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Density functional theory based calculations have been carried out to study structural, electronic, and magnetic

properties of Zn1−xCoxO (x = 0, 0.25, 0.50, 0.75) in the zinc-blende phase, and the generalized gradient approximation

proposed by Wu and Cohen has been used. Our calculated lattice constants decrease while the bulk moduli increase

with the increase of Co2+ concentration. The calculated spin polarized band structures show the metallic behavior of

Co-doped ZnO for both the up and the down spin cases with various doping concentrations. Moreover, the electron

population is found to shift from the Zn–O bond to the Co–O bond with the increase of Co2+ concentration. The total

magnetic moment, the interstitial magnetic moment, the valence and the conduction band edge spin splitting energies,

and the exchange constants decrease, while the local magnetic moments of Zn, Co, O, the exchange spin splitting

energies, and crystal field splitting energies increase with the increase of dopant concentration.
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1. Introduction

Magnetic semiconductors are important for spin-

tronic devices that exploit the charge and the spin

degree freedoms of electrons for information process-

ing and data storage.[1,2] The main challenge of these

materials is the attainment of ferromagnetism having

the Curie temperature comparable with or above room

temperature and well-matching with the junction tem-

perature.

Most of the ongoing researches focus on the wide

band gap semiconductors and investigate the dop-

ing effect of transition metals (TMs) in search for

the above room temperature ferromagnetism.[3] Be-

ing a II–VI compound semiconductor, ZnO with its

direct and wide band gap has become one of the

most promising host candidates for fabricating mag-

netic materials for room temperature applications.

The ZnO based magnetic materials that show the

ferromagnetic behaviors have motivated intensive re-

search on structural and physical properties of these

materials.[3,4,5−10]

Co-doped ZnO magnetic semiconductors are

specially important in fabricating ferromagnetic

devices.[11,12] The charge transfer in ZnO is because

of the s and p electrons, while the magnetism in Co2+

is originated from its d electrons. Thus, the coupling

between s, p and d electrons in Co-doped ZnO can

be exploited for information processing and data stor-

age. Moreover, the atomic radius of Co2+ (≈ 0.58 Å)

is approximately equal to that of Zn (≈ 0.60 Å), and

thus the solubility in ZnO is as high as 0.50% without

disturbing the structural geometry.[13]

To the best of our knowledge, most of the theoreti-

cal and the experimental studies focused on the struc-

tural and the magnetic properties of the TM-doped

ZnO in the wurtzite phase. Zhang et al.[17] have inves-

tigated the magnetic properties of Co2+ doped ZnO in

the zinc-blende phase for the doping concentration of

12.5%. However, the above mentioned properties to-

gether with the electronic properties of the TM-doped

ZnO in the zinc-blende phase have not been widely ex-

plored in theory and experiment.

In the present article, we study structural, elec-

tronic, and magnetic proprieties of the Co-doped ZnO

in the zinc blende phase by using the density func-

tional theory with the full potential linearized aug-

mented plane wave (FP-LAPW) method at the gen-
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eralized gradient approximation (GGA) level. The

calculations have been performed with the WIEN2k

code. We organize the remaining paper as follows. In

Section 2, the details of the computational method

used are given. In Section 3, we discuss the calculated

results for structural, electronic, and magnetic prop-

erties of Zn1−xCoxO (x = 0, 0.25, 0.50, 0.75). The

conclusion of our work is presented in Section 4.

2. Computational details

The density functional theory[14,15] calculation

with the FP-LAPW and local orbital method[16,17] is

one of the most accurate schemes for investigating the

ground-state properties of materials. In this work,

we used the WIEN2k code.[18] The generalized gradi-

ent approximation proposed by Wu and Cohen[19] has

been used for the treatment of the exchange and the

correlation potentials. ZnO in the zinc-blende phase

has space group F 4̄3m (No. 216) with lattice param-

eters a = b = c = 4.60 Å[20] and α = β = γ = 90◦.

