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Abstract 

The magnetic behaviors in the ZnSe doped with 3d transition metal elements were 

analyzed. Analysis of electronic structures of Zn1-xTMxSe systems shows additional 

peaks at the Fermi level derived from TM2+ 3d orbitals. The computed magnetic 

moments of approximately 4.0 µB for Zn1-xCrxSe, Zn1-xFexSe, and Zn1-xNixSe systems 

at impurity concentrations of x=6.25 % and 12.5 % indicate significant magnetic 

behavior and primary contribution to the magnetization of defective structures arising 

from the TM d states. Total energy simulations comparing ferromagnetic and 

antiferromagnetic behaviors demonstrate the ferromagnetic (FM) phase stability of 
ZnSe:(Cr, Fe, Ni). The magnetization of TMxZn1-xSe systems is depends on the dopant 

concentration. Besides, Curie temperatures for ZnSe:TM systems were estimated and 

our results revealing that CrxZn1-xSe and NixZn1-xSe compounds are promising 

candidates for spintronic applications such as spin valves, while FexZn1-xSe is 

paramagnetic and represents a useful material for optoelectronics field. 
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1. INTRODUCTION 

 

Nowadays, diluted magnetic semiconductor materials (DMSMs) have recently opened new avenues for the 

development of spin-based devices that combine high-speed performance with low energy consumption 

compared to traditional electronics. These materials pave the way for innovative technologies with major 

applications in both optoelectronics and spintronics. 

 

Zn-based semiconductors from the II-VI group are among the most important and promising compounds 

due to their wide band gap, making them some of the best diluted magnetic semiconductors (DMSs). Higher 

Curie temperatures (TC>300 K) in defective magnetic materials represent key emerging challenges in 

magnetism. DMSs find technical applications in spintronics primarily when doped with impurities. In 

particular, TM-doped systems demonstrate both ferromagnetic and half-metallic behaviors. These 

compounds have garnered considerable research attention for their potential in enabling efficient next-

generation devices. Defective materials hold significant potential for quantum simulation architectures that 

utilize spin polarized electrons, as well as for magnetooptic applications. 

 

3d metal (TM=Cr, Fe, Ni) doped II-VI group materials are promising compounds for fabrication of devices 

[1]. Recent advancements in DMMs demonstrate magnificent physical and chemical properties, which 

have great potential for application in spintronics [2-8]. An earlier research demonstrated MnxZn1-xSe 
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could serve as a promising material for applications, particularly with the introduction of additional metal 

dopants [9]. Refs. [10-13] found the chromium doping in II-VI group compounds originates from 

ferromagnetic (FM) compounds. Ref. [14] reported results of measurements for the (Cr, V)xZn1-

xSe with cubic structures at x=4.5 % concentrations below 60 K and in Zn1-xVxSe (at x=10 %) dopant ions 

dissolved in these systems. Ref. [14] reported that antiferromagnetic (AFM) phase correlations occur in 

CrxZn1-xSe at concentration of 15 %. Ref. [15] reported semi-metallic ferromagnetic (SMFM) behavior in 

CrxZn1-xSe systems, observing stability of the FM state. The literature review indicates a lack of 

conclusive results on the origin of magnetism in FexZn1-xSe. Iron-doped FexZn1-xSe bulk solutions exhibit 

para-magnetic (PM) behavior at low temperatures [16, 17], while theoretical predictions suggest the 

possibility of FM and spin-glass (SG) behaviors [18], as well as AFM, PM, and SG phases [19].  

 

ZnSe is a II-VI group, non-magnetic semiconductor with a wide bandgap (Eg=2.70 eV), making it a valuable 

material for technical applications across various fields [20]. Defective bulk solutions have attracted 

significant research interest for their potential in next-generation technical applications [21]. Ref. [12] 

found Curie temperatures of (Cr, V)xZn1-x
Se with zinc-blende structures higher than room temperature. 

