10P Publishing

® CrossMark

RECEIVED
10 February 2024

REVISED
6 April 2024

ACCEPTED FOR PUBLICATION
25 April 2024

PUBLISHED
7 May 2024

Phys. Scr. 99 (2024) 065927 https://doi.org/10.1088/1402-4896 /ad43al

Physica Scripta

PAPER

Ab initio prediction of half-metallic and metallic ferromagnetism in
Zn0:(Co,Cr) systems

V NJafarova' ©,US Abdurahmanova® and S S Rzayeva’

! Department of Physics, Azerbaijan State Oil and Industry University, 20 Azadlig Ave., Az-1010, Baku, Azerbaijan
> Baku Engineering University, Khirdalan city, Hasan Aliyev str., 120 AZ-0101, Absheron, Azerbaijan
* Azerbaijan State University of Economics, 6 Istiglaliyyat Str., AZ-1001, Baku, Azerbaijan

E-mail: vcafarova@beu.edu.az

Keywords: ZnO structure, magnetic properties, magnetic moment, metallic, half-metallic

Abstract

Doping effects on the electronic and magnetic properties of Zn; ,(Co,Cr),O systems are investigated
within Local Spin Density Approximation and Hubbard U methods. Based on Density Functional
Theory the spin-polarization band structures, density of states for investigated systems are calculated.
Systematic analysis of the electronic properties shows that TM-doped ZnO has generated new energy
levels in the vicinity of Fermi energy level. From first-principle calculations we obtained Cr-ZnO and
Co-ZnO systems are metallic and half-metallic ferromagnetic materials, respectively. The obtained
results for Cr-doped ZnO 128- and 192-atom supercell systems show magnetic properties with higher
Curie temperature than room temperature. There are large local moments, ~2.9 and ~4.2 for Co and
Cr dopants, respectively. Magnetic moments are related with two electron defects in the supercell
structure and unpaired electrons of transition metal. The ferromagnetic and antiferromagnetic phases
and the total energy are obtained for x = 2.08%, 3.125%, 4.16%, 6.25%, 8.3%, 12.5%, and 25%
impurity concentrations for doped ZnO.

1. Introduction

In recent years, DMS materials have given an opportunity to the development of spin-based devices with
potential to run at sufficiently high speeds while consuming less energy than conventional devices. These
compounds enable the production of new types of materials with the most substantial technological applications
in optoelectronics and spintronics.

The II-VI semiconductor group oxide materials are one of the most important and interesting compounds,
having promising technical possibilities in different fields for the reason that of their large energy gap [1-4] and
considered between the best DMSs. Room temperature ferromagnetism (RTFM) and higher Curie temperature
in dilute magnetic oxides is the most possible new issue in magnetism. The diluted magnetic oxide materials are
applied in spintronics only if additional impurities are introduced. The transition metal doped oxide materials
exhibit both ferromagnetism and semiconducting properties. The 3d TM-doped systems have great research
interest by scientists and researchers as efficient applicants for a new generation for spin-based devices. These
type magnetic semiconductor materials are used to make quantum computing architecture employmenting
spin-polarized electrons and in magneto optic applications.

The investigated pure ZnO layered semiconductor has nonmagnetic properties. ZnO has great potential in
the field of production of piezoelectric transducers, optical devices, solar cells, sensors etc [5-14]. It could be
used in spintronic devices only if additional dopants are introduced in this structure. Zinc oxide can manage as a
semi-metallic property and is a useful material for producing spin-based devices.