For Zn1−xCoxO with x = 0.25, 0.50, 0.75, we used the

B3 standard unit cell of 1× 1× 1, which contained 8

atoms, and an appropriate number of Zn atoms were

replaced by Co2+ to obtain the alloys. In our calcu-

lations, we chose the MT radii of Zn, Co2+, and O to

be 1.78 a.u., 1.78 a.u., and 1.58 a.u., respectively. The

maximum value of the angular momentum was taken

to be lmax = 10 for the expansion of the wave function

inside the muffin tin sphere. In the interstitial region,

the plane wave with cutoff parameterKmax×RMT = 8

was used for the wave function. For the Brillion zone

integration, 70 k-points in the irreducible Brillion were

used in our calculations. And we treated the 3d10, 4s2

electrons of Zn, the 3d7 electrons of Co, and the 2s2,

2p4 electrons of O as the valence electrons.

3. Results and discussion

3.1. Structural properties

The unit cells of Zn1−xCoxO (x = 0, 0.25, 0.50,

0.75) are shown in Fig. 1. The conventional unit cell

of ZnO in the zinc-blend phase contains 8 atoms with

the space group of F 4̄3m (No. 216) and atomic posi-

tions (0, 0, 0) for Zn and (1/4, 1/4, 1/4) for oxygen. In

the zinc-blende phase, every atom is in a tetrahedral

environment. We find that Zn1−xCoxO with different

doping concentration of Co has different space group.

This is due to the small distortions in the structure

caused by the doping of Co. For 25% and 75% dop-

ing concentrations of Co2+, the alloys attain the space

group of P 4̄3m (No. 215). While the Zn0.50Co0.50O

alloy has the chalcopyrite type structure (ZnCoO2)

with space group P 4̄m2 (No. 115). For the study of

structural properties of Zn1−xCoxO (x = 0, 0.25, 0.50,

0.75), the volume of the super cell is optimized by us-

ing the Birch Murnaghan equation of state[21]
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where E0 is the total energy, V0 is the equilibrium unit

cell volume, B0 is the zero pressure bulk modulus, and

B′
0 is the pressure derivative of B0.

(a) (b)

(c) (d)

Fig. 1. (colour online) Unit cell structures of Zn1−xCoxO

with (a) x = 0, (b) x = 0.25, (c) x = 0.50, and (d)

x = 0.75.

Our calculated results for V0, lattice parameter a,

and B0 are listed in Table 1. From Table 1, it is clear

that the substitution of Zn atoms by Co2+ affects the

lattice constant and the bulk modulus of Zn1−xCoxO.

The lattice constant a of Zn1−xCoxO decreases lin-

early with the increase of the doping concentration of

Co. This reduction in the lattice constant is due to

the small mismatching of the atomic radii of Zn and

Co. The change in the lattice constant also results in

small distortions in the alloy. The bulk modulus of

Zn1−xCoxO increases with the increase of the Co2+

concentration or with the decrease of the lattice con-

stant. The increase in the bulk modulus is linear for

the doping concentrations studied (x = 0, 0.25, 0.50,

0.75). The increase in the bulk modulus reveals the

increase in the hardness of the alloy, which indicates

that Zn0.25Co0.75O is the hardest.
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Table 1. Calculated lattice constants of Zn1−xCoxO.

x V0/a.u. a/Å B0/GPa

0 159.1763 4.55 146.2713

0a) 4.60

0.25 632.3414 4.54 148.4343

0.5 312.4408 4.52 150.444

0.75 608.2593 4.48 152.9793

a) Experiment result from Ref. [14].

3.2. Electronic properties

3.2.1. Band structure

The band structure of ZnO is shown in Fig. 2(a).