Benstaali et al. [21] reported half-metallic FM phases in CoxZn1-xSe which are in agreement with our 

results. Sirkeli and co-workers [22] investigated the magnetic properties of NixZn1-xSe compounds with 

a  Ni concentration of x=0.001-0.50 %. Ref. [22] studied the magnetic properties of the NixZn1-xSe 

compound and predicted a  half-metallic FM state. This result is closer to the theoretical predictions 

for NixZn1-xSe (x=25%) as reported in Ref. [23].  

 

2. CALCULATION METHOD 

In this research, simulations were conducted using Density Functional Theory (DFT) with the Local Spin 

Density Approximation (LSDA) as the exchange-correlation functional [24,25], implemented in the 

Quantum ATK software (Atomistic ToolKit, http://quantumwise.com/) under a time-limited academic 

evaluation license provided by Synopsys. The software was used strictly in accordance with the licensing 

agreement for non-commercial academic research purposes. The fundamental equation in DFT is the Kohn-

Sham equation [26], which results from the minimization of the total energy with respect to the electron 

density ρ(r): 
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  and εi denote the wave functions and energies. The second term, Veff in the brackets denotes 

the effective potential experienced by the electrons, and it is given: 
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Here, Vext denotes external potential due to the nuclei, VXC denotes is the exchange-correlation potential 

derived from an approximate functional and VH denotes the Hartree potential, which expressed by Equation 

(3): 
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In DFT, the total energy functional expresses the total energy of an electronic system as a function of the 

electron density. It comprises several components: the kinetic energy of non-interacting electrons, the 

potential energy due to interactions between electrons and external potentials (e.g., nuclei), the classical 

electrostatic repulsion between electrons (Hartree energy), and the exchange-correlation energy, which 
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captures many-body quantum effects beyond classical interactions:  

][
)()(

2

1
)()(][][ 


 XCexts Erdrd

rr

rr
drrrVTE +

−


++=  .                                               (4) 

Here Ts denotes the kinetic energy of non-interacting electrons, while the ][XCE  and ρ(r) represent the 

exchange-correlation energy and the electron density (5), respectively: 

= i i rr
2
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The ferromagnetism for supercells at different impurity concentrations was investigated. In the LSDA 

research, the electron density is divided into two components such as majority (up, 𝜌𝛼) and minority spin 

(down, ρβ). The total magnetization can be given by Equation (6): 

)()()( rrrM   −= .                                                                                                                       (6) 

In spin-polarized DFT-LSDA method, the exchange-correlation energy can be expressed by Equation (7):  

drrE XCXC ),()(  = .                                                                                                            (7)  

Recent advances using Hubbard U parameter [27] allow more accurate band gap predictions for materials. 

In this study, Hubbard U values of 4.5eV for zinc d-states, 3.8eV for selenium p-states were used [24, 26]. 

The correction follows the simplified Dudarev approach [27, 28], expressed as:  
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In the Dudarev approach, Ueff represents the effective on-site interaction. The A
mmn   is occupation matrix 

describes localized electronic orbitals m and m´ on atom (A) with spin (σ), and the EDFT denotes total energy 

of studied systems.  These simulations were performed for various structures using lattice constants a=3.98 

Å; c=6.53 Å [29]. Brillouin zone was sampled with a 5×5×5 Monkhorst-Pack grid (63 symmetry-reduced 

points), and atomic positions were fully optimized. A kinetic energy cutoff of 50 Ha was used and tested to 

ensure convergence. 

 

Valence configurations used were: Zn +[Ar] 3d¹⁰ 4s², Se +[Ar] 4s² 4p⁴, Cr +[Ar] 3d⁵ 4s¹, Fe +[Ar] 3d⁶ 4s², 

and Ni +[Ar] 3d⁸ 4s², where [Ar] denotes the argon core (first 18 electrons). 

