y and Z atoms in this structure 

are located on the Wyckoff positions 8c (1/4, 1/4, 1/4), 4a 

(0, 0, 0) and 4b (1/2, 1/2, 1/2), respectively. The cubic 

X2YZ compounds can also be found in the CuHg2Ti type 

structure with the space group F-43m. Contrary to the 

L21 structure, two X atoms occupy nonequivalent posi-

tions for this structure. 

This structure is frequently observed when the nu-

clear charge of the Y element is larger than that of the X 

element of the same period, that is Z(Y)  Z(X) for two 

3d transition metals. The X atoms are located on 

Wyckoff positions 4a (0, 0, 0) and 4c (1/4, 1/4, 1/4), while 

Y and Z atoms are located, respectively, on 4b (1/2, 1/2, 

1/2) and 4d (3/4, 3/4, 3/4) positions [7]. Recently, we 

calculated the electronic and magnetic properties of 

Heusler Cr2GdSn alloys using the ab-initio method in 

the GGA scheme [8]. In this paper, we focused our study 

on the structural, electronic, magnetic and thermal 

properties of Cr2GdSn1 – xPbx (x  0, 0.25, 0.50, 0.75, 1.00) 

compounds. The rest of the paper is arranged as follows: 

section 2 includes computational details and the method 

of calculation, section 3 is devoted to the results and dis-

cussion, and section 4 is a summary of our conclusions. 

 

2. COMPUTATIONAL METHODS 
 

In this report, the calculations were done using 

density functional theory (DFT) [9] within the frame-

work of the full-potential linearized augmented plane- 

wave (FP-LAPW) method as implemented in WIEN2K 

package [10]. The generalized-gradient approximation 

(GGA) was used for the exchange correlation potential 

[11]. We chose the muffin-tin (MT) radii for the Cr, Gd, 

Sn and Pb atoms to be 2.1, 2.3, 1.7 and 2.1 Bohr, re-

spectively. The plane wave cut-off parameter was taken 

as RMT*Kmax  9, the Monkorst-Pack special k-points 

were performed using 3000 special k-points in the Bril-

louin zone [15]. The power-cut zone, which defines the 

separation of the valence and core states, was chosen as 

− 6.0 Ry. In order to simulate Cr2GdSn1 – xPbx (x  0.25, 

0.50, 0.75) quaternary alloy, we created a supercell 

with 16 atoms. For x  0.25, we substituted one atom of 

Sn by one atom of Pb; for x  0.50, we substituted two 

atoms of Sn by two atoms of Pb; for x  0.75, we substi-

tuted three atoms of Sn by three atoms of Pb. The 

study of thermal effects was done within the quasi-

harmonic Debye model implemented in the Gibbs pro-

gram [8]. The quasi-harmonic Debye model allows us to 

obtain all thermodynamics quantities from the calcu-

lated energy-volume points. Detailed description of this 

procedure can be found in Refs. [8, 12]. 

http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
http://sumdu.edu.ua/
https://doi.org/10.21272/jnep.13(4).04017
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3. RESULTS AND DISCUSSION 
 

3.1 Structural Properties 
 

We calculated the lattice constant (a), the bulk 

modulus (B), and its first derivative (B′) by optimiza-

tion of the total energy (ET) versus volume (V) using the 

Murnaghan equation of state [14]. We focused on the 

structural properties of Cr2GdSn1 – xSbx quaternary 

Heusler alloys such as the lattice parameter and bulk 

modulus. To obtain the equilibrium lattice constant and 

determine the stable structure of these alloys, we per-

formed structural optimization of Cr2GdSb alloy for 

nonmagnetic (NM) and ferromagnetic (FM) configura-

tions in their two possible structures: L21 and X-type. It 

is clearly seen that these structures are more stable in 

the L21 than in the X-type (Fig. 1). For Cr2GdPb in the 

L21 structure, our work yields a lattice constant of 

6.5997 Å. 
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Fig. 1 – Total energy of Cr2GdSb compound as a function of 

