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We present a theoretical study of the structural, electronic and magnetic properties of Cr and V, Mn doped hexagonal ZnO and 

tetrahedrally bonded chalcopyrite ZnSnAs2 semiconductors, respectively. Ab initio calculations were performed by the Density Func-

tional Theory method using Atomistix Tool Kit program software within the Local Spin Density and Spin Generalized Gradient Ap-

proximations.  
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1. INTRODUCTION 

 

ZnO is a hexagonal material that crystallizes in the 

wurtzite structure [1]. ZnO with wide band gap has been 

identified as a promising direct band gap semiconductor 

material, exhibiting room temperature ferromagnetism 

when doped with 3d-transition metal ions (Cr, Co, Fe, 

Mn, Cr or V). Ferromagnetism in transition metal-doped 

ZnO is theoretically predicted in [2] using ab initio 

calculations based on density functional theory (DFT) 

local density approximation (LDA). 

ZnSnAs2 is a II-IV-V2 tetrahedrally bonded chalco-

pyrite semiconductor with energy gap within 0.6-0.76 eV 

at 300 K [3]. The ZnSnAs2:Mn films grown on InP (001) 

substrates show a ferromagnetic phase exhibiting high 

Curie temperature (TC=330 K) [4-6]. This makes 

ZnSnAs2 with 3d-elements incorporated a promising can-

didate for application in spintronics [7].  

In this work we study the structural, electronic and 

magnetic properties of bulk and Cr-doped ZnO and V-, 

Mn-doped ZnSnAs2 by using the ab-initio calculations. 

Also have been considered ferromagnetic and 

antiferromagnetic spin ordering of dopant Cr, V and Mn 

atoms. To simulate the doping effect we have performed 

our calculations for primitive cell and supercells of ZnO 

and ZnSnAs2, using Atomistix Tool Kit program software 

(ATK, http://quantumwise.com/) on based Density 

Functional Theory DFT [8] with local spin density 

approximation (LSDA) [9] and Spin Generalized Gradient 

Approximation (SGGA) [10], respectively. In so doing, 

we have been able to reproduce experimental value of 

energy gap only using Hubbard_U corrections. 

  

2. COMPUTATIONAL DETAILS 

 

Our calculations were performed for the primitive 

cell of ZnO and ZnSnAs2, and for a number of supercells 

with as many atoms in the case of Cr-doped ZnO and V-, 

Mn- doped ZnSnAs2  by implementing the DFT+U using 

the ATK programme software, within the LSDA and 

SGGA methods, respectively. The electron-ion 

interactions were taken into account through 

pseudopotentials of the Fritz Haber Institute (FHI). The 

Perdew-Burke-Erenzhorf (PBE) exchange-correlation 

functional [11] and Double Zeta Polarized basis sets were 

used in ATK calculations. The kinetic cut-off energy was 

150 Ry. The primitive cell of ZnO and ZnSnAs2 was 

relaxed and optimized with force and stress tolerances of 

0.01eV/Å and 0.01 eV/Å
3
, respectively. The investigated 

supercells containing Cr-, V and Mn dopant atoms were 

relaxed with force tolerance of  0.05 eV/Å.  

The magnetic moments calculations were done by 

Mulliken population analysis. The number of the 

electrons treated as valence electrons was 6 for 12  for Zn 

(3d
10

4s
2
), 6 for O (2s

2
2p

4
), Cr (3d

5
4s

1
), 5 for V (3d

3
4s

2
), 7 

for Mn (3d
5
4s

2
), 4 for Sn (5s

2
5p

2
), and 5 for As (4s

2
4p

3
). 

The Hubbard U-parameter we used in our calculations for 

Cr-, V- and Mn-3d states were 2.32 eV, 2.73 eV and     

3.02 eV, respectively. 

  

3. RESULTS AND DISCUSSION 

3.1. LATTICE PARAMETERS AND BAND      

STRUCTURES OF PURE ZnO and ZnSnAs2 

CRYSTALS 

 

The optimized values of the lattice parameters (a, c) 

for ZnO are in a good agreement with theoretical [12] and 

experimental dates [12,13,14,15] (Table 1). The values of 

lattice parameters, anion displacement parameter (u) and 

tetragonal distortion parameter (c/2a) for ZnSnAs2 are 

listed in Table 2 together with the relevant experimental 

results  [16-18].    

