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First-principles LDA +U calculations of the Co-doped ZnO magnetic semiconductor
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Electronic structure of Co,Zn;_,O magnetic semiconductor was investigated by means of density functional
calculations using local density approximation (LDA) and LDA+U schemes. The Hubbard U¢, implemented
in the calculation was determined by means of constrained-density-functional calculations in contrast with the
early investigating methods which treated the U as an adjustive parameter. The antiferromagnetic order be-
tween nearest-neighbor magnetic ions via the middle O ion was predicted when the intrinsic defects such as O
vacancies and Zn interstitials were not taken into account. In sharp contrast with the half-metallic characteristic
predicted by most previous theoretical calculations, the Co,Zn;_,O system has semiconductor band structures,
which is in good agreement with the results of photoemission spectroscopy. The absence of state near the Fermi
level revealed in this paper also accords with the poor conductivity of the on-site samples observed

experimentally.
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I. INTRODUCTION

Magnetic semiconductor, which employs the additional
spin freedom of electron besides the charge, is one kind of
the most promising materials for spintronics. Transition-
metal doped wide band gap semiconductors, such as ZnO
and GaN in which transition-metal ions are incorporated sub-
stitutionally at the Zn or Ga sites, attract much attention due
to the theoretical prediction' that ZnO and GaN are room
temperature ferromagnetic magnetic semiconductor when
doped with sufficient quantities of carriers and magnetic at-
oms. During the past years, a large number of papers have
been published to discuss the crystal structure, the origin of
ferromagnetism and the Curie temperature (7,) of Co-ZnO.
Much effort has been made to engineer the magnetic semi-
conductors and especially to realize the half-metallic charac-
teristic in which the conduction electrons at the Fermi energy
Ep are 100% spin polarized. The half-metallic density of
state (HMDOS) at Ey of Co,Zn,_,O was predicted for dif-
ferent doping concentration by using different theoretical ap-
proaches within density functional theory (DFT).> Though
a lot of theoretical data have already been reported, the band
structure of Co-doped ZnO is still at a preliminary stage.
Until now, little progress has been made in preparing such
predicted “half-metallic” materials, although the room tem-
perature ferromagnetism in Co,Zn;_,O has been reported by
several groups. Even the ferromagnetic characteristic itself is
not robust since the controversial results between different
groups show that it strongly depends on the preparation
method and the shape of the samples. In fact, the predicted
HMDOS at E contradicts the poor conductivity of the as-
prepared Zn,_,Co,O films.%” Moreover, the high DOS at Ey
in half-metallic materials would produce the instability of the
band structure due to the Coulomb correlation interaction
between transition metal (TM) 3d electrons.® Additionally,
early studies of homogeneous bulk Znj¢Coy;O by using
photoemission spectroscopy”!? showed that, in contrast with
the results of previous local density approximation (LDA)
band structure calculations, no emission at Ep was found
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which clearly suggested the semiconductor band structure
and the absence of HMDOS at the Fermi level. Previous
theoretical predictions based on the traditional investigating
scheme deviate from the experimental results and thus a new
scheme is needed to fill the gap.

It is well known that LDA calculations fail in predicting
the insulating behavior of many transition metal oxides, but
producing the metallic ground state. The incorporating of the
effective on-site Coulomb interaction, characterized by Hub-
bard U, between Co 3d electrons into LDA calculations!!
brings about considerable improvement in investigating the
transition metal oxides. In the case of large doping concen-
tration of Co, Zn atoms would be entirely substituted by
cobalt in a large region, forming a lot of Co-O-like clusters
in wurtzite structure. The contradiction between the poor
conductivity of the as-prepared Zn;_,Co,O films and the
HMDOS predicted theoretically by using LDA calculations
is similar to the above case and may be resolved by incorpo-
rating the Hubbard U. Moreover, LDA calculation, either
treating the Zn 3d electron as valence states or not, always
gives rise to a higher energy level of the d band of the tran-
sition elements,'? as compared to the experimental results.'3
For the ZnO host material, several approaches employing
GW'? or LDA+U'* methods are available to correct the
Zn 3d location. However, in previous theoretical researches
Hubbard U was always treated as an adjustive parameter
with equivocal meaning. Considering the above research
work background one careful investigation of Co,Zn;_,O in
LDA+U scheme is necessary.

In this paper we have implemented the v-ESPRESSO
software package,'”> with the capability of calculating and
implementing Hubbard U, to investigate the electronic struc-
ture of Co,Zn,_,0. Calculated results show that: (1) without
additional carriers Co atoms favor antiferromagnetic cou-
pling through oxygen in LDA+U scheme; (2) semiconductor
band structures were obtained rather than half-metallic char-
acteristic predicted by previous theoretical calculations.
Moreover, the absence of state near the Fermi level accords
with the poor conductivity of the on-site samples, and the
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band structures are consistent with the photoemission spec-
troscopy.