volume for nonmagnetic (NM) and magnetic (M) states of  

AlCu2Mn and CuHg2Ti structures 
 

The second step of our calculations was to study the 

structural properties of Cr2GdSn1 – xPbx quaternary 

Heusler alloys, we used a supercell model compatible 

with the percentage of constituents in question. The 

lattice structures were modeled at some selected com-

positions x  0.25, 0.5 and 0.75. For the considered 

structures, the lattice parameters and bulk modulus as 

a function of composition x are listed in Table 1. For 

Cr2GdSn0.75Pb0.25, Cr2GdSn0.50Pb0.50 and Cr2GdSn0.25Pb0.75 

in the Cu2MnAl-type structure, the lattice constant 

obtained in this work is 6.6596 Å, 6.6364 Å and 

6.6183 Å, respectively. We want to make it clear that 

there are no results on the lattice constant so far in the 

literature or experiments, our results are considered as 

purely predictive. It was found that they vary almost 

linearly following the Vegard's law [15]. A slight devia-

tion from the Vegard's law is clearly visible for the alloy 

with a bowing upwardly parameter equal to 0.0291 Å. 

The bulk modulus increases slightly on going from 

Cr2GdSn to Cr2GdSb showing a non-linear behavior. 

Fig. 2 shows the variation of the lattice parameter 

calculated based on the concentration of tin for the 

quaternary alloy. A slight deviation from the Vegard's 

law is clearly visible for the alloy with a bowing up-

wardly parameter equal to 0.0291 Å obtained by adjust-

ing the values calculated by a polynomial function. The 

physical origin of this small gap could be mainly due to 

the small mismatch between the lattice constants of 

Cr2GdSn and Cr2GdPb ternary compound. Fig. 3 repre-

sents the variation of the bulk modulus as a function of 

the antimony concentration in Cr2GdSn1 – xSbx alloys. 

The disorder parameter equal to – 4.1081 GPa for 

Cr2GdSn1 – xPbx alloys shows that the bulk modulus 

increases with increasing Pb concentration (0  x  1). 
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Fig. 2 – The lattice parameters of Cr2GdSn1 – xPbx as a func-

tion of Pb composition 
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Fig. 3 – Variation of the bulk modulus of Cr2GdSn1 – xPbx 

Heusler alloys with Pb concentration x 

 

3.2 Mechanical and Elastic Properties 
 

As stated above, the purpose of our work is also to 

examine the variation in the elastic and mechanical 

properties of our compounds. In particular, we will 

confirm their mechanical stability via calculation of the 

elastic constants Cij. These constants are fundamental 

and indispensable for describing the mechanical prop-

erties of materials that undergo stress and give im-

portant information concerning the binding character-

istic between adjacent atomic planes, mechanical sta-

bility and anisotropic character of binding. 

The symmetry of the cubic crystal reduces the num-

ber of constants Cij to only three independent elastic 

constants C11, C12 and C44. Further details of the calcu-

lation can be found elsewhere [14]. The following me-

chanical quantities: the calculated three independent 

elastic constants C11, C12 and C44, shear modulus G, 

B/G ratio, Young’s modulus E, Poisson’s ratio (ν), Zener 
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anisotropy factor (A) and density (ρ) of Cr2GdSn1 – xPbx 

for various compositions are listed in Table 1 using the 

standard relations reported elsewhere [15]. We did not 

find results for elastic constants that are available in 

the literature. Therefore, our results are considered as 

purely predictive. The mechanical stability criteria for 

cubic crystals at equilibrium are expressed by elastic 

constants as follows: C11 – C12  0, C44  0, 

C11 + 2C12  0 and C12  B  C11 [17]. We notice that the 

calculated elastic constants satisfy the above stability 

criteria. We can say that these compounds are elastical-

ly stable. Fig. 4 represents the variation of the elastic 

constants as a function of the composition x. We ob-

serve that the elastic constants C11, C44 increase mono-

tonically with x, indicating that on going from x  0 

(Cr2GdSn) to x  1 (Cr2GdSb) the alloy structure be-

comes mechanically stable. 

The following equations show the value of the dis-

order: 
 

 C11  252.0939 – 32.4993x + 4.3496x2,  

 

 C12  156.3294 – 27.3553x + 7.3749x2,  

 

 C44  50.2046 – 8.9974x + 2.5462x2.  

 

The values of the disorder for C11, C12 and C44 are, 

respectively, 4.349, 7.374 and 2.546. 

From Table 1, it is clearly seen that the coefficient A 

is close to unity for the alloys, which allows us to say 

that these alloys are isotropic. The data in Table 1 

indicate that the B/G ratio is between 2.3932 and 

2.3730, that is the B/G ratio for materials is generally 

above the critical value of 1.75, which separates the 

ductile/brittle behaviors (brittle  1.75  ductile) [17] 
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Fig. 4 – Variation of the elastic constants of Cr2GdSn1 – xPbx 

 

and allows us to classify the compounds as ductile ma-

terials. We know that the material becomes more solid 

the higher the E value; from Table 1, the Young’s mod-

ulus decreases when we move from 0 to 1. We can say 

that Cr2GdSn is stiffer than Cr2GdPb. Our obtained 

values for Poisson’s ratio vary from 0.3125 to 0.3152. 