The defect engineering of the ZnO has remained an important motivation in materials science research as
the fundamental physical and chemical properties of ZnO much depend on their defect structures. It is because
of the complex nature of the defects that ZnO is being discovered and rediscovered repeatedly. Among the
nonmagnetic oxides such as TiO,, SnO,, and In, O3, because ZnO has large energy gap (E; = 3.4 ¢V) and higher
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binding energy (E;, = 60 meV) at room temperature (RT), because of which the excitonic emission processes
persist at or even above RT. Due to these properties Zn-based diluted magnetic oxides have attracted great
research interest in recent years [ 15—17]. This exceptional characteristic feature makes it a remunerative material
for RT ultraviolet (UV) lasing devices. It acts as a potential candidate for application in optoelectronic and
spintronic devices. The material properties of ZnO make it applicable to a wide range of applications in UV light
emitters, varistors, ceramic positive temperature coefficient thermistors, transparent high-power electronics,
surface acoustic waveguides, piezoelectric transducers, chemical and gas sensing, solar cells, piezoelectric
nanogenerators (PNGs), etc [18-22].

Most of the previous theoretical studies have been obtained a smaller band gap than the experimental value
(3.37 eV) for ZnO wurtzite crystals, despite using the Hubbard U semiempirical corrections [23]: 1.245 eV (Uyq
(Zn) =15eV) [24],2.286 eV (Ug (Zn) = 10; U, (O) = 9 eV) [25] and 0.945; 1.062; 1.154 €V (Uy (Zn) = 2; 4; 6 V)
[26], using GGA + U and LDA + U methods, respectively. In the present work, we have been obtained that the
first-principle calculated energy gap using LDA and GGA approximations of ZnO is 0.7 and 0.67 eV,
respectively, which is smaller than the known experimental value. Then we have been able to reproduce the
experimental value of the energy gap of ZnO crystal only using Hubbard U corrections [23] in our calculations.
The calculated band gap for bulk ZnO correspondingly previous experimental values is reported by ab initio
calculations using LDA (GGA) + U [23] method. Note that the value of U hasn’t any significant effect on the
structural properties of investigated systems [27].

Sato et al [28] predicted that TM-doped ZnO may be a ferromagnetic material. Krishnan et al [29] and Li et al
[30] found room temperature ferromagnetism with higher Curie temperature in ZnO:Cr systems synthesized by
magnetron sputtering experiment. Venkatesan et al [31] reported the results of magnetic behavior of ZnO:(Co,
Cr) systems with 5% impurity concentrations, and room temperature FM phase is observed in Co-doped ZnO
film and found 2.6 pp magnetic moment for impurity atoms. Ueda et al[32] show that ZnO:Co thin films with a
few impurity concentrations exhibit FM phases with a higher Curie temperature. Najim et al[33] found RTFM
behavior for Cr-doped ZnO sample and estimated the magnetic moment is 2.8 115/Cr, and obtained result for
magnetic moment ~1 pp/Cr less than the calculated value [34]. It is known that the FM behavior of DMS
compounds also depends on the technology of synthesis of these materials. In other experimental works,
Roberts eral[35] and Li et al [34] found that the values of magnetic moments were ~1.4 and ~0.58 i /Cr
(1.2%); ~0.14 pp/Cr (with x = 6.7%).

The purpose of this study is to investigate the underlying magnetic mechanisms of ZnO-based DMSs, hence
ZnO:(Co,Cr) systems with a low impurity concentration were built. This paper is devoted to analyzing of
electronic and magnetic properties in TM (Co*", Cr*") ions doped Zn, _ .M, O systems with concentrations of
x=2.08%, 3.125%, 4.16%, 6.25%, 8.3%, 12.5% and 25%. For both doped systems the Curie temperatures are
estimated to investigate the technical application possibilities. The interpretation of the results of total density of
states (TDOS) shows the metallic FM behavior of ZnO:Cr with the band gap of 0 V. The magnetic moments of
Co-ZnO and Cr-ZnO DMSs are 3 and 4 ip, respectively. The Cr,Zn; O system is high Curie temperature
metallic ferromagnetic DMS material for new-generation spintronic devices. ZnO:Co is a very good choice for
electronic devices due to its low Curie temperature.