 

Mulliken population analysis [30] was used to calculate the magnetic moments in TM-doped ZnSe 

supercells. This method partitions the electron density among atoms and orbitals based on DFT results, 

providing atomic charges, bond populations, and spin-resolved electron distributions. In spin-polarized 

DFT, the difference between α- (↑) and β-spin (↓) populations on a given atom gives its local magnetic 

moment: 

 −=  NN .                                                                                                                                           (9) 

 

 

Here, N is the total number of all electrons. The projected density of states (PDOS) is calculated by 

expanding each discrete energy level using the Equation (10) [30], where the peaks represent one-electron 
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energies. Integrating the PDOS between energies E1 to E2  express the number of states. To enable 

visualization, δ-functions are broadened accordingly. 
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here 

inl
A  denotes the atomic orbital α. The TDOS is obtained by summing the partial DOS on atom α over 

all orbitals (n, l) and spin states (σ), as expressed in Equation (11): 
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3. RESULTS AND DISCUSSION 

 

3.1. Electronic Characteristics  

 

Using Atomistic ToolKit code, we tested the band structure simulations for the pure ZnSe compound 

using different DFT methods. The DFT-LSDA simulation method is well known for underestimating the 

band gap of semiconductor materials, due to the inherent limitations of the LSDA functional. While LSDA 

typically yields deficient band gap values, more accurate results can often be achieved using hybrid 

functional or Hubbard U Coulomb interaction parameters, which provide more reliable corrections across 

a broad range of systems. However, recent advances of LSDA functionals and the use of semi-empirical 

Hubbard energy have enabled us to correct the limits of band gap limitation for materials. Note that we 

tested hybrid method for simulation of electronic band structure for ZnSe and this calculation takes more 

PC time than LSDA calculations. 

 

First, we performed band structure calculations and obtained a band gap value of 1.57eV, which is 

significantly underestimated compared to the value of 2.7 eV measured from experiment [31] (Figure 1). 

Literature interpretations show that, the theoretically calculated band gap values for ZnSe reported in Ref. 

[1] and in Ref. [19] are significantly smaller than the experimentally determined value [31]. However, 

recent advances in the application of the Hubbard parametr have enabled us to estimate the bandgap of a 

32-atom ZnSe supercell to be 2.7 eV, which is in close agreement with the experimental result [31]. 

 

The doping effect on the electronic structure and magnetic behaviors of ZnSe containing 32 and 64 atoms 

was investigated by substituting one and two Zn atoms with 3d transition metal atoms, respectively. The 

computed electronic structures and DOS curves for Zn1-xTMxSe (x=12.5 %) are presented in Figures 2-7. 

TM is a transition metal, which will contribute localized d-states near the Fermi level. The blue lines in 

figures represent the local energy levels of TM atoms, particularly focusing on the regions near the Fermi 

energy level which might indicate either occupied or unoccupied electronic states. These figures illustrate 

the spin-up band structure of CrxZn1-xSe, spin-down bands of FexZn1-xSe and NixZn1-xSe show half-metallic 

behavior: the some valence bands intersect the Fermi level, indicating the absence of a bandgap between 

the valence and conduction bands. Ref. [2] reported the majority spin gaps (1.42 eV; 1.66 eV) of CrxZn1-

xSe with 6.25; 12.5 % and found underestimated band gap values than 2.88 and 3.01 eV. First- principles 

computed band gaps results for Zn1-xTMxSe 32- and 64-atom supercells are listed in Table 1. As shown 

from this table, the spin-up bandgap for Cr-ZnSe and the spin-down bandgaps for Fe-ZnSe and Ni-ZnSe 

systems are zero, indicating metallic behavior in these spin channels and confirming that these compounds 

are half-metallic materials. 
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Figure 1. DFT-LSDA (a) and LSDA+U (b) band structures for pure ZnSe 

 

 
Figure 2. Spin-up (on the left) and spin down (on the right) band structures for Cr1Zn15Se16. The blue lines 

represent the local energy levels of Cr atoms near the Fermi level 
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Figure 3. Band structures for Fe1Zn15Se16 

 

 

 
Figure 4. Band structures for Ni1Zn15Se16 

 

To clarify the mechanism behind spin-polarization in the DOS, we analyzed the TDOS for TM1Zn15Se16 

supercells, along with the partial DOS diagrams for the transition metal (TM) atoms and four neighboring 

Se atoms chemically bonding (CB) with metal atom are plotted in Figures 5-7. In these figures, the spin-up 

and spin-down DOS diagrams are represented by black and red curves. Significant imbalances and 

prominent new peaks are observed in the d-orbitals of the TM atoms near the Fermi energy (0 eV). 

