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Abstract
Doping effects on the electronic andmagnetic properties of Zn1−x(Co,Cr)xOsystems are investigated
within Local SpinDensity Approximation andHubbardUmethods. Based onDensity Functional
Theory the spin-polarization band structures, density of states for investigated systems are calculated.
Systematic analysis of the electronic properties shows that TM-dopedZnOhas generated new energy
levels in the vicinity of Fermi energy level. Fromfirst-principle calculationswe obtainedCr-ZnO and
Co-ZnO systems aremetallic and half-metallic ferromagneticmaterials, respectively. The obtained
results for Cr-doped ZnO128- and 192-atom supercell systems showmagnetic properties with higher
Curie temperature than room temperature. There are large localmoments,∼2.9 and∼4.2 for Co and
Cr dopants, respectively.Magneticmoments are relatedwith two electron defects in the supercell
structure and unpaired electrons of transitionmetal. 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, DMSmaterials have given an opportunity to the development of spin-based devices with
potential to run at sufficiently high speedswhile consuming less energy than conventional devices. These
compounds enable the production of new types ofmaterials with themost substantial technological applications
in optoelectronics and spintronics.

The II-VI semiconductor group oxidematerials are one of themost important and interesting compounds,
having promising technical possibilities in differentfields for the reason that of their large energy gap [1–4] and
considered between the bestDMSs. Room temperature ferromagnetism (RTFM) and higher Curie temperature
in dilutemagnetic oxides is themost possible new issue inmagnetism. The dilutedmagnetic oxidematerials are
applied in spintronics only if additional impurities are introduced. The transitionmetal doped oxidematerials
exhibit both ferromagnetism and semiconducting properties. The 3dTM-doped systems have great research
interest by scientists and researchers as efficient applicants for a new generation for spin-based devices. These
typemagnetic semiconductormaterials are used tomake quantum computing architecture employmenting
spin-polarized electrons and inmagneto optic applications.

The investigated pure ZnO layered semiconductor has nonmagnetic properties. ZnOhas great potential in
thefield 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 canmanage as a
semi-metallic property and is a usefulmaterial for producing spin-based devices.

The defect engineering of the ZnOhas remained an importantmotivation inmaterials science research as
the fundamental physical and chemical properties of ZnOmuch 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 TiO2, SnO2, and In2O3, because ZnOhas large energy gap (Eg= 3.4 eV) and higher
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binding energy (Eb= 60meV) at room temperature (RT), because of which the excitonic emission processes
persist at or even above RT.Due to these properties Zn-based dilutedmagnetic oxides have attracted great
research interest in recent years [15–17]. This exceptional characteristic featuremakes it a remunerativematerial
for RTultraviolet (UV) lasing devices. It acts as a potential candidate for application in optoelectronic and
spintronic devices. Thematerial properties of ZnOmake it applicable to awide range of applications inUV 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 ZnOwurtzite crystals, despite using theHubbardU semiempirical corrections [23]: 1.245 eV (Ud

(Zn)= 15 eV) [24], 2.286 eV (Ud (Zn)= 10; Up (O)= 9 eV) [25] and 0.945; 1.062; 1.154 eV (Ud (Zn)= 2; 4; 6 eV)
[26], usingGGA+Uand LDA+Umethods, respectively. In the present work, we have been obtained that the
first-principle calculated energy gap using LDA andGGA approximations of ZnO is 0.7 and 0.67 eV,
respectively, which is smaller than the known experimental value. Thenwe have been able to reproduce the
experimental value of the energy gap of ZnO crystal only usingHubbardU 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 ofUhasn’t any significant effect on the
structural properties of investigated systems [27].

Sato et al [28] predicted that TM-doped ZnOmay be a ferromagneticmaterial. Krishnan et al [29] and Li et al
[30] found room temperature ferromagnetismwith higher Curie temperature in ZnO:Cr systems synthesized by
magnetron sputtering experiment. Venkatesan et al [31] reported the results ofmagnetic behavior of ZnO:(Co,
Cr) systemswith 5% impurity concentrations, and room temperature FMphase is observed inCo-doped ZnO
film and found 2.6μBmagneticmoment for impurity atoms. Ueda et al [32] show that ZnO:Co thin filmswith a
few impurity concentrations exhibit FMphases with a higher Curie temperature. Najim et al [33] foundRTFM
behavior for Cr-doped ZnO sample and estimated themagneticmoment is 2.8μB/Cr, and obtained result for
magneticmoment∼1μB/Cr less than the calculated value [34]. It is known that the FMbehavior ofDMS
compounds also depends on the technology of synthesis of thesematerials. In other experimental works,
Roberts et al [35] and Li et al [34] found that the values ofmagneticmoments were∼1.4 and∼0.58μB/Cr
(1.2%);∼0.14μB/Cr (with x= 6.7%).