 

3.3 Electronic and Magnetic Properties 
 

3.3.1 Band Structure 
 

A good knowledge of the electronic band structure in 

materials provides valuable information concerning their 

potential utility in producing multi-electronic devices. 

We calculated the electronic band structure properties 

of Cr2GdSn and Cr2GdPb alloys using the GGA formal-

ism. The calculated band structures of Cr2GdSn and 

Cr2GdPb alloys are illustrated in Fig. 5 and Fig. 6. First, 

for majority spins we notice an overlap of the valence 

and conduction bands, while the existence of electronic 

states at the Fermi level tells us about the metallic 

character of these alloys. As for minority spins, we note 

that the compounds studied have a semiconductor be-

havior with a band gap for compounds, that indicates 

that the compounds have a half-metallic behavior. 

 

3.3.2 Total and Partial Densities of States 
 

To take a deeper look at the electronic structure, we 

displayed in Fig. 7 the total and partial atomic site-

decomposed density of states for Cr2GdSn and Cr2GdPb 

alloys. The occupied part of the valence bands can be 

subdivided into three regions. The first region is locat-

ed from – 11 eV to – 8 eV below the Fermi level. This 

region is made up entirely of states ‘s’ of Sn and Pb. 

The bands formed with states ‘f’ of Gd and ‘d’ of Cr are 

located around – 5 eV to 0 eV. The third region is from 

2 eV to 8 eV, the valence bands are dominated by states 

‘f’ of Gd and orbital ‘d’ of Cr. 

Densities of states confirm the metallic character 

for the majority of densities presented. At the minority-

spin states, it is seen that there is a lack of electronic 

states at the Fermi level, which reveals the semicon-

ductor character. This means that our compounds ex-

hibit a half-metallic character in the two spin states. 

The values of the gap energy are listed in Table 2. It is 

noted that the values of the gap energy increase with 

the concentration of Pb. 
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Fig. 5 – Calculated band structures of Cr2GdSn Heusler alloy 
 

 
 

 
 

Fig. 6 – Calculated band structures of Cr2GdPb Heusler alloy 

 

3.3.3 Magnetic Behavior 
 

The energy band structure of a half-metallic material 

has an asymmetry between the spin up and spin down 

states with an energy gap or a pseudo gap at the Fermi 

level. This gives rise to polarization of the conduction 

electrons at the Fermi level which can reach 100 %. The 

obtained atomic and total magnetic moments of alloys 

Cr2GdSn1 – xPbx within GGA scheme along with other 

theoretical calculation values are reported in Table 3. 

 
 

 
 

Fig. 7 – Total and partial density of states of Cr2GdSn and 

Cr2GdPb 

 

We note that the main contribution in the magnetic 

moment is due to Gd and Cr atoms. The present test 

compounds Cr2GdSn and Cr2GdPb have a total magnet-

ic moment of – 12.00B and – 11.00B, respectively. 

Also note that the polarization values are 100 % im-

portant which is characteristic of a half-metal. It is 

important to emphasize that we did not find any exper-

imental or theoretical values of the magnetic moments 

for Cr2GdSn0.75Pb0.25, Cr2GdSn0.50Pb0.50, 

Cr2GdSn0.25Pb0.75 and Cr2GdSb. 

 

3.4 Thermal Properties 
 

One of the aims of this work is to study the thermo-

dynamics of Heusler alloys. This study is of great im-

portance in order to know their specific behavior when 

exposed to high pressures or temperatures. 