    According to the ab initio obtained band structures 

(Figures 1 and 2)  and the density of states of the pure 

ZnO and ZnSnAs2 are a direct band gap non-magnetic 

semiconductors. Both  the valence band top and 

conduction band bottom are located at the center of the 

Brullouin zone. The values of the energy gap of ZnO and 

ZnSnAs2 compounds are 3.4 and 0.34 eV, respectively.  

Spin-up and spin-down states form the same band 

structure.  

 

3.2. ZnO with Cr(Zn) substitution 

 

A systematic study on the composition of dopant 

would yield a trend for the entire range of composition 

using in Cr-doped ZnO compound could be exploited for 

magneto-optical device application [19]. In [20] 

investigated the microstructure and the magnetic 

properties of Zn1−xCrxO thin films deposited on squartz 
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glass substrates using radiofrequency magnetron 

sputtering.  

The crystal structure and ferromagnetic spin 

polarization for Zn47Cr1O48 supercell contained one 

Cr(Zn) substitution is shown in Fig. 3. A would be 

expected, doping ZnO with transition Cr atoms leads to a 

magnetization of the structure. This is related to the fact, 

that the partially filled d states of dopant Cr atoms contain 

unpaired electrons.  

 

Table 1 

A comparison between the calculated, other theoretical and experimental lattice parameters for ZnO. 

 

Parametr This 

work 

Theor. 

[12] 

Exp. 

[12] 

Exp. 

[13] 

Exp. 

[14] 

Exp. 

[15] 

a, Å 3.2495 3.238 3.258 3.249 3.250 3.275 

c, Å 5.2069 5.232 5.220 5.206 5.204 5.247 

c/a 1.60 1.62 1.60 1.60 1.60 1.60 

 

Table 2   

The calculated and experimental lattice parameters, the anion displacement parameter and the tetragonal distortion parameter for 

ZnSnAs2. 

 

Parameters This 

work 

Ref. [16] Ref. [17] Ref.[18] 

a, Å 5.836 5.852 5.853 5.85 

c, Å 11.776 11.703 11.712 11.70 

c/2a 1.010 1.000 1.000 1.00 

u 0.2315 0.231 - 0.231 

 

Table 3.  

The calculated values of the magnetic moment per one dopant Cr atom for different supercells with two Cr(Zn) substitutions. 

 

 

 

 

 

 

 

 

 
Table 4. 

The calculated values of the magnetic moment per one dopant V atom for different supercells with two V(Zn) substitutions. 

 

 

 

 

 

 

 

 

 

 

 
 

Table 5.  

The calculated values of the magnetic moment per one dopant V atom for different supercells with two V(Zn) substitutions. 

 

 

 

 

 

 

 

 

 

 

 

 

Supercell Number of 

atoms 

x µ/Cr (in µB) 

Zn22Cr2O24 48 1/12 3.97 

Zn46Cr2O48 96 1/24 3.96 

Zn62Cr2O64 128 1/32 3.96 

Zn94Cr2O96 192 1/48 3.96 

    Supercell Number of atoms x µ/V (in µB) 

Zn6Sn8V2As16 32 1/8 3.00 

Zn10Sn12V2As24 48 1/12 3.00 

Zn14Sn16V2As32 64 1/16 3.00 

Zn22Sn24V2As48 96 1/24 3.00 

Zn30Sn32V2As64   128 1/32 2.99 

Zn46Sn48V2As96 192 1/48 3.00 

Zn62Sn64V2As128 256 1/64 3.00 

    Supercell Number of atoms x µ/V (in µB) 

Zn8Sn6V2As16 32 1/8 1.00 

Zn12Sn10V2As24 48 1/12 0.997 

Zn16Sn14V2As32 64 1/16 0.998 

Zn24Sn22V2As48 96 1/24 0.999 

Zn32Sn30V2As64 128 1/32 1 

Zn48Sn46V2As96 192 1/48 0.997 

Zn64Sn62V2As128 256 1/64 0.997 
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Fig. 1. Ab-initio calculated band structure for ZnO.            
 

 
 

 
Fig. 2. Ab-initio calculated band structure for ZnSnAs2. 