Additionally, some degree of spin imbalance is also evident in the p-states of the dopants. 

 

Table 1. Bandgap results for TMxZn1- xSe with impurity concentrations of 12.5 % and 6.25 % 
Supercells x, % Spin-up, eV    Spin-dn, eV 

Cr1Zn15Se16 6.25 0.0 2.8 
Fe1Zn15Se16 6.25 2.4 0.0 
Ni1Zn15Se16 6.25 2.5 0.0 

Cr2Zn14Se16 12.5 0.0 3.0 

Fe2Zn14Se16 12.5 2.2 0.0 

Ni2Zn14Se16 12.5 2.3 0.0 

Cr2Zn30Se32 6.25 0.0 2.9 

Fe2Zn30Se32 6.25 2.3 0.0 

Ni2Zn30Se32 6.25 2.4 0.0 
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Figure 5. DOS diagrams for Cr1Zn15Se16 systems 
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Figure 6. DOS diagrams for Fe1Zn15Se16 systems 
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Figure 7. DOS diagrams for Ni1Zn15Se16 systems 

 

A systematic investigation of the electronic characteristics of the studied systems reveals that defective Zn1-

xCrxSe, Zn1-xFexSe, and Zn1-xNixSe compounds exhibit half-metallic behavior. This is characterized by a 

metallic density of states in one spin channel and a semiconducting gap in the opposite spin channel, 

indicating strong spin-polarization behavior at the Fermi energy and potential suitability for technical 

applications. 
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3.2. Magnetism in TMxZn1-xSe 

 

In computational studies, the energy difference between ferromagnetic and antiferromagnetic 

configurations provides insight into their relative stability. It is known that the total energy of system is 

significantly lower than another; it suggests that the lower-energy configuration is more favorable. The 

magnetic properties for investigated TMxZn1-xSe systems were analyzed in detail implementing 

DFT+LSDA+U approach. Moreover, to obtain the stability of FM/AFM behaviors, the energy difference: 

∆E=EAFM - EFM of defective systems, have been calculated. Table 2 presents the impurity concentrations; 

spin moments, the energy differences (∆E) of both states for MexZn1-xSe. From Table 2, our results predict 

that the magnetic moment of studied systems is ~4μB, and the value is independent of the impurity 

concentration. The total energy differences show FM phase stability of TMxZn1-xSe supercells, this is closer 

to the results in Ref. [12]. 

Table 2. The computed results for TMxZn1-xSe  

Supercell x, % µ,µB ΔE, eV 

Zn14Cr2Se16 12.5 4.0 0.1018 
Zn30Cr2Se32 6.25 3.978 0.01148 

Zn14Fe2Se16 12.5 4.004 0.000215 

Zn30Fe2Se32 6.25 4.001 0.00002 

Zn14Ni2Se16 12.5 4.003 0.12004 

Zn30Ni2Se32  6.25 3.889  0.02328  

 

In the ZnSe:TM supercell, magnetization is induced by the transition-metal dopants through the 

hybridization of selenium 4p orbitals with the dopant 3d orbitals. From first principles we obtained that the 

Cr doping ZnSe shows a slight change in magnetic moment between the two concentrations (12.5% vs 

6.25%). As seen from Table 2, ZnSe:Fe has a magnetic moment close to 4 μB in both concentrations. Ni 

doping ZnSe exhibits a slight decrease in the magnetic moment (from 4.003 to 3.889 μB). Our results show 

that, the Fe doping seems to create the most stable configuration with minimal energy difference (ΔE) and 

a stable magnetic moment. Ni doping, on the other hand, might lead to weaker magnetism, with reduced 

magnetic moments and larger energy differences, indicating a less stable magnetic state (Figure 8). 

