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Abstract: The magnetic properties of defected ZnSe wurtzite systems were theoretically investigated using 
Density Functional Theory and Local Spin Density Approximation. From this first principal study, it was 
determined that pure ZnSe is a non-magnetic direct band gap semiconductor. Investigations show that 
adding the iron and the presence of a single Zn vacancy defect leads to the magnetization of ZnSe. The 
results of total energy calculations show that a ferromagnetic state is favorable when Zn is replaced with Fe. 

The ferromagnetic alignment in Fe-doped ZnSe wurtzite compound behaves in high-spin and half-metallic 
states. 
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1. INTRODUCTION 
 

Diluted magnetic semiconductors (DMSs) attract 
research interest for the semiconducting and 
magnetic properties in the same compound (1-4). 3d 
transition-metal (TM=V, Cr, Mn, Fe, Co, Ni) doped 
II-VI Zn-based semiconductor compounds have 
revealed their potential for technical application 
according to their wide band gap of 2.70 eV (5). 

ZnSe is ideally appropriate for the fabrication of 
photodetectors, CO2 laser focusing lenses, sensors, 
solar cells, and other photovoltaic applications (5,6). 
This material can be applied for the production of 

optoelectronic devices such as light emitters and 
detectors (7-9). 
 

DMSs based on II-VI group compounds have been 
attracting great interest as promising materials for 
new spin electronic devices because these 
compounds show ferromagnetism, whose Curie 
temperature depends on the carrier concentration 
(10,11). For industrial applications of DMSs, room-

temperature ferromagnetism is strongly required. 
 
The DMSs' first-principles studies have allowed the 
production of new types of materials with possible 
technological applications in Engineering, Medicine, 
and Environmental Chemistry. 

 
In Refs. (12,13) reported that Fe-doped and as-

grown ZnSe solid solutions show a paramagnetic 
nature at low temperatures. In theoretical work (14), 
the authors predicted lower FM properties and the 
presence of a spin-glass state for ZnSe: Fe solid 
solutions. In (15), reported results are in 
contradiction with the prediction of antiferromagnetic 
(AFM), paramagnetic, and spin-glass (SG) magnetic 

states in Zn(Fe)Se zinc-blende crystal. D.P. Rai and 
co-workers studied (16) 5 Zn vacancies in the 
monolayer hexagonal ZnSe 18-atom supercell 
modeled by 3×3×1 transferred based on the DFT. 

They reported that the Zn vacancy makes the FM 
state of ZnSe. Nevertheless, there is no common 
opinion about the mechanism of magnetism in iron-

doped ZnSe, and the views of different researchers 
are opposite. 
 
This work is based on the DFT-LSDA+U; a detailed 
theoretical study of magnetic properties for Fe2+ 
doped ZnSe structure is provided. In our previous 

work (17), we obtained that the calculated energy 
band gap (2.7 eV) of ZnSe is closer to the known 
experimental results. The results of magnetic 
properties of Zn1-xFexSe (x=1/8, 1/16) systems also 
provide useful information for future research 
studies to understand the origin of ferromagnetism 
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in these systems. However, a lower energy state in 
the FM state compared to the AFM state indicates a 
stable magnetic state. 

 
2. THEORETICAL SECTION 
 
2.1. Investigation Method 

The calculations were carried out for the Zn(Fe)Se 
systems with 32 and 96 atoms by the DFT method 
(18) within Local Spin Density Approximation (LSDA) 
(19) implemented Atomistix ToolKit code within 
incorporated Mulliken population analysis. The 
interactions between the electrons and ions, as well 

as exchange correlation, were described by the Fritz-
Haber-Institute ion pseudopotentials (20). The Kohn-
Sham wave functions (21) are solved in a linear 
combination of atomic orbitals (LCAO), and the cutoff 
of kinetic energy for electrons is 150 Ry. The 
supercells containing dopant atoms and vacancies 

were geometry optimized, and the force and stress 

tolerances are about less than 0.01 eV/Å and 0.01 
eV/Å3, respectively. The reciprocal space integration 
was performed with a 5×5×5 Monkhorst-Pack grid 
(22). To simulate the antiferromagnetic states of 
DMS systems, cations (Zn) were replaced randomly 
by Fe↑

x/2 (for spin-up) and Fe↓
x/2 (for spin-down) ions. 

 
 
 

3. RESULTS AND DISCUSSION 
 
3.1. Magnetic Properties of Fe-doped ZnSe 

Using the DFT-LSDA method within Hubbard U 
correction, the magnetic properties from Mulliken 
Population analysis were studied using Atomistic 
ToolKit software. In work (23), the authors 

summarized the results of magnetic properties of 
TM-doped ZnSe nanosheet using the DFT-GGA 
method. They reported that the magnetic moment 
for Fe atom doped nanosheet is about 4.89 µB. In the 
present case, the model used for TM2+ doped ZnSe is 
a 5×5×5 MP grid for 32 and 96-atom supercells with 

one or two Zn atoms substituted by TM dopant 
atoms. In order to calculate magnetic properties, iron 
atoms have been modeled to replace the site of Zn 
atoms, as shown in Figure 1. In all figures of spin-
polarization structures, the magnetic moments of 
atoms are described by green arrows. 

 

For recent simulations, the FM and AFM states of Fe-
doped ZnSe supercells can be described as Zn1-

xFe↑
xSe and Zn1-xFe↑

x/2Fe↓
x/2Se, correspondingly. 

Moreover, in order to check the stability of these 
phases, the differences in energy between both 
states (∆E=EAFM - EFM) of these systems have been 

calculated. The obtained values are given in Table 1. 

