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In this work the electronic properties of the MnCoSi half-Heusler alloy are 

evaluated within the formalism of the electron density functional. The calcu-
lations are made using ABINIT code in two approaches. They are based on the 

projector augmented waves (PAW) and on the norm-conserving pseudopoten-
tials (NCPP). The hybrid exchange-correlation functional PBE0, which al-
lows to remove partly the self-interaction of strongly correlated 3d electrons 

of Co and Mn atoms, is implemented on the PAW basis. The electronic energy 

spectra of the MnCoSi crystal in the magnetic and nonmagnetic phases have 

been evaluated in the PAW basis states. In the process of optimizing the crys-
tal structure, the interpolants of total energy E(V) and pressure P(V) as the 

functions of volume, and V(P) as a function of pressure are found. Based on 

these dependencies, the bulk modulus B0 = 196.1 GPa is found. As estab-
lished, in the magnetic state the MnCoSi material is a metal for spin up and a 

semiconductor for spin down. In the non-magnetic state, the material is a 

metal. Electronic properties are obtained for the uncompressed and com-
pressed states of the crystal. The pressure dependencies of the magnetic mo-
ment of atoms are also found. Within the second approach (NCPP), the elas-
tic constants c11, c12, and c44 are calculated, from which the moduli of elastici-
ty, a sound waves velocities, and Debye temperature are derived. The bulk 

modulus B0 = 197.1 GPa found in this approach is well compared with one ob-
tained on the PAW basis. 
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У роботі в рамках формалізму функціонала електронної густини викона-
но розрахунки електронних властивостей напівгейслерового стопу 

MnCoSi. Обчислення зроблені за допомогою програми ABINIT в рамках 

двох підходів. Перший з них ґрунтується на проекційно-приєднаних хви-
лях (PAW), а другий базується на зберігальних норму псевдопотенціалах. 
У базисі PAW імплементований гібридний обмінно-кореляційний функ-
ціонал PBE0, який дозволяє частково вилучати самодію сильно скорельо-
ваних 3d-електронів Co й Mn. У базисі PAW розраховано електронні енер-
гетичні спектри кристала MnCoSi у магнетній і немагнетній фазах. У про-
цесі оптимізування структури кристала знайдено інтерполянти повної 
енергії E(V) та тиску P(V) як функції об’єму, а також V(P) як функції тис-
ку. На основі цих залежностей знайдено об’ємний модуль пружності 
B0 = 196,1 ГПа. Встановлено, що у магнетному стані матеріял MnCoSi є 

металом для спіну вгору і напівпровідником для спіну вниз. У немагнет-
ному стані матеріял є металом. Електронні властивості одержано для не-
стиснутого і стиснутого станів кристала. Знайдені також залежності маг-
нетних моментів атомів як функції тиску. В рамках другого підходу 

(NCPP) розраховано пружні константи c11, c12 та c44, на основі яких були 

отримані модулі пружності, швидкості звукових хвиль і температура Де-
бая. Знайдений у цьому підході об’ємний модуль пружності B0 = 197,1 

ГПа добре узгоджується з отриманим на основі базису PAW. 

Ключові слова: напівгейслеровий стоп, оптимізація структури, елект-
ронна структура, феромагнетне впорядкування, пружні константи, 

об’ємний модуль пружності, температура Дебая. 

(Received September 24, 2020) 
  

1. INTRODUCTION 

Half-Heusler alloys are currently the subject of active multidiscipli-
nary research due to their potential for practical application in the spin 

electronics [1], thermoelectricity [2] and thermomagnetic energy gen-
eration [3]. The structural, electronic and magnetic properties of half-
Heusler alloys are studied [1], but there is a very little information 

about the mechanical properties of these materials in modern litera-
ture sources. This is especially true in the case of materials containing 

transition elements. The spin-polarized calculations of electronic and 

magnetic properties of half-Heusler alloys make it possible to reveal 
the half-metallic properties that are important for the potential appli-
cation of the latter in spin electronics [4]. 
 An example of such a material is MnCoSi, the electronic structure of 

which is found using ultra-soft pseudopotentials [5], with the cut-off 

energy of the plane wave basis set of 400 eV. 
 In a work [5] the subsystem of strongly correlated 3d electrons of Mn 

and Co atoms is treated with the exchange-correlation potential in the 

GGA approximation. This approach does not provide a good descrip-
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tion of strongly correlated d(f) electrons, which is carried out mainly 

by the LDA + U method [6] or by means of the hybrid functionals of the 

exchange-correlation energy, namely the PBE0 [7] or HSE06 [8]. Re-
cently we have found that the use of the hybrid functional PBE0 leads 

to a better comparison with the experiment of kinetic coefficients in 

sphalerite ZnSe material [9]. The hybrid HSE06 functional, combined 

with the Green’s function approach, led to excellent agreement with 

the measured band gaps for the wurtzite crystals ZnX (X = O, S, Se, Te) 