The energies of the conduction band (CB) and the

valence band (VB) are arranged in such a way that

the Fermi level lies at the zero energy represented by

the dotted lines. For the undoped ZnO, the CB min-

ima and the VB maxima lie at the same Γ point with

an energy gap of 0.8 eV, which shows that the zinc-

blende ZnO in its pure form exhibits a direct band

gap. The band gap we calculated for ZnO is lower than

the experimental value, but is in excellent agreement

with the other theoretically calculated values.[22,23]

The smaller value of our calculated band gap is be-

cause the GGA calculations always underestimate the

band gap with respect to the experimental value. The

second main reason for the obtained narrower band

gap is that we do not consider the localization nature

of d orbits in our calculations. The valence band of the

undoped ZnO is mainly originated from O-2p and Zn-

3d orbits, and the conduction band is mostly formed

by the Zn-4s orbit. A strong hybridization between

p and d orbits occurs, which pushes the 2p orbit of

O very close to the 4s orbit of Zn and results in the

narrowing of the band gap.
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Fig. 2. (colour online) Band structures of Zn1−xCoxO with (a) x = 0, (b) x = 0.25, (c) x = 0.50, and (d)

x = 0.75. The up and the down arrows show the directions of spin. The Fermi level is located at 0 eV.

The band structures of Zn1−xCoxO (x = 0.25,

0.50, 0.75) both for up and down spin configurations

are shown in Fig. 2. Our calculated band structures

for the ternary alloys are completely different from

that for the binary compound ZnO. The semiconduct-

ing behavior of ZnO seems to disappear with the sub-

stitution of Co2+ over the entire doping range studied

(0.25%, 0.50%, 0.75%). This may be due to the p–d

hybridization between O-p and Co-d states,[24] or due

to the underestimated band gap value in the GGA.

For Zn0.75Co0.25O and Zn0.50Co0.50O, the spin

polarized band structures shown in Figs. 2(b) and

2(c) indicate that for both up and down spin con-

figurations, the CB minima overlap with the Fermi

level at the Γ point. In the spin up band structure

of Zn0.75Co0.25O, the VB maximum passes through

the Fermi level and touches the CB minimum at the

Γ point. We find a remarkable difference of electron

population in the spin polarized band structures of

Zn1−xCoxO with x = 0.25, 0.50, 0.75. The down

spin band is populated with more electrons than the

up spin band. This difference in the up spin and

the down spin bands results in the spontaneous mag-

netic moment, hence it indicates that Zn1−xCoxO

with x = 0.25, 0.50, 0.75 are ferromagnetic. The Co2+

atoms are responsible for the magnetization in these

alloys. The CB of Co2+ contains the empty states of

Co2+, while the filled states appear inside the VB. In

the up spin configuration, the Co2+ d states interact

with the O p states. In the down spin configuration,

the Co2+ states arise near the VB. The magnetism of

the Co-doped ZnO is due to the interaction of delocal-

ized Zn-4s states in CB and O-2p states in VB of ZnO

with the localized partially filled d orbits of Co atoms,
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which causes the strong hybridization between Co2+

3d orbit and oxygen p orbit that shifts the up and the

down spin orbits around the Fermi energy and results

in the net magnetic moment.

3.2.2. Density of states

The spin polarized densities of states of

Zn1−xCoxO are arranged so that the spin up states

are shown along the +y axis and the spin down states

are shown along the –y axis. To check the magnetic

behavior of the undoped ZnO, we perform the spin

polarized calculations for it. The total and the partial

densities of states for the up and the down spin con-

figurations are shown in Fig. 3. In the figure, the up

and the down spin states are shown to have a mirror

symmetry, which reveals the equal numbers of up and

down spin electrons in the unit cell of the undoped

ZnO. Thus, no magnetic moment exists in the unit

cell of the undoped ZnO. The unpolarized density of

states (DOS) of ZnO is shown in Fig. 4. The VB of

ZnO arises from the contribution of the Zn-3d states

at lower energies together with the O-2p states ap-

pearing at the top of the VB. The CB is originated

mainly from the Zn 4s states. A large dispersion of

the d band with an energy width of 2.2 eV is shown
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Fig. 3. (colour online) The spin polarized total and par-

tial densities of states of ZnO. The up and the down spin

states are shown in the positive and the negative sides of

the plot, respectively. The Fermi level is located at 0 eV.
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Fig. 4. (colour online) Total density of states of ZnO.