The purpose of this study is to investigate the underlyingmagneticmechanisms of ZnO-basedDMSs, hence
ZnO:(Co,Cr) systemswith a low impurity concentrationwere built. This paper is devoted to analyzing of
electronic andmagnetic properties in TM (Co2+, Cr2+) ions doped Zn1−xMxOsystemswith concentrations of
x= 2.08%, 3.125%, 4.16%, 6.25%, 8.3%, 12.5% and 25%. For both doped systems theCurie temperatures are
estimated to investigate the technical application possibilities. The interpretation of the results of total density of
states (TDOS) shows themetallic FMbehavior of ZnO:Crwith the band gap of 0 eV. Themagneticmoments of
Co-ZnO andCr-ZnODMSs are 3 and 4μB, respectively. TheCrxZn1−xOsystem is highCurie temperature
metallic ferromagnetic DMSmaterial for new-generation spintronic devices. ZnO:Co is a very good choice for
electronic devices due to its lowCurie temperature.

2. Simulationmethod

First-principles simulations carried out implementing the Atomistic ToolKIt (ATK) code (http://quantumwise.
com/) and this is a software for atomic-scalemodeling and simulation of nanosystems. ATK combines density
functional theory (DFT)with non-equilibriumGreen’s functions for first-principles electronic structure and
transport calculations ofmolecules, 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
hybridDFTor self-interaction corrected calculations correct these issuesmore universally inmost systems. In
[21] the authors reported that the band gaps of various periodic systems can be generally improvedwithDFT
methods usingHSE06 range-separated hybrid functionals andWannier-Fermi-Lo ¨wdin self-interaction
corrections. Nevertheless, the last progress of LDA functional and usingHubbardU semiempirical corrections
have given us an opportunity to determine correct band gaps ofmaterials.

In ourDFT calculations, to simulate the Zn1−xCoxOandZn1−xCrxO32-, 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 formof PerdewZunger (PZ)
functional [37] under the local spin density approximation (LSDA). The kinetic cutoff of energy for planewaves
was taken about 50Hawas employed throughout the calculations whichwere tested to be fully convergedwith

2

Phys. Scr. 99 (2024) 065927 VN Jafarova et al

http://quantumwise.com/
http://quantumwise.com/


for total energy. The calculation convergence criterion in the case of the optimization of supercell structures
containingCo andCr atomswere relaxed and geometrical optimized due to no higher than 0.01 eV/Å force and
0.01 eVÅ3 stress tolerances. The reciprocal space integrationwas performed using 5× 5× 5, 3× 2× 3,
2× 2× 2, and 2× 1× 2 for 32- (or 48-), 64-, 96- (or 128-), and192-atom supercellsMonkhorst–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 ZnOwere tested. The 12 electrons for Zn [Ar]+ 3d104s2, 6
electrons forO [Ar]+ 4s24p4, 9 electrons Co [Ar]+ 3d7 4s2, and 6 electrons for Cr [Ar]+ 3d5 4s1were taken as
the valence electrons. By successfully correcting the electronic band structure of the investigated compounds
usingHubbardU semiempirical correction, can future extend the study ofmagnetic properties of doped
systems. In this study, applying theHubbardU correction to solve the band gap problem is necessary for
predicting the properties of GaNbulkmaterial. Hubbard correlation energy valueswere used for zinc 3d- (U= 4
eV) and 4s-states (U= 4.5 eV), and for oxygen 2p-states (U= 3.7 eV). TheHubbardU correction is applied
using the simplified approach according toDudarev et al [39], which corresponds to the case J= 0 in themore
elaborate expression by Lichtenstein et al [40].

For the building of the crystal structure of ZnOwehave taken the initial structural parameters
a= b= 3.2495Å, c= 5.2069Å, and u= 0.345 [41].

UsingMulliken population analysis we computed the values ofmagneticmoments of 3dmetal-doped ZnO
supercell systems. TheMulliken population analysis has been performed to obtain the occupation number of
each atomorbital. Thus themagneticmoments 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]
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For the studying the ferromagnetic (FM) and antiferromagnetic (AFM) spin ordering for theCo-ZnO and
Cr-ZnO systems, cationswere replaced byM↑

x/2;M
↑
x/2 andM

↑
x/2;M

↓
x/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 comparisonwith the un-doped systems.