The paper is organized as follows. In the next section we
will discuss the computational details including the method
to calculate the Hubbard U, involved in the LDA+U func-
tional. In Sec. III the calculation results of Co,Zn;_,O system
in different configurations will be reported. Finally, some
discussion will be given.

II. COMPUTATIONAL DETAILS

The supercell of wurtzite ZnO was firstly optimized to
construct the larger doped system. Brillouin Zone integra-
tions were performed by using 4 *4*4 Monkhorst and Pack
special point grids'®~!® and Methfessel and Paxton smearing
technique?® with a smearing width of 0.005 Ry. The wave
functions were expanded in plane waves up to a cutoff en-
ergy of 40 Ry and 200 Ry for charge density and potential.
Gradient corrected exchange-correlation functional and Hub-
bard Uy, were used to obtain a fairly good location of Zn 3d
band. Generalized gradient approximation (GGA) functional
in the form of Perdew-Burke-Ernzherof?! (PBE) was em-
ployed here with semicore d state and nonlinear core correc-
tion for Co atoms.

Using the integer multiples representation of the primitive
lattice vectors a;, a,, and a; of the wurtzite structure, a
2#2*1 supercell containing 16 atoms was used to calculate
the parameter Uc,. We found that the force and stress of
doped systems change little compared to the host material
and further coordinate optimization of the doped system was
therefore unnecessary. Two Co ions substitute the nearest
neighboring cation sites in the 2*2* 1 supercell correspond-
ing to the doping concentration of 25 at. %, where Co atoms
are either aligned along a, direction (represented by C-1 con-
figuration) on the hexagonal plane or along a; (¢ axis) direc-
tion (represented by C-2 configuration), as shown in Fig. 1
inset. By doubling the 2*2* 1 supercell to the a; direction,
two Co atoms are positioned in the nearest neighboring sites
or in the separate Co-O-Zn-O-Co configurations along a,,
named C-3 and C-4 respectively, corresponding to the dop-
ing concentration of 12.5 at. %. Another two configurations
C-5 and C-6 are defined in the analogous way by doubling
the 2*%2%*1 supercell to the vertical a; direction. These six
configurations are investigated by calculating the total en-
ergy to get the ground magnetic coupling state and detailed
band structure of C-1 and C-2 are presented in this paper.

The Hubbard Ug, was determined by means of
constrained-density-functional calculations.””> The total en-
ergy as a function of the localized-level occupations of the
cation sites g; is shown in Eq. (1)

El{gi] = min {E[nm] + S aylny - q,)}, (1)

n(r),a; I

where the constraints on the site occupations n;’s are applied
by using the Lagrange multipliers «;’s. A converged LDA
calculation for the unconstrained system was first performed.
Starting from its self-consistent potential, small potential
shifts were added on each nonequivalent site and then the
variation of the occupations n;’s was computed one by one
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FIG. 1. (Color online) The total density of states (DOS) of the
ZngOg supercell (solid lines, representing the DOS of the pure
7Zn0), and the partial DOS of the Zn 3d states (dashed area).
The upper panel shows the DOS image in LDA+U scheme with
Uz,=2.0 eV, and the lower panel shows the one in LDA scheme.
The energy at the valence-band maximum (VBM) is set to zero. The
inset in the upper panel shows two typical configurations of the
Co,ZngOg supercell, where the two Zn ions in ZngOg supercell of
pure ZnO were replaced by two Co ions aligned along a; or ¢ axis.
Blue, pink, and red balls represent Co, Zn, and O atoms,
respectively.

for all sites in the supercell. Finally the influence of the lo-
calized orbital rehybridization, as the second term of Eq. (2),

was subtracted
daot daks
o-(5)-(5E) e
aq; aq;

where the density response functions are introduced here
with respect to the localized perturbations. Moreover, the
calculation of a larger supercell to extrapolate the results
from the smaller one gives no essential correction. So the
2*2%*1 supercell is believed to be large enough to compute
the UCO'