[10]. It is established that the use of the hybrid functional PBE0 pro-
vides better comparison of the band gap in the solid solution CdMnTe 

[11] with the experiment [12]. In addition, the elastic properties of the 

MnCoSi crystal have not yet been studied. The study of the dependence 

of the magnetic moment of an elementary cell on pressure is also one of 

the tasks of this work. The electronic structure of the MnCoSi crystal 
is calculated in the free and compressed states. Let’s turn to the solu-
tion of these tasks. 

2. THEORETICAL DETAILS 

The electronic structure of MnCoSi material is calculated on the basis 

of projector augmented waves (PAW) [13] by means of the ABINIT 

code [14]. The hybrid exchange-correlation functional PBE0 [15], suit-
able for a realistic description of strongly correlated 3d electrons of 

the Mn and Co, is included into calculation scheme. The hybrid func-
tional PBE0 is given by the formula 

 PBE0 PBE HF PBE
3 3[ ] [ ] ( [ ] [ ]),xc xc x d x dE E E Eρ = ρ + α Ψ − ρ  (1) 

in which the first term is the energy in the GGA–PBE approximation 

[16]. The electronic properties of the MnCoSi crystal are calculated on 

the basis of the GGA–PBE and PBE0 functionals. In the first ap-
proach, the mixing coefficient α = 0 in Eq. (1). The corresponding re-
sults are shown in Figs. 1 and 4. If the parameter α ≠ 0, then the corre-
sponding exchange-correlation functional (1) includes the exact Har-
tree–Fock exchange energy, in which the self-interaction error is part-
ly removed. The PBE0 functional shows the better description of the 

electronic structure in materials, containing d(f) electrons. 
 We consider here the crystal, which is described by the space group 

F43m (216). The reduced coordinates of the atoms in a primitive cell 
are as follows: Mn (0, 0, 0), Co (0.25, 0.25, 0.25), and Si (0.5, 0.5, 0.5). 

The electronic structure is calculated on plane waves with a maximum 

kinetic energy of 1088 eV, but energy of 1632 eV is used for mechani-
cal properties. The integration is performed on a Monkhorst–Pack grid 

8×8×8, which provided 29 points in the irreducible part of the Brillouin 

zone. The initial value of the crystal lattice parameter in the nonmag-
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netic state had a value of 5.36 Å, and the optimized parameter is calcu-
lated to be 5.329 Å. The corresponding pressures in the crystal are 

−3.2626 GPa and 1.0629⋅10−9
 GPa, respectively. The elastic properties 

of the crystal are calculated in the spin-polarized state on the NCPP 

[17]. 
 The mechanical properties of a cubic crystal are determined by three 

independent elastic constants [18] namely, c11, c12, and c44. And from 

them the bulk modulus is calculated, 11 12( 2 ) / 3.B c c= +  The modules 

of Voight, 11 12 44( 3 )/5,VG c c c− +=  Reuss, 
11 12 44

44 11 12

)

3( )

5(
,

4R

c c c
G

c c c

−

+ −
=  and 

Hill, ( )/2H V RG G G+=  are also defined by these three constants. The 

shear (transverse), / ,sv G= ρ  and compressional sound velocity pv =

(3 4 )/(3 )B G= + ρ  define the average value, 
3 3 1/3[(2 )/3] .m s pv v v− − −= +  

The last parameter allows to find the Debye temperature, 
1/3

3
,

4D m

h
T v

k V
 =  π 

 where h and k denotes the Plank’s and Boltz-

mann’s constant, respectively, and V is the unit cell volume. 