The Fermi level is located at 0 eV.

in Fig. 4. This large dispersion of d band is due to the

strong hybridization of p and d orbits in the VB that

pushes the O-2p states closer to the CB and causes

the band gap narrowing.

The densities of state of Zn1−xCoxO with x =

0.25, 0.50, 0.75 are shown in Figs. 5–7. The spin po-

larized densities of states of Zn1−xCoxO are divided

into three parts corresponding to the contributions of

Zn, Co, and O. For Zn0.75Co0.25O, both the up and

the down spin states with high densities in the energy

range from −7.8 eV to −5 eV are formed by the Zn-

3d states with a weak involvement of the 2p states of

O and the 3d states of Co. For higher energies, the

situation changes for the up and the down spin con-

figurations. In the up spin configuration, states in the

energy range from −5 eV to −2.6 eV are usually from

the 2p states of O and the 3d states of Co. The upper

states of the VB, which are further divided into two

groups in the energy range from −2 eV to −0.85 eV,

arise mostly from the Co d states that contain eg and

and t2g with an energy width of 1.15 eV. In the spin

down configuration, states in the energy range from

−5 eV to −2.5 eV of the VB are formed by the O-2p

orbit. The peak appearing in the range from −0.25 eV

to near the Fermi energy EF arises due to the Co-3d

states. In the up spin configuration, the conduction

band minimum is dominated by the Zn-4s states,

while in the down spin configuration, the conduction

band minimum is mainly from the Co-3d states. In

the spin up configuration, with the increase of Co

concentration in Zn1−xCoxO, the O-2p states in the

VB become more broaden due to the interaction with

the d states of Co. This p–d interaction pushes the VB

D
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/
e
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Fig. 5. (colour online) The spin polarized total and par-

tial densities of states of Zn0.75Co0.25O. The up and the

down spin states are shown in the positive and the neg-

ative sides of the plot, respectively. The Fermi level is

located at 0 eV.
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maximum towards the Fermi energy. The metallic be-

havior of the Co-doped ZnO is essentially caused by

the strong interaction of O-2p and Co-3d states, while

the ferromagnetism observed in the Co-doped ZnO is

originated from the p–d interaction. Moreover, the

total densities of up and down spin electrons are ob-

viously split in the vicinity of the Fermi level, which

indicates that the spin arrangement is dominated by

the exchange interaction.
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Fig. 6. (colour online) Total and partial density of states

of Zn0.50Co0.50O. The up and the down spin states are

shown in the positive and the negative sides of the plot,

respectively. The Fermi level is located at 0 eV.
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Fig. 7. (colour online) Total and partial densities of states

of Zn0.25Co0.75O. The up and the down spin states are

shown in the positive and the negative sides of the plot,

respectively. The Fermi level is located at 0 eV.

In the zinc-blende phase, Co2+ has a tetrahedral

environment, each Co2+ ion is surrounded by four oxy-

gen atoms. The crystal field splitting effect occurs

due to these O atoms, the Co five-fold d-state de-

generacy is lifted, the states are split to two groups

of states, the lower energy doublet states eg and the

higher energy triplet states t2g. As a consequence of

the large spin exchange splitting, the full occupation

of the eg states is expected,[25] while the t2g down

spin states are half filled. The electronic configura-

tion of the occupied states in the zinc-blende phase

is (e↑g)
2(t↑2g)

3(e↓g)
2, which leads to a magnetic moment

close to 3µB per Co atom. For Zn0.75Co0.25O, the eg

and the t2g states are found to be centered at ener-

gies −2.84 eV and −2.25 eV respectively in the up

spin case, while in the down spin case, these states

are at −0.157 eV and 1.2827 eV, respectively. For

Zn0.50Co0.50O, in the up spin case, the correspond-

ing energies are −2.35 eV and −1.7576 eV, in the

down spin case, they are 1.3 eV and 0.254 eV, re-

spectively. For Zn0.25Co0.75O, in the up spin case, the

states are correspondingly centered at −2.21 eV and

−1.6 eV, while in the down spin case,they are centered

at −0.3 eV and 1.3 eV, respectively.