 

 

 

 
 

 

Fig. 3. Spin polarization of Zn47Cr1O48.The magnetic moment     

           of Cr-3d dopant atoms are shown by black axes. 

 

In case of Cr(Zn) substitution, the values of the 

magnetic moment per Cr atom, derived from the Mulliken 

population analysis, are given in Table 3. As seen from 

Table 3, the magnetic moment  in all the studied 

supercells is the same and weakly depending on the 

dopant concentration.  

The results of the total energy calculations for     

Zn1-xCrxO supercells with x=1/12, 1/24, 1/32 and 1/48 

show that a ferromagnetic ordering in Cr-doped ZnO 

when Cr replaces Zn. It is rather straight forward that do-

ping of ZnO with transition Cr atoms which have the 

unpaired electrons in the incompletely filled Cr-3d orbi-

tals would lead to the magnetization of the structure and 

the calculation of the emerging magnetization makes sen-

se.  

3.3. ZnSnAs2 supercell with V(Zn) substitution 

 

The crystal structure and ferromagnetic spin 

polarization for Zn23Sn24V1As48 supercell contained one 

V(Zn) substitution is shown in Figure 4. In case of V(Zn) 

substitution, the calculated magnetic moment of the 96-

atoms supercell (3μB) is mainly determined by the 

magnetic moment of the dopant (2.963μB fromV atom 

including basicly 2.797μB from d-electrons). The negative 

magnetic moment of all As atoms is small in magnitude (-

0.107 μB) and almost compensated by the positive 

moment created in common by Zn and Sn atoms. In case 

of two V(Sn) substitutions, the calculated values of the 

magnetic moment, derived from the Mulliken population 

analysis, are given in Table 4. 
 

 

 
 

 
Fig. 4. V(Zn) substitution and its neighborhood in the 

            Zn23Sn24V1As48 supercell.The calculated magnetic 

             moments of atoms are shown by black axes. 

 

Mulliken population analysis shows that in the mag-

netization along with dopant V atom participate also As 

atoms, by weakening the overall magnetization. The main 

negative contributions in this case belong to 4 As atoms, 

which have chemical bonding with dopant V atom. Note 

that, the magnetic moment of As atoms are formed due to 

their p-orbitals. Participation of Zn and Sn atoms in the 

magnetization is negligible (total ~0.1μB for each type of 

atoms). By a single V(Zn) substitution in the 96-atoms 

supercell occurs total magnetic moment of 3.0 μB.  

 

3.4. ZnSnAs2 with V(Sn) substitution 

   

Figure 5 displays the V atom and its neighborhood 

in the Zn24Sn23V1As48 supercell. The calculated total 

magnetic moment per one dopant vanadium atom is 0.999 

μB. The main partial magnetic moments are distributed 

among the atoms as follows: 2.151 μB from V atom, 

icluding basicly 2.077 from d,-1.028 μB from 48 As 

atoms. In fact, only 4 As atoms which are chemically 

bonded to the dopant Vgive considerable negative 

contribution (-0.754 μB) into the total magnetic moment. 

It is found, that in V(Sn) substitution case a ferromagnetic 

spin ordering is more stable compared with an 

antiferromagnetic one. In case of two V(Sn) substitutions, 

the calculated values of the magnetic moment, derived 
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from the Mulliken population analysis, are given in    

Table 5. 

 

 
 
Fig. 5. V(Sn) substitution and its neighborhood in the 

            Zn24Sn23V1As48 supercell. The magnetic moments of 

            atoms are shown by black axes. 

 

This is due to the fact that, in case of V(Zn) 

substitution As-atoms weakens the field much less and the 

magnetic moment created by V-atom is more 0.812 μB as 

compared to the V(Sn) substitution.  

 

3.5. ZnSnAs2 supercell with Mn(Sn) substitution 

 

The results of the total energy calculations for 

ZnSn1-xMnxAs2 supercells with x=1/8, 1/16, 1/24 and 1/32 

show  that a ferromagnetic rather than antiferomagnetic 

ordering is favorable in Mn-doped ZnSnAs2 when Mn 

replaces Sn. The values of the magnetic moment per Mn 

atom, derived from the Mulliken population analysis, are 

given in Table 6. As seen from the Table 6, the magnetic 

moment  in all the studied supercells is around 3 µB.  

