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Abstract. In this work, we aimed to examine the first-principles study of correlation
between chemical environment and ferromagnetism, and Curie temperature of CoxZnixSe
and NixZniSe diluted magnetic semiconductors for different concentrations of impurity at-
oms. The calculations are implemented by the norm-concerving FHI pseudopotential meth-
od within the local spin density approximation (LSDA) and Hubbard U method. The analy-
sis of the total density of states curves shows the half-metallic ferromagnetic character with
half-metallic band gap. The first-principles calculated total magnetic moments of CoxZn;xSe
and NixZn1Se systems are found to be equal to 3 and 4 pg, respectively.
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1. Introduction

The investigation of the DMSs have allowed the production of new types of materials with possible
technological applications in Engineering, Medicine, Environment, Environmental Chemistry,
Telecommunications, and others. Zinc selenide a semiconductor, can operate as a half-metallic
compound and is a helpful material for optoelectronic and spintronic applications. Zinc selenide is a
nonmagnetic material with a direct band gap of 2.70 eV and has great potential for a diversity of
optical and electro-optical devices, such as short wavelength lasers, blue-green laser diodes, pure
green light-emitting diodes, microwave and terahertz devices, solar cells and tunable mid-IR laser
sources [1-3]. TM doped ZnSe have attracted great research interest as new productive device
applicants. In Refs. [3-9] the authors reported that ZnSe:TM were appropriate for applications in
spintronics and middle-IR lasing. Sato et al. [10] have predicted a high Curie temperatures for Cr- and
V-doped ZnSe zinc-blende structure, Benstaali et al. [3] in ZnSe:Co, Mohamood et al. [11] in
ZnSe:Ti, and Arifet et al. [12] in CdSe:Co were reported half-metallic FM due to polarization of the
spin in their theoretical study and suggested these are potential candidates for spintronic application,
which are in agreement with current work. In our previous work [13] we reported that the presense of
one Zn vacancy defect leads half-metallic ferromagnetism in ZnSe:Mn compound.

This work is dedicated to study of the magnetism in ZnSe:Co and ZnSe:Ni by varying the
impurity concentrations for the values x=12.5 % and 6.25 %. In the current work the Curie
temperatures are also estimated and obtained that Ni-doped ZnSe compounds are high room
temperature materials.

2. Calculation method

The current calculations based on the density functioanal theory (DFT) [14], which is a computational
guantum mechanical modeling method for many body problems of nucleus and electron interactions.
This problem can be solved into a system of one-electron Kohn-Sham equations [15]. To solve these
equations in order to calculate the physical properties of investigated systems, we have used the linear
combination of atomic orbitals (LCAO) method [16]. The calculations for investigated systems were
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carried out using LSDA (local spin density approximation) within Hubbard U semiempirical correc-
tion (4.5 eV on d-states of Zn and 3.8 eV on p-states of Se) for the exchange-correlation potential with
the ATK code.

In current studies, TM (Co, Ni)-doped ZnSe were investigated under the same conditions (same
supercells, same lattice parameters, same k-point sampling, etc.). The geometric models for DMS
ZnSe:Co, ZnSe:Ni are built by replacing host Zn atoms with TM. Hubbard U corrections are used for
correct band gap prognosis for bulk ZnSe [17, 18]. The electron-ion interactions was treated by the
norm-conserving Fritz-Haber-Institute (FHI) ion pseudopotentials within Double Zeta Polarized
(DZP) basis set. This method was chosen to reproduce, as closely as possible, the experimentally
measured band gap and lattice parameters. For ZnSe:TM (TM=Co; Ni), a simulation cell containing
either 32 and 64 atoms (the expansion of the primitive wurtzite unit cell) was used. The simulations
are carried out for different supercells generated with the initial lattice parameters a=b=3.98 A and
¢=6.53 A [19]. One and two impurity atoms added at Zn cation sites in 32- and 64-atom supercells to
study the ferromagnetism of Co- and Ni-doped ZnSe from Mulliken population analysis. A k-
sampling Monkhorst-Pack grids 5x5x5 used and all atomic positions have been geometry optimized.
The valence electron configurations which included 12 electrons for Zn [Ar] +3d* 4s?, 6 electrons for
Se [Ar] +4s? 4p*, 9 electrons Co [Ar] +3d’ 4s?, and 10 electrons for Ni [Ar] +3d® 4s? were taken into
consideration. The kinetic cut-off energy of 100 Ry (50 Ha) was employed through-out the
calculations which was tested to be fully converged with for to total energy. Magnetic properties were
investigated after a full geometry optimization of all systems (for all lattice parameters and atomic
positions) with force and stress tolerances of 0.01eV/A and 0.01 eV/A?, respectively.