The location of Zn 3d bands in LDA is so high in energy
that LDA overestimates the Zn:3d-O:2p hybridization.'? In
order to correctly describe the hybridization, the location of
the 3d states was adjusted by using LDA+U calculations.
The method mentioned above is invalid to gain the Hubbard
Uy, since diagonal elements indicating the Zn sites in Eq.
(19) of Ref. 22 are close to zero due to fully occupying of
Zn 3d states. Subtracting the reciprocal of a nearly zero
number from that of another one, shown as the two parts of
Eq. (2), amplifies the error of the DFT calculations. There-
fore, Uy, was considered as a fitting parameter, U, =2 eV,
in accordance with the GW method which lowers the Zn 3d
states by about 1 eV compared to the LDA results. Figure 1
shows the density of state (DOS) of ZnO calculated in both
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FIG. 2. (a) A diagram showing the process of calculating Hub-
bard Uc,. The proper Uc, will be obtained after an internal consis-
tency has been achieved between the previous electronic structures
of the supercell configuration employed to calculate the U, and the
following ones calculated by using the obtained Uc,, as suggested
by Cococcioni and Gironcoli in Ref. 22. (b) The relations between
Hubbard Ug, and the total energy. In each configuration the total
energy is depressed linearly by Hubbard U, with almost the same
slope of the curves.

LDA and LDA+U schemes. Although the energy gap in both
schemes is still narrow due to the well-known shortcoming
of DFT calculations as compared with the experimental
value, the Zn 3d states are depressed significantly by the
implement of Hubbard Uy,. Therefore, LDA+U scheme is
believed to be fairly precise for describing the band hybrid-
ization between Zn 3d and O 2p states.

III. CALCULATED RESULTS AND DISCUSSION

Hubbard Ug, was calculated separately in the ferromag-
netic (FM) and antiferromagnetic (AFM) electronic spin con-
figurations. The difference in Hubbard Ug, is small,
~4 meV, between the two spin configurations after several
iteration calculations, as shown in Fig. 2(a). Since Hubbard
U represents the Coulomb repulsion between 3d electrons at
the same site, it slightly depends on the electronic spin con-
figurations. Therefore we employed the average Hubbard
Ug, of these two spin configurations in our LDA+U calcu-
lations. For each configuration total energy is depressed lin-
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early by using Hubbard U, with almost the same slope of
the curves [see Fig. 2(b)]. Numerical data including total
energy and magnetization are listed in Table I for C-1 and
C-2 configurations in FM and AFM coupling states.

The LDA calculations (Table I) show that the AFM state
of C-1 configuration is energetically more favorable than its
FM state by about 56 meV, whereas, in C-2 configuration,
the FM state is energetically more stable than AFM by about
7 meV. However, the calculations by using LDA+U scheme
indicate that the AFM states are energetically more stable
than FM states in both configurations at about 81 meV and
27 meV, respectively. In the larger supercells containing 32
atoms the nearest neighboring configurations C-3 and C-5
still favor the AFM state by about 40 and 14 meV, respec-
tively. However, the energy differences between FM and
AFM states almost vanish for the separate configurations C-4
and C-6. Moreover, the separate configurations are much
higher in energy than the nearest neighboring ones C-3 and
C-5, about 39 and 24 meV respectively, suggesting the ten-
dency for Co clustering in ZnO and the short range magnetic
interactions. The energetic order revealed in LDA+U calcu-
lations coincides with the results of previous DFT
calculations.>* This is related to the antiferromagnetic cou-
pling between nearest-neighbor Co atoms via oxygen atoms
as revealed in Zn;_,Co, O magnetic semiconductors by dif-
ferent groups.®?32* Although the ferromagnetic semiconduc-
tors have been synthesized, the ferromagnetic characteristic
itself is not robust.”> The controversial results reported by
different groups show that magnetism strongly depends on
the preparation conditions. Experimentalists and theoreti-
cians suggested that the ferromagnetism only occurs in the
presence of additional carriers.>*2 In our calculations, the
doped systems under study are free from vacancies and in-
terstitial ions, and the E locates in the band gap as shown in
the following. Such results correspond to a low carrier con-
centration, which is not high enough to establish the ferro-
magnetic coupling between the nearest-neighbor Co ions.
Therefore we deduce that without any intrinsic defects such
as oxygen vacancies and Zn interstitial atoms, Co-doped
ZnO semiconductors are characterized by nearest-neighbor
antiferromagnetic coupling between magnetic ions via O at-
oms. However, since the calculated total energy is very close
for ferromagnetic and antiferromagnetic orders, the actual
Co,Zn,_,O system observed in experiments may stay in dif-
ferent metastable states which show ferromagnetism, antifer-
romagnetism, or even spin-glass state, depending on the
subtle differences in experimental conditions.