Thanks to the quasi-harmonic Debye model imple-

mented in the Gibbs program [17], we could study the 

thermal properties of Cr2GdSn1 – xPbx quaternary al-

loys. Through it, we could calculate the thermodynamic 

quantities of all the temperatures and pressures of the 

Heusler quaternary alloys from the E-V data calculated 

at temperature  0 and pressure  0. In this part, we 

calculated the thermal properties in the temperature 

range from 0 to 1200 K under the influence of pressure 

in the range 0-20 GPa. The effect of temperature on the 

lattice parameters of Cr2GdSn1 – xPbx quaternary Heusler  
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Table 1 – Calculated lattice constant (a), bulk modulus (B), pressure derivative of the bulk modulus (B), elastic constants (Cij), 

shear modulus (G), B/G ratio, Young’s modulus (E), Poisson’s ratio (ν), Zener anisotropy factor (A), density (ρ) of Cr2GdSn1 – xPbx 

for various compositions 
 

 Cr2GdSn Cr2GdSn0.75Pb0.25 Cr2GdSn0.50Pb0.50 Cr2GdSn0.25Pb0.75 Cr2GdPb 

a (Å) 
   6.6902 

   6.6875a 

6.6596 6.6364       6.6183   6.5997 

B (GPa) 
100.8124 

   101.7384a 

105.2413 108.1526 110.3905   112.4328 

B 
   4.2148 

   4.3854a 

4.7194 

 

3.5492 

 

3.5566 

 

  4.4447 

 

C11 (GPa) 
159.2478 

160.371a 

165.5529 169.5369 172.7949   175.5143 

C12 (GPa) 
   71.2510a 

   72.4220 

      75.0854 77.4604       79.1882   80.8917 

C44 (GPa) 
   42.0142 

   42.7547a 

      43.7710 

 

44.8010 

 

      46.0526 

 

  47.4228 

 

G (GPa) 
   42.1241 

   43.4226a 

      44.5381 45.2959       46.3529   47.3783 

 

B/G 
   2.3932 

   2.3429a 

2.3629 

 

2.3876 2.3815 

 

   2.3730 

E (GPa) 
   112.9842 

   113.6291a 

117.0961 119.2411 121.9850    124.6290 

Ν 
   0.3125 

   0.3138a 

      0.3145 0.3162       0.3156    0.3152 

A 
   0.9814 

   0.9722a 

0.9743 0.9731 0.9887    1.0023 

ρ (g/cm3) 
   5.1240 

   5.0815a 

5.1560 5.2206 5.2741    5.3295 

a Ref. [8] 
 

Table 2 – Calculation of the band gap of Cr2GdSn1 – xPbx with Pb concentration x 
 

Compound  x  Eg(eV) 

  0.00  0.2103       

0.2180a 

  0.25  0.2895 

Cr2GdSn1 – xPbx  0.50  0.3702 

  0.75  0.4501 

  1.00  0.5376 
a Ref. [8] 
 

Table 3 – The total and partial magnetic moments (in B) of Cr2GdSn1 – xPbx 
 

Cr2GdSn1 – xPbx mCr mGd  mSn mSb  mtot  P (%) 

Cr2GdSn 
– 2.1472 

 – 2.1363a 

– 6.9142 

 – 6.9712a 

 

 

0.0825 

 0.0904a 

– 

– 

 

 

– 12.0074 

 – 12.0003a 

 
 

100 

 100a 

Cr2GdSn0.75Pb0.25 – 2.0316 – 6.9672  0.0543 0.0630  – 11.7513  100 

Cr2GdSn0.50Pb0.50 – 2.0236 – 6.9024  0.0769 0.0886  – 11.4998  100 

Cr2GdSn0.25Pb0.75 – 1.9221 – 6.8852  0.0746 0.0866  – 11.2511  100 

Cr2GdSb – 1.8681 – 6.8784  – 0.0732  – 11.0022       100  
a Ref. [8] 
 

alloys with Sn concentration of 0, 0.25, 0.5, 0.75 and 1 is 

shown in Fig. 8. As expected, the volume increases with 

increasing temperature, and the rate of increase is high. 

In Fig. 9, we report the evolution of the bulk modulus 

as a function of the temperature at different concentra-

tions. According to this figure, we notice that the bulk 

modulus decreases with temperature. Heat capacity is one 

of the most important thermodynamic quantities because 

it provides information on vibration characteristics. 