For comparison, the magnetic moment determined 

from the saturation magnetization studies is 3.63 μB at 5 K 

for x=0.0125 [4]. In the 5% and 7% Mn-doped ZnSnAs2 

thin films the magnetic moments per Mn atom at 5 K are 

approximately 0.87 and 2.75 μB, respectively [5]. Mn-

doped properties of ZnSnAs2 by the first-principles calcu-

lations shown that, in case of Mn doping at Sn sites, when 

Mn atoms are isolated, each Mn atom induces a large spin 

moment around 3.1μB per a single Mn atom, which merits 

the spintronics application. However, when the doping 

concentration increases and Mn atoms produce a neigh-

boring pair, the spin moment decreases by the antiferro-

magnetic interaction between Mn atoms [21]. 

Our calculations show that at least for x < 0.15 the 

energy gap of ZnSn1-xMnxAs2 increases with increasing 

Mn concentration.  For x <0.03 the gap increases linearly 

at a rate of 2.05 eV.  

Figure 6 shows positions  of the Mn and neihgboring 

Zn, Sn and As atoms in the Zn24Sn23Mn1As48 suprcell 

with the calculated total magnetic moment of 3.088 μB. 

The partial magnetic moments are distributed among the 

atoms as follows: 4.747 μB from Mn atom, icluding 4.44 

from d, 0.19 from p and 0.12 μB  from s states; - 0.018 μB 

from 24 Zn atoms; - 0.008 μB from 23 Sn atoms; -1.635 

μB from 48 As atoms. In fact, only 4 As atoms chemically 

bonded to Mn considerably contribute into the total 

moment. The contribution of the rest  As atoms is 

negligible. 

 

Table 6.  

Ab-initio calculated values of magnetic moment per doping atoms for ZnSnAs2: Mn. 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. 6. Mn(Sn) substitution and its neighborhood in the 

           Zn24Sn23Mn1As48 supercell. The calculated magnetic 

           moments of atoms are shown by black axes.   

 

Note that, the calculated total energy difference 

between the AFM and FM states increases with increasing 

Mn concentration. In case of Mn(Sn) substitution the 

ferromagnetic (FM) spin ordering is favorable in 

ZnSnAs2:Mn. The ab initio investigations show that the 

substitution Mn(Zn) led to the antiferromagnetic (AFM) 
spin ordering.  
 

4. CONCLUSION 
 

Ab initio calculations performed for a 32-, 48-, 64-, 

96-, 128-, 192- and 256-atoms ZnO and ZnSnAs2 super-

cells.   Due to the ab initio obtained band structures and 

density of states of the pure ZnO and ZnSnAs2 com-

pounds are a direct band gap non-magnetic semiconduc-

tors. Mulliken population analysis shows that, when 

Cr(Zn) substitution in ZnO and V(Zn,Sn), Mn(Sn) substi-

tutions in ZnSnAs2 lead to a ferromagnetic spin ordering. 

Note that, the doping of ZnO and ZnSnAs2 with the tran-

sient Cr and V, Mn atoms would lead to the 

magnetization of the structure, because of the unpaired 

electrons in the partially filled Cr- and V-, Mn-3d orbitals. 

The main negative contributions in Cr(Zn) substitution in 

    Supercell Number of atoms x µ/Mn (in µB) 

Zn16Sn14Mn2As32 64 1/8 3.10 

Zn24Sn22Mn2As48 96 1/12 3.09 

Zn32Sn30Mn2As64 128 1/16 3.00 

Zn48Sn46Mn2As96   192 1/24 2.99 

Zn64Sn62Mn2As128 256 1/32 2.99 
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ZnO case belong to 4 O atoms, which have chemical 

bonding with dopant Cr atom. Participation of Zn and O 

atoms in the magnetization is negligible. By a single 

Cr(Zn) substitution in ZnO 96-atoms supercell occurs to-

tal magnetic moment of 3.384 μB. Ab initio calculations 

show that Zn and Sn substitutions by V in ZnSnAs2 96-

atoms supercell both lead to a ferromagnetic spin ordering. 

According to the total energy calculations V(Sn) and 

Mn(Sn) substitutions in ZnSnAs2:Mn are energetically fa-

vorable in comparison with V(Zn) and Mn(Zn). 
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