3.2.3. Charge density

The charge density is an important tool to visu-

alize the bond nature, the bonding properties, and

the charge transfer. The ground-state charge den-

sity of ZnO in the zinc-blende phase obtained in our

calculations is shown in Fig. 8. The total charge den-

sity has been plotted in the (110) plane. Figure 8

shows that the Zn atom has more core electrons pop-

ulated near the nucleus, thus the charge density in the

vicinity of the nucleus is higher. While the oxygen

atom has a large number of valence electrons, and

the charge density is more spread out than that of

Zn. The large difference of electronegativity between

Zn and O results in the difference of charge transfer.

Zn Zn

Zn Zn

Zn Zn

O

O

Fig. 8. (colour online) The contour plot of total valence

charge density in the (110) plane for ZnO in the zinc-

blende phase.
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The difference in the charge transfer between anion

and cation is directly proportional to the dissimilarity

in the electronegativity. The contour plot of charge

density shown in Fig. 8 reveals that the Zn–O bond

is covalent with strong ionic behavior. Moreover, the

electrons are accumulated along the Zn–O bond and

are deflected to the oxygen atom.

The contour plot for the charge density of

Zn0.75Co0.25O shown in Fig. 9(a) indicates the accu-

mulations of electrons along the Zn–O and the Co–O

bonds. In Zn0.75Co0.25O, the O atoms are covalently

bonded with both Zn and Co atoms, and the popula-

tion of electrons in the Zn–O bond is more than that in

the Co–O bond. The electrons population is greater in

the spin down case than that in the spin up case. The

charge density contour plot of Zn0.50Co0.50O shown in

Fig. 9(b) indicates that the populations of electrons

in the Zn–O and the Co–O bonds are approximately

equal to each other. In Zn0.50Co0.50O, the popula-

tions of electrons in the up and the down spin con-

figurations remain almost equal. The spin polarized

charge density contour plot of Zn0.25Co0.75O is shown

in Fig. 9(c). The figure shows that approximately the

same number of electrons appear in the Zn–O and the

Co–O bonds in the up spin case, while in the down spin

case, the Co–O bond is more populated with electrons

than the Zn–O bond.

(a) (b) (c)

Fig. 9. (colour online) The spin polarized contour plots of total valence charge density in the (110) plane for

Zn1−xCoxO with (a) x = 0, (b) x = 0.25, (c) x = 0.50, and (d) x = 0.75 in the zinc-blende phase.

4. Magnetic properties

We also calculate the total and the local magnetic

moments of Zn1−xCoxO (x = 0, 0.25, 0.50, 0.75), as

shown in Table 2. The observed magnetic moments

in these alloys are originated from the Co-3d states.

Table 2 reveals that the total magnetic moment of

Zn1−xCoxO decreases with the increase of the doping

concentration of Co2+.

Table 2. Calculated parameters of Zn1−xCoxO.

ZnO Zn0.75Co0.25O Zn0.50Co0.50O Zn0.25Co0.75O

MTotal 0.00012 3.02232 3.00006 2.98934

MCo – 2.35711 2.36168 2.39763

MZn 0.00042 0.01354 0.02865 0.04594

MO 0.00040 0.08123 0.16442 0.27479

M Inter 0.00070 0.29967 0.28091 0.21001

∆Ec 0 0.37 0.21 –0.233

∆Ev 0 0.42 -0.01 –0.413

∆X(d) – 3.10029 3.73734 3.96929

∆E↑
cry – 0.59 0.592 0.61

∆E↓
cry – 1.439 1.554 1.60

Nα 0 1.25577 0.3556 –0.259

Nβ 0 1.4254 –0.01693 -0.4593
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Our calculations for Zn1−xCoxO are performed

in the zinc-blende phase, but according to Ref. [26],

the structure cannot be exactly the same as that of

ZnO, some doping Co atoms would be accommodated

at the interstitial sites. These Co interstitial atoms

together with the Zn and the substitutional Co atoms

and the anti-site O atoms are responsible for the net

magnetic moment observed in Zn1−xCoxO. From Ta-

ble 2, it is clear that the local magnetic moment of

Co in Zn1−xCoxO is smaller than its corresponding

value in free space 3µB. This decrease in the local

magnetic moment of Co is attributed to the the p–

d hybridization. By increasing the Co concentration,

the substitutional Co magnetic moment is increased.