The heat capacity at constant volume CV tends to the 

Petit Dulong limit at high temperatures [18]. CV is pro-

portional to T3 at sufficiently low temperatures. The 

temperature dependence of CV is governed by the vibra-

tions of atoms and for a long period can only be deter-

mined from experiments, and this is at medium temper-

atures [19]. Our results for Cr2GdSn1 – xPbx quaternary 

Heusler alloys concerning the heat capacity CV at differ-

ent temperatures are depicted in Fig. 10. There is a 

strong increase in CV equal to 600 k. At higher tempera-

tures and higher pressures, CV tends towards the Du-

long-Pettit limit. The obtained values of the Dulong-Petit 

limit are CV(T) ≅ 74.60 Jmol – 1K – 1 for Cr2GdSn1 – xPbx. 
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Fig. 8 – The lattice parameters of Cr2GdSn1 – xPbx as a func-

tion of temperature and Pb composition x 
 

 
 

Fig. 9 – Variation of the bulk modulus as a function of tem-

perature and Pb concentration x in Cr2GdSn1 – xPbx alloys 
 

 
 

Fig. 10 – Variation of the heat capacity as a function of tem-

perature and Pb concentration x in Cr2GdSn1 – xPbx alloys 
 

In Fig. 11, we present the variation of the Debye 

temperature θD as a function of temperature and pres-

sure, respectively, for the concentrations used. One can 

observe that θD is nearly constant from 0 to 100 K and 

decreases linearly with increasing temperature from 

T  200 K. The Debye temperature θD decreases linear-

ly with increasing temperature, an increase in the con-

centration x leads to a Debye temperature increase as 

well as a bulk modulus increase. 
 

 
 

Fig. 11 – The Debye temperature θD as a function of concen-

tration x for Cr2GdSn1 – xPbx alloy at various temperatures and 

pressures 

 

4. CONCLUSIONS 
 

Using the FP-LAPW method as implemented in 

WIEN2k code within GGA framework based on the 

DFT, we determined the structural, electronic, elastic 

and magnetic properties of Cr2GdSn1 – xPbx quaternary 

Heusler alloys. The results indicate that the AlCu2Mn-

type structure is energetically more stable than the 

CuHg2Mn-type. The ground-state properties including 

the lattice parameter, bulk modulus, and its pressure 

derivatives were calculated. The estimated elastic 

constants confirm the mechanical stability of our com-

pounds. The mechanical properties show that both 

compounds are anisotropic and ductile. Analysis of the 

density of states indicates a metallic behavior for 

Cr2GdSn1 – xPbx, and the magnetic moment originates 

mainly from Gd and Cr atoms. The computed total 

magnetic moments are in very good agreement with 

Slater-Pauling rule and other recent theoretical inves-

tigations. We also successfully predicted thermody-

namic properties, including heat capacity, thermal 

expansion and Debye temperature in different ranges 

of pressure and temperature using the quasi-harmonic 

Debye model. Finally, in the absence of experimental 

and theoretical works, the present results for the al-

loys studied provide an estimate of these materials 

which can be useful for further studies. 
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Теоретичне моделювання структурної стабільності, еластичних, електронних, магнітних 

та термодинамічних властивостей нових напівметалевих сплавів Cr2GdSn1 – xPbx 
 

I. Asfour 

 

Département de Technologie des Matériaux, Faculté de Physique, Université des Sciences et de la Technologie 

d'Oran Mohamed Boudiaf (USTO-MB), BP 1505, El M'naouer, 31000 Oran, Alegria 

 
На основі методу повнопотенціальної лінеарізованої розширеної плоскої хвилі (FP-LAPW) у рам-

ках теорії функціоналу щільності (DFT) досліджено структурні, пружні, електронні, магнітні, термо-

динамічні та теплові властивості четвертинних сплавів Гейслера Cr2GdSn1 – xPbx з використанням 

узагальненого градієнтного наближення (GGA). Структурні властивості показують стабільність 

сплавів Cr2GdSn1 – xPbx у феромагнітній фазі, де оцінюються їх рівноважні структурні параметри 

(стала решітки a(Å), об'ємний модуль B (ГПа) та його перша похідна від тиску (B)). Константи пру-

жності для кубічної системи (C11, C12 і C44) та анізотропії розраховано для доказу механічної стабіль-

ності цих сполук. Результати дослідження електронних властивостей показують, що обидва сплави 

Cr2GdSn1 – xPbx мають ідеальну напівметалічну природу. Показано, що загальний магнітний момент 

кубічних сполук Cr2GdSn та Cr2GdPb дорівнює відповідно – 12B і – 11B, що підтверджує їх повну 

напівметалеву поведінку. Квазігармонічна модель Дебая була реалізована в коді Гіббса та викорис-

товувалася для прогнозу теплових властивостей сплавів Cr2GdSn1 – xPbx як перспективних матеріалів 

для пристроїв спінтроніки. 
 

Ключові слова: FP-LAPW, Електронні властивості, Феромагнітний, Напівметалічний, Модель Дебая. 
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