2. Simulation method

First-principles simulations carried out implementing the Atomistic ToolKIt (ATK) code (http://quantumwise.
com/) and this is a software for atomic-scale modeling and simulation of nanosystems. ATK combines density
functional theory (DFT) with non-equilibrium Green’s functions for first-principles electronic structure and
transport calculations of molecules, periodic systems etc. DFT is infamous for foretelling very small band gaps. It
is well known that local density approximation (LDA) functional generally underestimate band gaps and that
hybrid DFT or self-interaction corrected calculations correct these issues more universally in most systems. In
[21] the authors reported that the band gaps of various periodic systems can be generally improved with DFT
methods using HSE06 range-separated hybrid functionals and Wannier-Fermi-Lo “wdin self-interaction
corrections. Nevertheless, the last progress of LDA functional and using Hubbard U semiempirical corrections
have given us an opportunity to determine correct band gaps of materials.

In our DFT calculations, to simulate the Zn,_,Co,O and Zn, _,Cr, O 32-, 48-, 64-,96-, 128- and 192-atoms
supercells with impurity concentrations of x = 2.08%, 3.125%, 4.16%, 6.25%, 8.3%, 12.5% and 25% were used.
For this purpose single and double Zn in structures were replaced by dopants. The interaction between electron
and ion is taken into account by the ionic pseudopotentials of the Fritz-Haber-Institute (FHI) [36]. The
exchange correlation effects between structure atoms are processed in the form of Perdew Zunger (PZ)
functional [37] under the local spin density approximation (LSDA). The kinetic cutoff of energy for plane waves
was taken about 50 Ha was employed throughout the calculations which were tested to be fully converged with
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for total energy. The calculation convergence criterion in the case of the optimization of supercell structures
containing Co and Cr atoms were relaxed and geometrical optimized due to no higher than 0.01 eV /A force and
0.01 eV A% stress tolerances. The reciprocal space integration was performed using5 X 5 x 5,3 X 2 X 3,
2x2x2,and2 x 1 x 2 for 32- (or 48-), 64-, 96- (or 128-), and192-atom supercells Monkhorst—Pack (MP) k-
sampling grids [38]. Note that, for all calculations, the convergence of the plane-wave basis set cutoff energy and
Brillouin zone integration k-point sampling of ZnO were tested. The 12 electrons for Zn [Ar] + 3d'°4s>, 6
electrons for O [Ar] + 4524p4, 9 electrons Co [Ar] 4 3d” 452, and 6 electrons for Cr [Ar] + 3d° 4s' were taken as
the valence electrons. By successfully correcting the electronic band structure of the investigated compounds
using Hubbard U semiempirical correction, can future extend the study of magnetic properties of doped
systems. In this study, applying the Hubbard U correction to solve the band gap problem is necessary for
predicting the properties of GaN bulk material. Hubbard correlation energy values were used for zinc 3d- (U =4
eV) and 4s-states (U = 4.5 eV), and for oxygen 2p-states (U = 3.7 V). The Hubbard U correction is applied
using the simplified approach according to Dudarev et al [39], which corresponds to the case J= 0 in the more
elaborate expression by Lichtenstein et al [40].

For the building of the crystal structure of ZnO we have taken the initial structural parameters
a=b=23.2495 /c\, ¢=>5.2069 A, and u=0.345[41].

Using Mulliken population analysis we computed the values of magnetic moments of 3d metal-doped ZnO
supercell systems. The Mulliken population analysis has been performed to obtain the occupation number of
each atom orbital. Thus the magnetic moments are defined as the difference of occupation number between the
spin-up and spin-down states. The partial density of states of the spin is obtained by expanding each discrete
energy level according to the Lorentzian formula (1) [42]

o/

- 1
(E - 51'0)2 + 62 ( )

i?lo’(E) = Z Arlt);o’i

1

where iand o are the indexes of energy level and spin, respectively, A ;. is the Mulliken population of atomic
orbital of atom c. The total density of states of the spin is defined as the sum of the partial density of states

D,(E) = ) Dy, (E) )

nla

For the studying the ferromagnetic (FM) and antiferromagnetic (AFM) spin ordering for the Co-ZnO and
Cr-ZnO systems, cations were replaced by Ml /25 ML s»and M/ /25 ML /2 (M= Co, Cr)ions.