 

 
Figure 8. (a) - energy difference (ΔE) and (b)-magnetic moment (μ) vs doping concentration (x) 

 

Figure 9 shows the spin-polarization view of TM1Zn15Se16 and the black arrows describe the directions of 

local magnetic moments. The simulation results predict the magnetic moments in the defected systems 

originate primarily from the dopant d-orbitals, with only minor contributions from host atoms. 

 

 

The consistent non-zero magnetic moments across the different compounds point to unfilled electronic 
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states in the conduction band, a trait often found in metallic systems. The small ΔE values indicate that 

there are not significant energy barriers for electron transitions, which is a criterion for metallic behavior.  

Comparing the results across different compounds with different impurity concentrations can provide 

insight into how the substitution impacts conductivity and magnetic properties. In our case, as seen in Table 

2, the TM-doped ZnSe systems tend to exhibit higher magnetic moments suggesting a range of metallic 

behaviors. Based on the data presented in Table 2, we can deduce metallic behavior of the TMxZn1-xSe 

systems through the presence of substantial magnetic moments and low energy separations. This feature 

generally correlates with the ability of the material to conduct electricity, affirming that the systems likely 

exhibit metallic characteristics, in the doped ZnSe with dopant atoms configurations, where the ΔE values 

approach zero. 

 

 
Figure 9. Atomic structures and spin-polarization views of TM1Zn15Se16 supercells doped with (top to 

bottom) Cr, Fe, and Ni 

 

On the other hand, we can provide insights into the bandgap of bulk solutions due to the obtained results 

for total energy differences for studied systems. From first-principles calculations, Zn14Cr2Se16 (ΔE = 

0.1018 eV) and Zn30Cr2Se32 (ΔE = 0.01148 eV) systems show some energy separation but are relatively 

small, especially the latter. A small ΔE suggests that the material can have a metallic behavior, as it indicates 

narrow or nearly overlapping bands that can allow electron flow. In contrast, both Zn14Fe2Se16 (ΔE = 

0.000215 eV) and Zn30Fe2Se32 (ΔE = 0.00002 eV) have very small energy separations, suggesting these 

systems have minimal band gaps and are likely metallic or exhibit half-metallic behavior, leading to good 
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conductivity. Additionally, Zn14Ni2Se16 (ΔE = 0.12004 eV), while slightly higher, still indicates a low 

energy gap that suggests metallic behavior, especially when compared to typical semiconductors with larger 

band gaps. Depending on system’s application (e.g., spintronic devices, magnetic materials), these results 

can be used to optimize dopant choice and concentration for achieving desired magnetic properties. 

 

The magnetic moment for Cr in CrxZn1-xSe is estimated to be ~4.0 µB, with the main magnetization (~3.2 

µB) coming from the d-states of the impurity. The magnetism of Zn1-xCrxSe is also influenced by smaller 

contributions: 15 Zn atoms contribute with a small value, and 16 Se atoms contribute with negative values 

of ~0.20, and -0.22 µB, respectively. The four selenium atoms chemically bonded to the dopant contribute 

negatively to the magnetization, resulting in a magnetic moment of approximately -0.6µB. The computed 

magnetic moment for the Zn1-xCrxSe is 4.0µB, which aligns well with the values reported in Ref. [2], where 

magnetic moments of ~3.98 µB and ~3.99 µB were obtained for the Cr2Zn6Se8 and Cr2Zn14Se16 compounds, 

respectively. These results from Ref. [2] were derived from Full-Potential Linear Muffin-Tin-Orbital 

approach, supporting the reliability of our findings. 