3. Results and discussion

3.1. Electronic properties of pure ZnO
Investigatedmaterial zinc oxide (ZnO) that crystallizes in thewurtzite (hexagonal) structure and possesses
C6υsymmetry. The electronic band structure of this compound exhibits a splitting of the valence bands at theΓ
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 4s2 orbitals of zinc having s-like nature, and the top of the valence band is
generated by the 2p4 electrons of oxygenwith p-like nature. To obtain amore accurate electronic structure we
implementedHubbard energy corrections forO 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 ZnOwurtzite and supercell structures byDFT-LSDA+
Umethod. In thesefigures the red and black bands describe the down and up-spin band structures for
investigatedmaterials. Using the LSDA andHubbarU approach, we computed the electronic structure for
undoped systems andwe obtained the gap energy value ofEg= 3.30 eV, and this result is in a good agreement
with known experimental works [1, 2]. Thenwe have repeat this structure and built the ZnO supercells with
different impurity concentrations.

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

From first-principles band structures andDOS 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 fromO2s orbitals.
Second (middle) part of the valence bands (from –8.4 to –7 eV) formedmainly by Zn d-states. The top of valence
bandswith the range from –6.3 to –1.7 eV ismainly treated byO2p levels. Theminimumof the conduction
bands ismainly derived by zinc 4s orbitals. Our results show that the valence bandmaximumand conduction
bandminimumare located at theГ point, this fact express that the ZnO is a direct band gap compound.
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3.2. Electronic properties of Co-ZnO
In this section, wewill analyze the details of the electronic properties of ZnOdopingwith 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 twoZn atomswith cobalt, corresponding to 2.08%,
3.125%, 4.16%, 6.25%, 8.3%, 12.5% and 25% impurity concentrations. UsingMulliken Population analysis we
computed the values of local and totalmagneticmoments of Cr-ZnOdefected systems.

We plot infigure 5 the spin-polarized electronic structures of Co-ZnO8-atom supercell structure byDFT-
LSDA+Umethod. In these figures the red and black bands describe the down- and up-spin structures for Co-
ZnO.While two 3d transitionmetal Co atoms are incorporated, the spin polarized TDOSdiagrams are
significantly changed near the Fermi energy. Infigures 6 and 7, we illustrate theDOS 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 ZnOhas generated new energy levels in the energy gap, resulting in a
semi-metallic character of the defected system. As seen fromfigure 6, near the Fermi energy level the total

Figure 1. Spin polarized band structures for undoped bulk ZnOwith LSDA+U.
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density of spin-up and spin-down states for Co-doped ZnO systems, is clearly asymmetrical, which indicates the
presence ofmagnetism in the diluted systems.

First-principles obtained band gap results for different Co-doped ZnO systems are shown in table 1.
As seenfigures 5 and 6, we obtained that the Co-doped ZnO compound is half-metalmaterial with narrow

energy gaps from1.2 eV to 3.0 eV and from0.29 eV to 1.8 eV corresponding to up- and down-spin states. From
table 1, we observed an increase of band gapswith a reduction of Co concentration.

3.3. Electronic properties of Cr-ZnO
In this section, we give thefirst-principles study of the spin polarized electronic structures, DOSdiagrams for
Cr-ZnO supercell structures with different concentrations of dopants. First-principles obtained band structures

Figure 2. Spin polarized band structures (black-spin-up, red-spin-down states) for undopedZnO supercell structure with LSDA+U.
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correspond to up- and down-spin states, total and partial DOS diagrams are shown infigures 8–10, respectively.
The black and red bands describe themajority andminority 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. TheDOS calculations for Cr-ZnO
systems show some imbalances, especially oxygen p- and chromium d-orbitals.We observed pdhybridization
between 2p-orbitals of oxygen and 3d-orbitals of chromium atoms.

Figure 3. Spin-polarized TDOSof un-dopedZnObulkwurtzite structurewith LSDA+U.

Figure 4. Spin-polarized TDOS for un-dopedZnO8-atom supercell structurewith LSDA+U.
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Thefirst-principles calculated band gap results of Cr-ZnO are given in table 2. Systematic analysis of the
electronic properties shows that Cr- andCo-ZnO systems aremetallic and half-metallic FMmaterials.