The undoped ZnSe formed in wurtzite structure by two atoms with space group P6smc [20]. Note
that the investigated doped supercells do not have appropriate hexagonal symmetry.

In current work, we reported magnetic properties of Co:ZnSe and Ni:ZnSe in the wurtzite phase
for various impurity atom concentrations for the values x=0.125, 0.0625. Lastly, the defect formation
energy and Curie temperature are also calculated.

3. Results and discussion

3.1. Magnetic properties of Zn(Co,Ni)Se

The magnetic moments for Co and Ni, and its neighboring host atoms have been calculated in detail
using DFT-LSDA+U method. Undoped ZnSe is non-magnetic material, but on doping TM elements,
the main contribution to magnetization comes from impurity atoms, due to p-d hybridization between
Se-4p and TM 3d-states. The spin-polarization structures of Zn;sC01Sess supercell is shown in Fig. 1.
In all spin-polarization structures, the magnetic moments of atoms are shown with arrows, these are

significant values than other atoms.
Z

Figure 1. Spin-polarization view for Zni5Co,1Sess. The black arrows show the magnetic moments.
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The first-principles calculated total magnetic moments of Co-doped ZnSe supercells are found to be
equal to 3 pe which in a good agreement with the results of Refs. [3, 21, 22]. The values of total
magnetic moments for ZnyCo1xSe alloys obtained 3 pg for wurtzite phase in Ref. [3] and 3.87 g for
zinc blende structure in Ref. [21] using WIENZ2k code within LSDA and GGA method, respectively.

The integer number of magnetic moments per supercell is mainly due to impurity atoms (signifi-
cant contribution from d-states) and a small contribution from host Zn and Se atoms. The computed
value of magnetic moment per Co is found to be 2.325 g (main contribution from Co d-states: ~2 Ug)
for Zn;xCoxSe system which in an agreement with value of 2.2 pg theoretically obtained in Ref. [22].
Insignificant negative contribution to the magnetization from 15 Zn atoms (-0.13 pg) and positive
contribution from 16 Se atoms (0.81 pg). The significant positive contribution from 4 Se atoms (~0.7
Me) which chemically bonded cobalt impurity atom.

The first-principles results for Co-Co bond lengths and the total energy differences beetween
antiferromagnetic (AFM) and ferromagnetic (FM) alignments AE=Earm-Erm for different ZnSe:Co
systems are shown in Table 1.

Table 1. The Co-Co bond lengths and the total energy differences beetween AFM and FM
alignments for different ZnSe:Co systems using LSDA+U.

System deoco [A] Earv [eV] Erm [€V] AE [eV]
Zn14C0,Se16 7.96 -30326.08060 -30326.05138  -0.02922
Zn3C0,5e3 9.50 -61957.01379 -61957.01286  -0.00093

From Table 1, the total energy differences beetween AFM and FM alignments show AFM
stability ZnSe:Co systems which is in agreement with Ref. [22].

The spin-polarization structures for ZnisNiiSeis supercell is shown in Fig. 2. In the case of Ni-
doping ZnSe the obtained values of total and partial magnetic moments for supercell and per impurity
atom are found to be equal 4 and 1.223 g, respectively. The main contribution to the magnetization
from d-states of Ni atom (~1.2 ug), the small negative contribution from 15 Zn atoms. The significant
positive contribution from 4 Se atoms (0.85 us) which chemically bonded nickel dopant atom.
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Figure 2. The spin-polarization of Zn;sNiiSeis. Magnetic moments of atoms are shown by black
arrows.
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The first-principles obtained results for Ni-Ni bond lengths and the total energy differences
beetween antiferromagnetic (AFM) and ferromagnetic (FM) alignments AE=Earm-Erm for different
ZnSe:Ni systems are shown in Table 2.