 

Fig. 1. Partial density of the 3d electronic states of Co and Mn atoms in 

MnCoSi material, found with the cell volume of V0 = 153.99 Å3, using the 

GGA–PBE exchange-correlation functional. 
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3. RESULTS AND DISCUSSION 

The structural, electronic and magnetic properties of the MnCoSi crys-
tal found here for ferromagnetic state are collected in a Table 1. The 

electronic properties of the MnCoSi crystal are calculated on the basis 

of PAW functions based on the GGA–PBE and PBE0 exchange-
correlation energy functionals. The results corresponding to the GGA–
PBE approach (α = 0) are shown in Figs. 1 and 4. The results corre-
sponding to the values of the parameter α ≠ 0 are shown in Figs. 2, 3, 5, 

and 6. Figs. 1–3 represent the partial densities 3d of electrons Co and 

Mn found in a crystal with a normal unit cell volume. 
 Figures 4–6 show the results for the compressed crystal under the 

action of external hydrostatic pressure. Figure 1 shows the spin-
polarized partial densities of the Co and Mn 3d electrons, obtained 

without taking into account the strong correlations of 3d electrons. 

We see that for the spin down the material is a semiconductor, and the 

Fermi level is located closer to the top of the valence band. For the spin 

up, the material exhibits metallic properties. And now we partially 

remove the self-interaction of 3d electrons from the exchange-
correlation functional, including in the consideration the Hartree–
Fock exchange in Eq. (1) with the coefficient α = 0.0625. A comparison 

of Figures 1 and 2 shows that taking into account the strong correla-
tions with a small impurity of Hartree–Fock energy led to a noticeable 

redistribution of the density of electronic states. The Fermi level has 

now become closer to the top of the valence band. Figures 1 and 2 show 

that for spins up we have a metallic state, and near the Fermi level 3d 

states of the Co and Mn are dominating. 
 Figure 3 represents the density of electronic 3d states of Co and Mn, 

calculated for the material at normal pressure (P = 0). It is seen that 

the Fermi level crosses the state density curves for both spin orienta-
tions. So, there is now a pseudo-gap in the energy spectrum for elec-
trons with the spin down. 
 How will the density of electronic states in the material change un-
der the action of external hydrostatic pressure? The answers to this 

question will be obtained by analyzing the results shown in Figs. 4–6.  

TABLE 1. The electronic and magnetic properties of the half-Heusler MnCoSi 
compound, found for a ferromagnetic phase (FM). Parameter δE = EFM − ENM is 

a difference of the total energy in FM and non-magnetic (NM) phase. 

Phase α 
a,  

Å 

δE,  

eV 
mtot,  

µB 
mCo,  

µB 
mMn,  

µB 
mSi,  

µB 
Eg,  

eV 

FM 
FM 

FM [4] 

0.0 
0.125 

 

5.39 
5.53 
5.41 

−0.42 
 

−0.44 

2.000 
2.813 
2.00 

−0.008 
−0.577 
−0.04 

2.137 
3.384 
2.12 

−0.040 
−0.032 

 

0.76 
1.20 
0.64 
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Fig. 2. Partial density of the 3d electronic states of Co and Mn atoms in 

MnCoSi material, found with the cell volume of V0 = 153.99 Å3, using the hy-
brid PBE0 exchange-correlation functional. 

 

Fig. 3. Partial density of the 3d electronic states of Co and Mn atoms in 

MnCoSi material, found with the cell volume of V0 = 153.99 Å3, using the hy-
brid PBE0 exchange-correlation functional. 
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Fig. 4. Partial density of the 3d electronic states of Co and Mn atoms in 

MnCoSi material, found with the cell volume of V = 144.93 Å3, using the 

GGA–PBE exchange-correlation functional. 

 

Fig. 5. Partial density of the 3d electronic states of Co and Mn atoms in 

MnCoSi material, found with the cell volume of V = 144.93 Å3, using the hy-
brid PBE0 exchange-correlation functional. 
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Comparing Fig. 1 (the free crystal) and 4 (the compressed crystal), we 

conclude that the compressed crystal exhibits half-metallic properties. 