 

From first-principles research, the spin moment for FexZn1-xSe is around ~ 4μB. This result is consistent 

with results of approximately 4.8μB found in Ref. [32] for the FexZn1-xSe nanosheet. In Fe substituting for 

Zn, the zinc atoms exert only a minor demagnetizing effect on the system, contributing approximately -

0.05 μB. The overall magnetization in the FexZn1-xSe is primarily attributed to the Fe dopant, with a total 

spin moment of about 3.5 μB, of which 3.3 μB originates from the Fe d-electrons. The primary contributions 

to the magnetization of Zn1-xFexSe arise from the four selenium atoms bonded to Fe dopant, which have a 

total magnetic moment of µ=0.7 μB. In the case of NixZn1-xSe, the magnetic moments for the defective 

systems and the Ni dopant were estimated to be approximately 4.0 µB and 1.2 µB. A significant contribution 

of about 1.2 µB to the overall magnetization originates from the d-electrons of the nickel dopant, while the 

15 surrounding zinc atoms contribute small negative spin moments. Additionally, the four selenium atoms 

that are chemically bonded to nickel contribute approximately 0.8 µB to the total magnetization. 

 

3.3. Curie Temperature for TMxZn1-xSe 

The Curie temperature (TC) is a key parameter in the study of ferromagnetism, as it reflects the overall 

strength of inter-sublattice magnetic interactions in a material. In this study, Curie temperatures of FexZn1-

xSe, CrxZn1-xSe, and NixZn1-xSe defective compounds with dopant concentrations of x = 6.25% and 

12.5%were estimated using the Mean Field Approximation method, as described in Ref. [33, 34] 

xk

E
T

B

C


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3

2
.                                                                                                                                (13) 

 

In this expression, kB is the Boltzmann constant, x is the impurity concentration, and ΔE denotes the total 

energy difference between the antiferromagnetic (AFM) and ferromagnetic (FM) behaviors. Curie 

temperatures (TC) for TMxZn1-xSe bulk alloys are estimated and tabulated in Table 3. 

 

The work [12] predicted Curie temperature higher than room temperature for CrxZn1-xSe and NixZn1-xSe, 

and our results are closer to Ref. [12]. From ab initio simulations, the TC decreases with the decreasing 

of concentrations of dopants for all TMxZn1-xSe systems. Our simulations indicate that CrxZn1-xSe and 

NixZn1-xSe exhibit metallic character and Curie temperatures above 300 K, suggesting their potential 

suitability for spintronic device applications. The FexZn1-xSe exhibit relatively low Curie temperatures, 

indicating a paramagnetic ground state. Despite this, their properties make them promising candidates for 

optoelectronic applications. 

 

 

 

 

Table 3. The first-principles results for TMxZn1-xSe  

Supercells  
   Compound 

x, % ΔE [eV] TC, K 
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Zn14Cr2Se16 12.5 0.1018 3150 
Zn14Fe2Se16 12.5 0.000215 25 
Zn14Ni2Se16 12.5 0.12004 3714 
Zn30Cr2Se32 6.25 0.01148 711 
Zn30Fe2Se32 6.25 0.00002 5 
Zn30Ni2Se32

  
6.25
  

0.02328 1440 

 

4. CONCLUSION 

We analyzed the electronic and magnetic characteristics for TMxZn1-xSe bulk solutions (with TM = Cr, Fe, 

Ni) at dopant concentrations of 6.25% and 12.5% using the LSDA combined with Hubbard U semiempirical 

Coulomb interaction corrections. The incorporation of 3d transition metals into ZnSe supercells 

significantly modified the electronic structure; inducing half-metallic behavior in the TMxZn1-xSe diluted 

magnetic semiconductors. According to our simulations, the calculated spin moments are ~4.0µB for Zn1-

xCrxSe, Zn1-xNixSe, and ~5.0µB for Zn1-xFexSe. The dominant contribution to the total magnetization arises 

from the d-orbitals of the 3d transition metal dopants. Total energy results further predict that the 

ferromagnetic phase is energetically favorable for all three systems. The current results predicted that the 

magnetization of TMxZn1-xSe systems is dependent on the concentrations of impurities, and CrxZn1-xSe and 

NixZn1-xSe are higher Curie temperature ferromagnetic materials with half-metallic character, and the 

FexZn1-xSe exhibit paramagnetic behavior, making them promising candidates for optoelectronic 

applications.  

 

Our simulations predicted that chromium- and nickel-doped ZnSe compounds are potential candidates for 

spin valve devices. 
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