The supercell structures with different concentrations of impurities were used to investigate the influence of
doping effects on the electronic and ferromagnetic properties in comparison with the un-doped systems.

3. Results and discussion

3.1. Electronic properties of pure ZnO

Investigated material zinc oxide (ZnO) that crystallizes in the wurtzite (hexagonal) structure and possesses
Ce,symmetry. The electronic band structure of this compound exhibits a splitting of the valence bands at the I'
symmetry point on the center of Brillouin zone due to some effects. In the band structure of ZnO, the
conduction band is treated by the 4s” orbitals of zinc having s-like nature, and the top of the valence band is
generated by the 2p* electrons of oxygen with p-like nature. To obtain a more accurate electronic structure we
implemented Hubbard energy corrections for O p- (3.7 eV), Zn d- (4 eV) and s-states (4.5 eV). We plot in
figures 1 and 2 the spin polarized band structures of pure ZnO wurtzite and supercell structures by DFT-LSDA +
U method. In these figures the red and black bands describe the down and up-spin band structures for
investigated materials. Using the LSDA and Hubbar U approach, we computed the electronic structure for
undoped systems and we obtained the gap energy value of E, = 3.30 eV, and this result is in a good agreement
with known experimental works [1, 2]. Then we have repeat this structure and built the ZnO supercells with
different impurity concentrations.

For pure ZnO, the both up- and down-spin DOS diagrams are identical (figures 3 and 4) and this result
indicates that the undoped system is nonmagnetic material. The negative and positive values of density of states
are corresponding to the down- and up-spin states.

From first-principles band structures and DOS calculations for un-doped bulk systems, we obtained that the
valence bands consist of three parts: lowest valence bands (from —17.8 to—17 eV) are derived from O 2s orbitals.
Second (middle) part of the valence bands (from —8.4 to —7 eV) formed mainly by Zn d-states. The top of valence
bands with the range from —6.3 to—1.7 eV is mainly treated by O 2p levels. The minimum of the conduction
bands is mainly derived by zinc 4s orbitals. Our results show that the valence band maximum and conduction
band minimum are located at the I point, this fact express that the ZnO is a direct band gap compound.
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Figure 1. Spin polarized band structures for undoped bulk ZnO with LSDA + U.

3.2. Electronic properties of Co-ZnO

In this section, we will analyze the details of the electronic properties of ZnO doping with different Co
concentrations. For the interpretation of the effect of doping concentration, we built 16-, 32-, 48-, 64-, 96-, 128,
and 192-atom supercell structures and replaced one or two Zn atoms with cobalt, corresponding to 2.08%,
3.125%, 4.16%, 6.25%, 8.3%, 12.5% and 25% impurity concentrations. Using Mulliken Population analysis we
computed the values of local and total magnetic moments of Cr-ZnO defected systems.

We plot in figure 5 the spin-polarized electronic structures of Co-ZnO 8-atom supercell structure by DFT-
LSDA + U method. In these figures the red and black bands describe the down- and up-spin structures for Co-
ZnO. While two 3d transition metal Co atoms are incorporated, the spin polarized TDOS diagrams are
significantly changed near the Fermi energy. In figures 6 and 7, we illustrate the DOS diagrams of Co-ZnO
systems. The Fermi energy is set to zero and shown by the horizontal and vertical dotted lines. Note that, in the
all DOS diagrams the negative and positive values correspond to the down- and up-spin states.