 
 

Figure 1: The spin-polarization for Zn15Fe1Se16 supercell (Zn-gray, Se-yellow, Fe-brown). 
 

Table 1: The DFT-LSDA+U results for different Zn1-xFexSe supercells. 

Supercell x µ(Fe), 
µB per Fe 

(EAFM-EFM)/2, 
meV per Fe 

Zn15Fe1Se16 
Zn14Fe2Se16 

Zn47Fe1Se48 

Zn46Fe2Se48 

0.0625 
0.125 

0.0208(3) 
0.04166 

4.004 
4.0 

4.0 
3.9975 

- 
0.205 

- 
0.035 

 
The first-principles results of the total energy 
differences ∆E show that the antiferromagnetic 
(AFM) state is more stable than the ferromagnetic 
(FM) spin ordering one when Fe2+ substitutes on Zn 
sites. Similar behavior is reported for TM co-doping 
ZnSe cubic structures in Ref. (24). 

 
Current studies show that a single Fe(Zn) 
substitution leads to magnetization, and the 
magnetic moment for 96-atom systems is around 4 
μB, which is consistent with the band structure 
results. This value corresponds to the GGA obtained 

result (4.89 μB) for Fe-doped ZnSe nanosheet (23). 

In the case of Fe(Zn), Zn atoms have a less 
weakening effect on the magnetic field (~ -0.05 μB), 
the magnetization created mainly by the impurity 
atom (~ 3.5 μB from Fe atom including 3.359 μB from 
d-electrons). The positive magnetic moments of all 
Se atoms (~ 0.6 μB) are small in magnitude. 

 
3.2. ZnSe:Fe with Zn Vacancy-defect 
In this section, we investigated two cases of Zn 
vacancy-defect positions in ZnSe systems. The 
presence of Zn vacancy and Fe-doped ZnSe systems 
(Figure 2) lead to significant changes. The Se atoms, 

which are located neighboring the vacancy position 
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and chemically bonded to the iron, create a positive 
magnetic moment and make up for the negative 
moment of the zinc atoms. 

 
For Fe(Zn) replacement and availability of one Zn 
vacancy positioned far from the impurity atom, the 
computed total moment of the 96-atom supercell is 

5.594 μB, with main partial magnetic moments from 
Fe (3.607 μB) and 48 Se atoms (2.774 μB). The 
significant contributions relate to the 4 Se atoms 
nearby and chemical bonding with impurity atom 
(0.704 μB) and 4 Se with dangling bonds from nearly 
the vacancy position (1.265 μB). 46 Zn atoms 

weaken the total magnetic moment of the system (-
0.787 μB). Thus, the total magnetization of the 
supercell increases by the amount of ~1.6 μB due to 
the defect. 

 
In the second case, the vacancy site is chosen in 
such a way that one of the host selenium atoms 

bonded with an impurity atom loses one chemical 
bond due to the vacancy. We obtain the strength of 
the magnetization by 0.353 μB. The impurity iron 
atom makes great moment (3.605 μB), and 46 Zn 

atoms weaken total magnetization by the quantity -
0.37 μB. The basic contributions from 48 Se atoms: 
2.712 μB (4 Se atoms bonding with impurity atom 
(0.525 μB), 4 Se atoms losing the chemical bond due 
to vacancy (1.275 μB)). In comparison with the 
vacancy-free case, total magnetic field 

strengthening is ~1.95 μB. 
 
 
 

 
Figure 2: The spin polarization structure for Zn14Fe1Se16 with one Zn vacancy. 

 
The first-principles results for the wide band gaps of 

32-atom ZnSe supercells are 2.60/2.60 eV and 
1.22/1.39 eV for up and down states, 
correspondingly. The total magnetic moment for the 

Zn14Fe1Se16 system is ~5.9 µB. 
 

Figures 3 and 4 show the calculated spin-polarized 

band structures and total density of states for the 
Fe-doped and Zn-vacancy-defected Zn46Fe1Se48 96-
atom supercell. 

 

 
Figure 3: The obtained band structures for Fe-doped and Zn-vacancy defected Zn46Fe1Se48 for spin-up 

(black color) and spin-down states (red color). 
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Figure 4: The DFT-LSDA+U calculated TDOS of Zn46Fe1Se48 system with Zn vacancy. 

 
DFT-LSDA+U calculations revealed that Fe(Zn) 
replacement and the availability of one Zn defect in 
the ZnSe supercell is the most effective for 
strengthening the magnetization. Thus, the shift of 
moment of the system due to one Zn vacancy side is 

(1.6 ÷ 1.9) μB, depending on the chosen location of 
the defect. 
 
4. CONCLUSION 
 
In summary, the magnetic properties of iron-doped 

ZnSe systems are studied by DFT using the LSDA+U 
method. The investigations performed for 32- and 
96-atom Fe-doped ZnSe supercells show that Zn 
substitutions by Fe lead to a ferromagnetic spin 
ordering. The FM alignment in the Zn(Fe)Se systems 
behaves as semi-metallic ferromagnetism manifests 
itself in a significant density of impurity states. The 

band gap energy of ZnSe supercells is observed to 
increase after the Fe atom replaces Zn and leads to 
the magnetization of systems. The results of total 

energy calculations of ZnSe almost present a stable 
antiferromagnetic state when Fe2+ ions are 
substituted on Zn sites. 
 

In this work, we hope to contribute significantly to 
the investigation of DMSs and their possible 
technological applications for society’s benefit. 
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