3.4.Magnetic properties of Zn(Co, Cr)O
Magnetic properties (total and localmagneticmoments, FM, andAFMbehaviors of ZnO:(Co,Cr)were
investigated fromMulliken population analysis based on theDFT-LSDA+Uapproach.

Figure 5. Spin-polarized band structures for Co-doped ZnO8-atom supercell with LSDA+U.The red and black bands describe the
down- andup-spin states.

Figure 6. Spin polarized TDOS forCo-doped ZnO8-atom supercell with LSDA+U.
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Thefirst-principles obtained spin-polarization views for Co- andCr-ZnO16-atom systems are present in
figure 11. The green arrows describe the significant values ofmagneticmoments.

In the case of Co-ZnO, the computedmagneticmoment of this supercell is∼ 3.0μB and obtained results
very close to the result of [43]. The localmagneticmoment of cobalt is∼ 2.9μB. The significant positive
contribution to themagnetization fromCo d-orbitals (∼2.5μB), the negative contribution (∼ 0.7μB) fromone
zinc atom,which is chemically bondedwithCo-O-Zn scheme and shown in rectangle infigure 11. The∼ 0.4μB
magneticmoment comes from three oxygenwhich are chemically bondedwith dopants. The insignificant− 0.1
μB and significant 0.7μB fromother Zn andO atoms, respectively. The computedmagneticmoment of ZnO:Cr
is∼ 4.0μB, which our result is in good agreementwith [34, 44]. Fromfirst-principles simulation the chromium
localmoment of Cr and there are neighboring estimated:∼4.2μB fromoneCr (main contribution from d-states:
∼ 3.4μB), negligible contribution by host atoms. The negative contribution to themagnetization become by one

Figure 7. Spin-polarized PDOSdiagrams for ZnO:Cowith LSDA+U.
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zinc and one oxygen atomneighboring and the chemical bondingwith the dopant. Some structure atoms
located in the vicinity of dopants weaken or strengthen the totalmagnetization of Cr-ZnO supercell with
insignificant contributions.

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

In tables 3 and 4, the negative value of energy difference betweenAFMand FMstates is negligible. The first-
principles results for total energies for bothCo- andCr-doped ZnO systems show that the FM state ismore
stable thanAFM state.

3.5.Defect formation energies andCurie temperatures of ZnO:(Co, Cr)
The stability of defected systems defined by the defect formation energy of the structure. Defect formation
energy simulationswere carried out for different large size supercell structures (which FMphasemore stable)
with different concentrations of impurity atoms.

Defect formation energy ofM2+-ZnO systems can be calculated by the formula [45]

[ ( ) ( ) ( )] ( )m m= - + ⋅ --E
N

E Zn M O E ZnO n
1

3f tot x tot Zn M. . 1 x .

Figure 8. Spin-polarized band structures for Cr-doped ZnO8-atom supercell with LSDA+U. The red and black bands describe the
down- andup-spin states.

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

Supercells x [%]
Band gap [eV]

Spin-up Spin-down

Zn6Co2O8 25 0 0

Zn14Co2O16 12.5 2.1 0.29

Zn22Co2O24 8.3 2.6 1.5

Zn30Co2O32 6.25 1.2 0.34

Zn46Co2O48 4.16 2.9 1.75

Zn62Co2O64 3.125 2.93 1.64

Zn94Co2O96 2 3 1.8
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whereN is the number of atoms in the structure, ( )-E Zn M Otot x. 1 x and ( )E ZnOtot . are the total energies of doped
and undoped supercell structures, having the same dimension, respectively. In formula (1) n andμ are the
number of dopants and the chemical potentials of corresponding atoms.

TheCurie temperatures of CoxZn1−xOandCrxZn1−xO (x= 2.08%, 3.125%, 4.16%, 6.25%, 8.3%, 12.5%
and 25%) different size supercell structures were calculated byMean Field Approximation (MFA) [45]

( )=
D

T
E

kx

2

3
, 4C

where k and x are the Boltzmann constant and concentration of impurity, respectively.
The defect formation energies and theCurie temperatures are estimated for Zn1−xMxO (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) systemswith

concentrations of dopants, indicating that it is hard to incorporate cobalt or chromium intoZnO. The
systematic analysis of the stability of the FMphase in ZnODMSs shows that CoxZn1−xOcompounds are half-
metallic andCrxZn1−xOsystems aremetallicmaterials. The obtained results for Cr-doped ZnO128- and 192-
atom supercell systems show themagnetic properties of higher Curie temperature ferromagneticmaterials.We
found that theCurie temperatures decrease and increase with the decreasing of impurity atom concentrations
for Zn1−xCoxOandZn1−xCrxOdefectedmaterials. Our results indicate that the bothCo- andCr-doped ZnO
are suitablematerials for spin-based devices.