As seen from figure 6, the Co doping in ZnO has generated new energy levels in the energy gap, resultingin a
semi-metallic character of the defected system. As seen from figure 6, near the Fermi energy level the total
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Figure 2. Spin polarized band structures (black-spin-up, red-spin-down states) for undoped ZnO supercell structure with LSDA + U.

density of spin-up and spin-down states for Co-doped ZnO systems, is clearly asymmetrical, which indicates the
presence of magnetism in the diluted systems.

First-principles obtained band gap results for different Co-doped ZnO systems are shown in table 1.

As seen figures 5 and 6, we obtained that the Co-doped ZnO compound is half-metal material with narrow
energy gaps from 1.2 eV to 3.0 eV and from 0.29 eV to 1.8 eV corresponding to up- and down-spin states. From
table 1, we observed an increase of band gaps with a reduction of Co concentration.

3.3. Electronic properties of Cr-ZnO
In this section, we give the first-principles study of the spin polarized electronic structures, DOS diagrams for
Cr-ZnO supercell structures with different concentrations of dopants. First-principles obtained band structures
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Figure 4. Spin-polarized TDOS for un-doped ZnO 8-atom supercell structure with LSDA + U.

correspond to up- and down-spin states, total and partial DOS diagrams are shown in figures 8—10, respectively.
The black and red bands describe the majority and minority spin states for ZnO:Cr systems.

Figures 9 and 10 show that the introduction of Cr atoms in ZnO systems changes the band structures, and
some impurity levels occur near the Fermi level. Due to this reason, the up- and down-spin band gaps narrow
and these systems show semiconducting character with narrow energy gaps. The DOS calculations for Cr-ZnO
systems show some imbalances, especially oxygen p- and chromium d-orbitals. We observed pd hybridization
between 2p-orbitals of oxygen and 3d-orbitals of chromium atoms.
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Figure 6. Spin polarized TDOS for Co-doped ZnO 8-atom supercell with LSDA + U.

The first-principles calculated band gap results of Cr-ZnO are given in table 2. Systematic analysis of the
electronic properties shows that Cr- and Co-ZnO systems are metallic and half-metallic FM materials.

3.4. Magnetic properties of Zn(Co, Cr)O
Magnetic properties (total and local magnetic moments, FM, and AFM behaviors of ZnO:(Co,Cr) were
investigated from Mulliken population analysis based on the DFT-LSDA + U approach.
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Figure 7. Spin-polarized PDOS diagrams for ZnO:Co with LSDA + U.

The first-principles obtained spin-polarization views for Co- and Cr-ZnO 16-atom systems are present in
figure 11. The green arrows describe the significant values of magnetic moments.

In the case of Co-ZnO, the computed magnetic moment of this supercell is ~ 3.0 g and obtained results
very close to the result of [43]. The local magnetic moment of cobalt is ~ 2.9 up. The significant positive
contribution to the magnetization from Co d-orbitals (~2.5 pg), the negative contribution (~ 0.7 yg) from one
zinc atom, which is chemically bonded with Co-O-Zn scheme and shown in rectangle in figure 11. The ~ 0.4 ug
magnetic moment comes from three oxygen which are chemically bonded with dopants. The insignificant — 0.1
pgand significant 0.7 pg from other Zn and O atoms, respectively. The computed magnetic moment of ZnO:Cr
is ~ 4.0 up, which our result is in good agreement with [34, 44]. From first-principles simulation the chromium
local moment of Cr and there are neighboring estimated: ~4.2 15 from one Cr (main contribution from d-states:
~ 3.4 up), negligible contribution by host atoms. The negative contribution to the magnetization become by one
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Figure 8. Spin-polarized band structures for Cr-doped ZnO 8-atom supercell with LSDA + U. The red and black bands describe the
down- and up-spin states.

Table 1. The band gap results for different Co-ZnO.