The Fermi level of the compressed crystal is in the middle of the band 

gap for spin down. 
 The partial densities of the electronic states shown in Figs. 2 and 5 

reveal the semi-metallic state in the material. The Fermi level is local-
ized close to the top of the valence band. 
 Figures 3 and 6 show for the spin down states the pseudo-gap in the 

free crystal and the semiconductor band gap in the compressed, respec-
tively. 
 Now consider the behaviour of the magnetic moments of atoms in a 

MnCoSi crystal found with the GGA–PBE potential when the value of 

the mixing parameter is α = 0. Note that the external hydrostatic pres-
sure has almost no effect on the value of the total magnetic moment of 

the unit cell, M = 2 µB. Figure 7 shows that the magnetic moment of the 

Mn atom decreases, and at the Co atom, on the contrary, increases. The 

magnetic moment of the Si atom is negative and almost constant. 
 For the strongly correlated electron subsystem, the PBE0 functional 
is more adequate. The corresponding results are shown in Fig. 8, the 

corresponding data of which are calculated with a mixing coefficient 

α = 0.125. This Figure shows that the total magnetic moment of the 

 

Fig. 6. Partial density of the 3d electronic states of Co and Mn atoms in 

MnCoSi material, found with the cell volume of V = 144.93 Å3, using the hy-
brid PBE0 exchange-correlation functional. 
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unit cell decreases with the pressure increasing. From Figure 7 we see 

that the largest magnetic moments of Mn and Co atoms are parallel 
without taking into account strong correlations of 3d electrons (α = 0), 

and taking into account the latter (α = 0.125) leads to their antiparallel 
moments for the crystal in the compressed state (Fig. 8). 
 The mechanical stability in cubic crystals on the elastic constants 

are given by conditions c11 − c12 > 0, c11 > 0, c44 > 0, c11 + 2c12 > 0, and c44 < 

< B < c11. As can be seen from Table 2 all these conditions are satisfied 

confirming the stability of the crystal structure under consideration. 

The Pough criteria [19] B/G > 1.75, and the Frantsevich criteria [19] 

 

Fig. 7. Magnetic moments at atoms versus pressure obtained without the Har-
tree–Fock admixture in the exchange-correlation functional PBE0. 

 

Fig. 8. Magnetic moments at atoms versus pressure obtained with the Har-
tree–Fock admixture in the exchange-correlation functional PBE0. 
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G/B < 0.57, so the material shows ductility. 
 We also found third- and fourth-order pressure derivatives of the 

bulk modulus, namely B
(3)

 = −0.0012, B
(IV)

 = −0.000036 GPa, respec-
tively. So, we have the corresponding Taylor series, namely B(P) = B + 

+ B′P + (1/2)B′′P2
 + (1/6)B(3)P3

 + (1/24)B(IV)P4, where the B, B′, and B′′ 
are given in a Table 2. 

4. CONCLUSION 

1. The electronic structure of the MnCoSi half-Heusler alloy is calcu-
lated. The results for free and compressed crystals are obtained using 

exchange-correlation energy in the approximations of GGA and hybrid 

PBE0 functional, respectively. It is found that the MnCoSi material in 

the ferromagnetic state has a lower total energy than in the nonmag-
netic one. It is found that in the ferromagnetic state the material is a 

half-metal, while its nonmagnetic phase is metallic. 
2. The magnetic moments of the unit cell and atoms are found using 

the GGA and PBE0 functionals. The dependences of the magnetic mo-
ments on the pressure are also calculated. The magnetic moments, 

found here, show that the material is characterized by a noncollinear 

spiral magnetic ordering. 
3. It is established that the external hydrostatic pressure leads to a 

significant redistribution of the partial densities of 3d electrons of the 

Co and Mn atoms. Partial elimination of the self-interaction error (α ≠ 

≠ 0) in the subsystem of strongly correlated 3d electrons leads to a sig-
nificant increase in the band gap for electrons with spins down. 
4. The modules of elasticity, velocity of sound waves and Debye tem-
perature are obtained from the elastic constants found here. The bulk 

modulus, derived from elastic constants, compares well with that ob-
tained from the dependence of the total energy on volume calculated 

here, E(V). This confirms that the calculated elastic constants are fea-
sible and reliable. The pressure derivatives B′, B′′, B′′′, and B

(IV)
 of bulk 

modulus also are found. The Pough and Frantsevich criteria indicate 

that MnCoSi is ductile. 
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c11, 
GPa 

c12, 
GPa 

c44, 
GPa 

B,  
GPa 

B′, 
GPa 

B′′, 
GPa 

GV, 
GPa 

GR, 
GPa 

GH, 
GPa 

vp, 
m/s 

vs, 
m/s 

vm, 
m/s 

θ,  
K 

B/G 

276.7 157.7 127.5 197.1 4.508 −0.026 100.2 87.3 93.8 7254 3913 4368 385 2.1 
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