Figure 3 shows the spin density of C-1 configuration in a
plane containing a Co-O-Co bond. Notable magnetic mo-
ment at the oxygen site locating between FM coupled Co
atoms is induced by the adjacent Co atoms. This is similar to
the theoretical results of the Mn doped ZnSe system.”® How-
ever, the net magnetic moment of the O atom is almost zero
in AFM configuration, since the different p orbitals of oxy-
gen are polarized distinctly by the nearest Co atoms. In FM
configuration absolute magnetic moment of the unit cell is
about 6.0up which is slightly larger than 5.7up of AFM
configuration and the magnetic contribution from the cation
site is about 2.8 up in both magnetic states. The smaller mag-
netic moment of 2.8 ug distributed by the Co ions, compared
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TABLE 1. The calculated total energies, total magnetization, absolute magnetization, Hubbard U, of the
Co0,ZngOg supercell, and the total energy differences between FM and AFM states by LDA and LDA+U

schemes, respectively.

Absolute
Magnetic Total magnetization magnetization Total energy OERM-ARM
Configuration Scheme  couple up/cell g/ cell Ryd meV
C-1 LDA FM 6.02 6.07 -1163.842 521 02 56.12
U=0.3135 eV AFM 0.00 5.63 —1163.846 647 53
LDA+U FM 6.00 6.04 —1164.500 024 13 80.57
AFM 0.00 5.61 —1164.505 948 43
C-2 LDA FM 6.03 6.08 —1163.844 894 56 -6.74
U=0.3093 eV AFM 0.00 5.73 -1163.844 398 66
LDA+U FM 6.00 6.03 —1164.493 200 06 26.76
AFM 0.00 5.70 —1164.495 167 62

with the value of 3.0uy of isolated Co®* ions, arises from the
hybridization between O-2p and Co-3d states. The investi-
gation of different separated configurations in large super-
cells show the absence of this hybridization in the configu-
rations in which Co ions are not nearest-neighboring aligned.
So the noninteger magnetizations of AFM states cannot be
interpreted as the schematic diagram of isolated Co®* ions.
The following discussion mainly focuses on the influence
of Hubbard U on the band structures of the doping systems.
Figures 4(a)-4(d) shows the DOSs of C-1 and C-2 configu-
rations with ferromagnetically coupled Co atoms obtained by
using LDA and LDA+U schemes, respectively. The energy
of the Fermi level was set to zero. Note that DOSs obtained
by using LDA scheme [Figs. 4(b) and 4(d)] are very similar
to those reported in previous literatures® and the difference
of DOSs between the C-1 and C-2 is also unnoticeable. In
the LDA scheme the exchange and crystal field split the
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FIG. 3. (Color online) Spin density distribution in real space
represented by different color scale for C-1 configuration in
LDA+U scheme. In the upper panel (a) two Co atoms are ferro-
magnetically coupled, inducing the spin polarization of oxygen site
significantly. The lower panel (b) shows the AFM configuration
without net magnetization. Large balls represent the Co atoms, and
the small balls represent the O atoms.

asymmetry of DOSs of spin up and spin down. Co 3d orbit-
als are split into double e, states with lower energy and triple
1, states with higher energy by the crystal field in tetrahedral
symmetry.”’ Exchange splitting is larger than the crystal
field, resulting in the nearly full-filled spin-down e, states
and the empty f,, states. The valence-band maximum
(VBM) is shifted to the higher energy by 1 eV due to the
strong coupling between the majority Co 3d states and the
O 2p states. However, the photoemission and transmission
spectroscopy show that the band structure of ZnO is not sig-
nificantly modified by the Co doping,”?8-3% which is in sharp
contrast to the LDA result that no marked band gap exists.
Therefore, it is expected that LDA overestimates the €, level
as well as the coupling between Co 3d and O 2p states, and
underestimates the width of the gap.

In Figs. 4(a) and 4(c) the band gap is corrected by means
of LDA+U. The e, states are depressed by 1.5 eV and the
Er locates at the conduction band minimum between e, and
15, Minority states, indicating (i) the n type semiconductors,
(i1) non-HMDOS characteristic, and (iii) no emission near
the Er. A higher peak of Co:3d states lies about 1 eV below
the Er in the LDA+U results compared with the photoemis-
sion spectroscopy results™!? where the peak is around 3 eV.
This is due to the well-known shortcoming of LDA approxi-
mation which underestimating the band gap of ZnO about
~2 eV. Considering this shortcoming and the position of Er
near the conduction band minimum, the band structure in the
LDA+U scheme are in good agreement with the photoemis-
sion spectroscopy results.>!? Other experimental results that
Co,Zn,_,0 films are electronic insulators before oxygen va-
cancies formed by annealing’ also support the band struc-
tures obtained from the present LDA+U calculations.