Band gap [eV]

Supercells x[%]
Spin-up Spin-down

ZngCo,0g 25 0 0
Zn,4C0,0+4 12.5 2.1 0.29
Z1n5,C0,0,4 8.3 2.6 1.5
Zn30C0,03, 6.25 12 0.34
Zn46C0,0,5 4.16 2.9 1.75
Zn6,C0,064 3.125 2.93 1.64
Z194C0,009¢ 2 3 1.8

zinc and one oxygen atom neighboring and the chemical bonding with the dopant. Some structure atoms
located in the vicinity of dopants weaken or strengthen the total magnetization of Cr-ZnO supercell with
insignificant contributions.

Tables 3 and 4 show the M-M bond lengths, the obtained total energies of ferromagnetic (FM) and
antiferromagnetic (AFM) phases, and total energy differences between both alignments (AE) for ZnO:M
(M = Co, Cr) supercell structures using LSDA + U approach.

In tables 3 and 4, the negative value of energy difference between AFM and FM states is negligible. The first-
principles results for total energies for both Co- and Cr-doped ZnO systems show that the FM state is more
stable than AFM state.

3.5. Defect formation energies and Curie temperatures of ZnO:(Co, Cr)
The stability of defected systems defined by the defect formation energy of the structure. Defect formation
energy simulations were carried out for different large size supercell structures (which FM phase more stable)
with different concentrations of impurity atoms.

Defect formation energy of M>*-ZnO systems can be calculated by the formula [45]

1
Ef = N[EtotA(anfoxo) - EtotA(ZnO) +n- (N’Zn - IU“M)] (3)
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Figure 9. Spin-polarized TDOS for Cr-doped ZnO 8-atom supercell with LSDA + U.

where N is the number of atoms in the structure, E,,, (Zn; M, O) and E,,; (ZnO) are the total energies of doped
and undoped supercell structures, having the same dimension, respectively. In formula (1) # and p are the
number of dopants and the chemical potentials of corresponding atoms.

The Curie temperatures of Co,Zn; _,O and Cr,Zn; _,O (x = 2.08%, 3.125%, 4.16%, 6.25%, 8.3%, 12.5%
and 25%) different size supercell structures were calculated by Mean Field Approximation (MFA) [45]

_2ap

Tc = )
¢ 3 kx

(C))

where k and x are the Boltzmann constant and concentration of impurity, respectively.

The defect formation energies and the Curie temperatures are estimated for Zn; .M, O (M=Co, Cr)
supercell structures and tabulated in tables 5 and 6.

Tables 5 and 6 show that the obtained values of defect energies are positive for ZnO:(Co,Cr) systems with
concentrations of dopants, indicating that it is hard to incorporate cobalt or chromium into ZnO. The
systematic analysis of the stability of the FM phase in ZnO DMSs shows that Co,Zn; O compounds are half-
metallic and Cr,Zn; _,O systems are metallic materials. The obtained results for Cr-doped ZnO 128- and 192-
atom supercell systems show the magnetic properties of higher Curie temperature ferromagnetic materials. We
found that the Curie temperatures decrease and increase with the decreasing of impurity atom concentrations
for Zn; ,Co,0and Zn, ,Cr,O defected materials. Our results indicate that the both Co- and Cr-doped ZnO
are suitable materials for spin-based devices.

4, Conclusion

We have carried out a systematic analysis of the electronic and magnetic properties of Co,Zn; ,O and
Cr,Zn;_,O with 2.08%, 3.125%, 4.16%, 6.25%, 8.3%, 12.5% and 25% impurity atom concentrations, using the
LSDA + U approach based on DFT formalism. Employing Hubbard energies enable us to find an accurate
energy gap for investigated diluted magnetic compounds and study of magnetic properties of these systems. The
magnetic and electronic properties of Zn, ,Co,O and Zn; ,Cr,O doped systems for 0.02 < x < 0.25 were
investigated. The DOS calculations show that when the ZnO-doped by Co and Cr ions, the M 3d-states are
situated in the energy gap area. From first-principles results, we observed Co- and Cr-doped ZnO present
magnetic properties and the total magnetization of investigated systems is mainly derived from the dopant 3d-
states.
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The introduction of M=Co, Cr atoms in ZnO lead to the magnetization of structure due to p-d hybridization
between the 3d-states of metal and 2p states of oxygen. The Zn(Co,Cr) substitutions induce local moments of
~2.9and ~4.2 ug, and (Co,Cr),Zn,_,O materials exhibit half-metallic and metallic nature and these materials
are potential DMS for spin-based devices.