4. Conclusion

Wehave carried out a systematic analysis of the electronic andmagnetic properties of CoxZn1−xOand
CrxZn1−xOwith 2.08%, 3.125%, 4.16%, 6.25%, 8.3%, 12.5% and 25% impurity atom concentrations, using the
LSDA+Uapproach based onDFT formalism. EmployingHubbard energies enable us tofind an accurate
energy gap for investigated dilutedmagnetic compounds and study ofmagnetic properties of these systems. The
magnetic and electronic properties of Zn1−xCoxOandZn1−xCrxOdoped systems for 0.02� x� 0.25were
investigated. TheDOS calculations show that when the ZnO-doped byCo andCr ions, theM3d-states are
situated in the energy gap area. From first-principles results, we observedCo- andCr-doped ZnOpresent
magnetic properties and the totalmagnetization of investigated systems ismainly derived from the dopant 3d-
states.

Figure 9. Spin-polarized TDOS for Cr-doped ZnO8-atom supercell with LSDA+U.
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The introduction ofM=Co,Cr atoms in ZnO lead to themagnetization of structure due to p-dhybridization
between the 3d-states ofmetal and 2p states of oxygen. The Zn(Co,Cr) substitutions induce localmoments of
∼2.9 and∼4.2μB, and (Co,Cr)xZn1−xOmaterials exhibit half-metallic andmetallic nature and thesematerials
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 bothCoxZn1−xOandCrxZn1−xOsupercell
structures.

Our first-principles results predicted Cr-doped ZnO is one of the prominent ferromagneticmaterials that
can be used as a high temperature sensor because it is stable at high temperature and exhibits highCurie
temperature. Co-doped ZnO exhibits paramagnetic character and it is usefulmaterial formagneto-optical

Figure 10. Spin polarized PDOSdiagrams for ZnO:Crwith LSDA+U.
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Figure 11. Spin-polarization views forCo- andCr-ZnO16-atom supercell systems. The values ofmagneticmoments are described by
green arrows.

Table 3.TheCo-Co distances and the total energy differences betweenAFMand FMphases
for different ZnO:Co.

Supercells dCo-Co [Å] EAFM [eV] EFM [eV] ΔE/2 [eV]

Zn14Co2O16 8.60 −30905.80826 −30905.80776 −0.00025

Zn22Co2O24 6.14 −46982.49351 −46982.49291 −0.0003

Zn30Co2O32 10.05 −63114.88241 −63114.88251 0.00005

Zn46Co2O48 8.15 −94936.25267 −94936.25273 0.00003

Zn62Co2O64 5.53 −127479.17867 −127479.17891 0.00012

Zn94Co2O96 6.42 −191871.68194 −191871.68164 −0.00015

Table 4.TheCr–Cr distances and the total energy differences betweenAFMand FMphases
for different ZnO:Cr.

Supercells dCr-Cr [Å] EAFM [eV] EFM [eV] ΔE/2 [eV]

Zn22Cr2O24 6.14 −46094.94912 −46094.95077 0.000825

Zn30Cr2O32 10.05 −62229.49456 −62229.48515 −0.004705

Zn46Cr2O48 8.15 −94395.90584 −94395.90645 0.000305

Zn62Cr2O64 5.53 −126590.72538 −126590.76764 0.02113

Zn94Cr2O96 6.42 −190983.82584 −190983.85085 0.012501

Table 5.The results of defect formation energies
and the curie temperatures of CoxZn1−xO.

Supercells x, [%] Ef.[eV] TC [K]

Zn30Co2O32 6.25 20.25 6.19

Zn46Co2O48 4.16 13.98 5.57

Zn62Co2O64 3.125 10.41 29.7

Table 2.The calculated band gap results for different
Cr-ZnO.

Supercells x [%]
Band gap [eV]

Spin-up Spin-down

Zn6Cr2O8 25 0 0

Zn14Cr2O16 12.5 0 0

Zn22Cr2O24 6.25 0, 1 0

Zn30Cr2O32 8.33 0.4 3

Zn46Cr2O48 4.16 0 0

Zn62Cr2O64 3.125 0 0

Zn94Cr2O96 2.083 0 0
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devices. The results of this papermay be valuable for alloyed and doped Zn-based applications in electronic,
optoelectronic, nanoelectronic, and spintronic devices in the future.
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