We also compared the DOSs of the two configurations
with Co atoms in the AFM state obtained by using LDA and
LDA+U calculations as shown in Figs. 5(a)-5(d). We found
that the #,,, states of these two configurations are merged
into the valence band, while the e, states are depressed to
the top of the valence band. Interestingly if we compare the
Co-3d states from the photoemission spectroscopy of FM
and AFM samples®!? we find that there is no clear differ-
ence, which is proved by our calculation results by integrat-
ing the spin-up and spin-down states of FM and AFM con-
figurations.
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FIG. 4. The total DOS and
partial DOS of Co 3d states for
C-1 and C-2 configuration with
two Co atoms ferromagnetically
coupled. The energy at the Fermi
level is set to zero. The different
figures correspond to different
configurations and calculation
schemes: (a) total DOS of C-1
in LDA+U, (b) total DOS of C-1
in LDA, (c) Co 3d-projected
DOS of C-1 in LDA+U, (d)
Co 3d-projected DOS of C-1 in
LDA, (e) total DOS of C-2 in
LDA+U, (f) total DOS of C-2
in LDA, (g) Co 3d-projected
DOS of C-2 in LDA+U, (h)
Co 3d-projected DOS of C-2 in
LDA.

FIG. 5. The total DOS and
partial DOS of Co 3d states for
C-1 and C-2 configuration with
two Co atoms in antiferromagneti-
cally coupled state, where the par-
tial DOS of the Co 3d states is
marked by the dashed area. The
energy at the Fermi level is set to
zero. The different figures corre-
spond to different configurations
and calculation schemes: (a) total
DOS of C-1 in LDA+U, (b) total
DOS of C-1 in LDA, (c)
Co 3d-projected DOS of C-1 in
LDA+U, (d) Co 3d-projected
DOS of C-1 in LDA, (e) total
DOS of C-2 in LDA+U, (f) total
DOS of C-2 in LDA, (g
Co 3d-projected DOS of C-2 in
LDA+U, (h) Co 3d-projected
DOS of C-2 in LDA.
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It is very interesting to discuss the improvement of our
calculations based on the deficiency of LDA functional.
Early electron-electron correlation research®! by using
LDA+U formalism indicates that the octahedral CoOgq clus-
ter, consisting of one Co cation at the center surrounded by
six nearest neighbor O anions, can give a good ground state
of CoO. In the current calculation the partial DOSs of Co
atoms by using both LDA and LDA+U schemes are much
similar to the previous theoretical results.?! There is no ob-
vious difference between the band structures of CoOgq cluster
and Co-O-complex, and therefore the coupling between
Co-O-complex and the surrounded atoms is neglected. With
the increase of the concentration of Co in ZnO,
Co-O-complexes containing one Co atom surrounded by
four O atoms will be formed in wider region of the host
material. In this case, the LDA calculations cannot give a
correct electronic structure of the Co-O-complex system
which is supposed to be an analog of correlated system. By
analyzing the partial density of state at Er, we find that DOS
at Er obtained by using LDA functional mainly arises from
the O 2p and Co 3d states. This hybridization gives rise to
the partial occupation of “t,, states” and thus the half-
metallic characteristic [as shown in Figs. 4(b) and 4(d)]. So
the delocalization of Co 3d states originating from the LDA
scheme amplifies the hybridization and shrinks the gap in-
correctly. It is therefore not surprising that previous LDA
calculations were not in agreement with the experimental
results that the band structure of ZnO cannot be significantly
modified by doping as revealed by the optical transmission
spectroscopy.

Band structure improvement induced by the Hubbard U,
is also represented by the change of magnetic moments. In
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Table I both total and absolute magnetic moments are dimin-
ished after introducing the Hubbard Ucg,. Although the
change is small, this result is more reasonable as compared
with the experimental magnetic moments of CoO about
2.3-2.8uy per Co atom.3?

IV. CONCLUSIONS

In summary we have investigated the electronic structures
and correlation effects of Co-doped ZnO by using the LDA
+U scheme. The Hubbard U, implemented in the calcula-
tion was determined by means of constrained-density-
functional calculations. The calculations indicate that the
Cog»5Zn( 750 system has semiconductor band structures, in
sharp contrast with the half-metallic characteristic predicted
by the LDA calculations. Moreover, the antiferromag-
netic order between nearest-neighbor magnetic ions via the
middle O ion (antiferromagnetism) was predicted for the
Cog 157204750 configurations free from intrinsic defects such
as O vacancies and Zn interstitials. Band structures obtained
by using the LDA+U scheme are in good agreement with
many experimental results.
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