This increase is because of the decrease in the intersti-

tial Co magnetic moment. The net magnetic moment

of the corresponding alloy is found to be smaller than

the sum of their individual values, as shown in Ta-

ble 2. This discrepancy in the net magnetic moment

and the sum of their individual values is because of

the negative p–d interaction between Co-3d and O-2p

orbits that decreases the total energy.

We calculate the spin exchange splitting ∆X(d)

for Zn1−xCoxO, which determines the separation be-

tween the up and the down spin d-state maximum in-

tensities and can be represented by ∆X(d) = E(C↓
d)–

E(C↑
d). The calculated values for ∆X(d) are listed

in Table 2. Table 2 shows that with the increase of

the doping concentration of Co, ∆X(d) decreases. We

can also correlate ∆X(d) with the magnetic moment,

i.e., ∆X(d) decreases with the decrease of the mag-

netic moment. The calculated spin polarized crystal

field splitting ∆Ecry in Zn1−xCoxO is listed in Ta-

ble 2. The ∆Ecry increases with the increase of the

Co concentration in Zn1−xCoxO. From Table 2, we

note an inverse relation between ∆Ecry and the total

magnetic moment M , i.e., ∆Ecry increases with the

decrease of M . The ∆Ecry is found to be smaller than

spin exchange splitting ∆X(d) for each value of dop-

ing concentration. This results in the approximately

full filled eg states and the half filled spin down t2g

states.

Moreover, we calculate the exchange constants

Nα and Nβ for the conduction and the valence bands

using the relations[27−29]

Nα =
∆Ec

x⟨S⟩
, (2)

Nβ =
∆Ev

x⟨S⟩
, (3)

where ∆Ec = E↓
CBmin − E↑

CBmin, ∆Ev = E↓
VBmax −

E↑
VBmax, ⟨S⟩ is the half magnetic moment of the Co2+

ion, and x is the doping concentration. The calculated

values of ∆Ec, ∆Ev, Nα, and Nβ are listed in Table

2, where the magnetic moments and the energies are

in units of µB and eV, respectively. It is clear that

Nα and Nβ decrease with the increasing x.

To the best of our knowledge, the valence and the

conduction band edge spin splitting energies, the crys-

tal field splitting energies, the exchange spin splitting

energies, and the exchange constants for Co doped

ZnO are provided here for the first time and can be

used as a reference.

5. Conclusion

We have studied structural, electronic, and mag-

netic properties of Zn1−xCoxO with x = 0, 0.25, 0.50,

0.75 in the zinc-blende phase by using the full poten-

tial linearized augmented plane wave method at the

generalized gradient approximation level within the

density functional theory (DFT). The results obtained

show that the lattice constants decrease and the bulk

moduli increase with the increase of the Co concentra-

tion. The GGA calculations for the electronic proper-

ties reveal that the band structure and the density of

states of the Co-doped ZnO are changed significantly

in comparison with those of the pure ZnO, and reveal

the metallic behavior for both up and down spin con-

figurations. The magnetic moment observed mainly

arises from the interaction between the O-p and the

Co-d states. The total magnetic moment, the intersti-

tial magnetic moment, the valence and the conduction

band edge spin splitting energies, and the exchange

constants are found to decrease, while the local mag-

netic moments of Zn, Co, and O, the exchange spin

splitting energies, and the crystal field splitting en-

ergies increase linearly with the increase of the Co

concentration.
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