The analysis of ferromagnetic and antiferromagnetic phases show that depending on concentrations of
dopants and their positions these phases were the ground state for both Co,Zn; O and Cr,Zn; O supercell

structures.

Our first-principles results predicted Cr-doped ZnO is one of the prominent ferromagnetic materials that
can be used as a high temperature sensor because it is stable at high temperature and exhibits high Curie
temperature. Co-doped ZnO exhibits paramagnetic character and it is useful material for magneto-optical
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Figure 11. Spin-polarization views for Co- and Cr-ZnO 16-atom supercell systems. The values of magnetic moments are described by

Table 2. The calculated band gap results for different

Cr-ZnO.
Band gap [eV]
Supercells x[%]
Spin-up Spin-down

ZngCr,Og 25 0 0
7Zn14,Cr,0¢ 12.5 0 0
Zn,,Cr,0,4 6.25 0,1 0
Zn30Cr,03, 8.33 0.4 3
ZnCry0y4g 4.16 0 0
Zng>CryOgy 3.125 0 0
Z104Cr,006 2.083 0 0

Table 3. The Co-Co distances and the total energy differences between AFM and FM phases

for different ZnO:Co.

Supercells dco-co [A] Eapm [eV] Epyp [eV] AE2 [eV]
Zn14C0,044 8.60 —30905.80826 —30905.80776 —0.00025
7n,,C0,0,,4 6.14 —46982.49351 —46982.49291 —0.0003
Zn3,C0,03, 10.05 —63114.88241 —63114.88251 0.00005

Zn46C0,045 8.15 —94936.25267 —94936.25273 0.00003

Z1n6:C0,064 5.53 —127479.17867 —127479.17891 0.00012

Zng4C0,094 6.42 —191871.68194 —191871.68164 —0.00015

Table 4. The Cr—Cr distances and the total energy differences between AFM and FM phases

for different ZnO:Cr.

Supercells dercr [A] Exrnv[eV] Epn [eV] AE2 [eV]
Zn5,C1,054 6.14 —46094.94912 —46094.95077 0.000825
Zn3,Cr,03, 10.05 —62229.49456 —62229.48515 —0.004705
Zn46Cry044 8.15 —94395.90584 —94395.90645 0.000305
Zn6;Cr>0¢4 5.53 —126590.72538 —126590.76764 0.02113
Zng4Cr,Og¢ 6.42 —190983.82584 —190983.85085 0.012501

Table 5. The results of defect formation energies
and the curie temperatures of Co,Zn, _,O.

Supercells x, [%] E¢[eV] Tc[K]
Z150C0,03, 6.25 20.25 6.19
Zn46C0,0,5 4.16 13.98 5.57
Zn4,C0,044 3.125 10.41 29.7
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Table 6. The results of defect formation energies
and the Curie temperatures of Cr,Zn, _,O.

Supercells x,[%] E¢[eV] Tc[K]
Zn,,Cr,05y 8.33 46 76.5
Zn46CryOy4g 4.166 23.17 56.6
Zng>CryOg4 3.125 17.30 5231
Zng,Cr;Ogg 2.083 11.76 4643

devices. The results of this paper may be valuable for alloyed and doped Zn-based applications in electronic,
optoelectronic, nanoelectronic, and spintronic devices in the future.
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