Table 2. The Ni-Ni bond lengths and the total energy differences beetween AFM and FM alignments
for different ZnSe:Ni systems using LSDA+U.

System dNi—Ni [A] Earm [EV] Erm [EV] AE [eV]
ZnuNizSess 7.96 -30727.85236 -30727.97240 0.12004
ZnzoNizSes; 9.50 -62358.71828 -62358.74156 0.02328

As seen from Table 2 the FM state more stable than AFM state for ZnSe:Ni alloys. First-principles
spin-polarized electronic structures and DOS calculations show that the Ni-doped ZnSe systems are
high-spin and half-metallic materials, but Co-doped ZnSe systems are not half-metallic. The large
half-metallic gap of Ni-doped ZnSe makes this compound potential materials for practical
applications in Engineering and Environmental Chemistry, Medicine and Telecommunications.

3.2. Formation energy and Curie temperature of Zn(Co,Ni)Se

It is known that the stability of TM doped systems can be defined by the defect formation energy of
structure. Formation energy calculations are performed for the fully relaxed different defected (substi-
tution defect, i.e., replacing a single Zn cation with Co?" and Ni?* ions) systems. The formation ener-
gy calculations were studied for systems containing 32 atoms.

The formation energy of TM?* doped ZnSe systems is assigned as the energy needed to introduce
such impurity in bulk ZnSe and can be calculated by the following expression [23]

E

form.

1
= N [Etot. (an-xTM xse)_ Eeor. (ZnSe)+ N- 7, =N Ly ]’ 1)

where N is the total number of atoms in supercell, E, (Zn_ TM Se) and E,, (ZnSe) are the total

energies of doped and pure ZnSe systems having the same dimension to supercell, correspondingly.
Terms n, Uzn, and prm are the number of doping atoms, the chemical potentials of Zn and TM (Co or
Ni) atoms, respectively.

The Curie temperatures of Co- and Ni-doped ZnSe systems are estimated by using the Heisenberg
model [24]

(2)

where kg is the Boltzmann constant.

In this work, the defect formation energies and the Curie temperatures are estimated for different
Zn14CoxSe and Zn1«NixSe systems using the reported results of energy difference between the AFM
and FM alignments, and listed in Table 3.
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Table 3. The first-principles calculated values of formation energies, and the Curie temperatures for
Zn1«CoxSe and Zn.«Ni,Se systems, per two Zn atoms replaced by Co?* or Ni?* ion (x-impurity con-
centration).

System X, % Eom[eV]  Tc[K]
Zn14C0,Se15 125 40.92 -904
Zn14NizSess 12.5 28.35 3714

The obtained formation energy values of Co- and Ni-doped ZnSe are positive, indicating that it is
hard to incorporate Co (or Ni) atom to ZnSe. The systematically investigation of stability of the FM
phase in ZnSe-based DMSs show that Ni-doped systems are HMFM materials with higher Curie
temperature. From our calculations the Curie temperatures are found to decrease with the decreasing
of impurity atom concentrations for Zn;xNixSe systems. First-principles calculated value of the Curie
temperatures show that the ZnSe:Ni are suitable materials for DMSs.

4. Conclusion

Using an accurate DFT-LSDA+U approach, have been explored the spin-polarized electronic and
magnetic properties of Zni.«CoxSe and Zni«NixSe for x=12.5 %, 6.25 %. While the introduction of
Ni2* ion and the presence of Zn vacancy in ZnSe structure lead the half-metallic ferromagnetic cou-
pling. But for the Co-doped ZnSe systems are not observed half-metallic state. The obtained values of
total magnetic moments have been found to be 3.0 and 4.0 pg for Zn1.«CoxSe and Zni1«NixSe, and the
mainly contribution to the magnetization comes mostly from d-states of impurity atoms. Results of the
energy differences between the antiferromagnetic and the ferromagnetic states for both systems nearly
represent a stable ferromagnetic phase. The presence of Zn vacancy in ZnSe:Co systems affect the
magnetization, which ~2.0 ug increases the total magnetic moment of the supercell (~5.0 pg).
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