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MSINDO calculations were performed to elucidate the effect of doping and defects on the electronic properties
of zinc oxide. The cyclic cluster Zn48O48 served as a model for the bulk. Band gaps and stabilities of spin
states were determined for doping with Mn, Fe, and Co. It was found that a substantial lowering of the band
gap occurs for Mn and Co doping. In contrast, the Fe doping has a rather insignificant effect on the band gap.
Additional defects such as oxygen vacancy, zinc interstitial, or zinc vacancy were also studied. In the case of
substitution of zinc by two transition metal atoms, various spin states arise which can be classified as
antiferromagnetic, ferrimagnetic, or ferromagnetic. We find that the spin state with the lowest multiplicity,
antiferromagentic or ferrimagnetic, is more stable than the high-multiplicity ferromagnetic state in most
considered cases, but additional zinc vacancies or mixed doping may reverse this trend.

1. Introduction

The importance of ZnO for technological applications has
been repeatedly emphasized in the past decade. The design of
optoelectronic devices has been a major driving force.1 Modi-
fication of the ZnO properties by impurity incorporation is
currently debated in the context of possible applications in
ultraviolet optoelectronics and spin electronics.2,3 A representa-
tive review4 gives a comprehensive picture of the knowledge
on this compound with respect to properties such as crystal
structure, lattice parameters, electronic band structure, mechan-
ical properties, lattice dynamics, and thermal properties. Special
attention is given to optical properties and how they are
influenced by defects and doping. The understanding of the
influence of defects and doping on the band gap is a challenging
task, and the band gap engineering offers a great potential for
optical applications. Beyond this, the doping of ZnO with
transition metals can lead to magnetic semiconductors.

Recently, zinc-rich Zn1-xMnxO mixed crystals received
considerable attention for possible diluted magnetic semicon-
ductor (DMS) material for spintronics.4,5 However, there is a
controversy about the magnetism of Zn1-xMnxO at room
temperature. One group6 claimed ferromagnetism above room
temperature in bulk and transparent films of Mn-doped ZnO,
based on experimental and theoretical studies. Ferromagnetic
ordering was found at Curie temperatures of Tc > 420 K in
samples sintered below 700 °C. However, sintering above 700
°C suppressed the ferromagnetism to below room temperature.
The same group used density functional theory (DFT) calcula-
tions to confirm ferromagnetism. The model assumes Zn
substitution by Mn up to 4%. Others supported this idea but
explained ferromagnetism by the presence of oxide phases,7,8

defects in ZnO,9,10 or simply by substitutional effects due to
Mn substitution for Zn in the wurtzite phase11 of thick Mn/Zn
multilayers. In an investigation of Mn-doped ZnO pellets with
diluted Mn concentration, Bondino et al.12 found ferromagnetism
for Zn0.98Mn0.02O and no magnetic order for Zn0.96Mn0.04O.

In contrast, Tiwari et al.13 found paramagnetic behavior with
SQUID measurements in diluted semiconducting Zn1-xMnxO
films. Fukumura et al.5 ascribed the magnetization to a strong
antiferromagnetic exchange coupling. Kolesnik et al.14 found
paramagnetic behavior with antiferromagnetic interactions in
single-phase materials. Kolesnik and Dabrowski15 then postu-
lated the absence of room temperature ferromagnetism in bulk
Mn-doped ZnO. They argued that a single phase Zn1-xMnxO
(x ) 0.05) can be synthesized in air only at temperatures above
900 °C. Chikoidze et al.16 performed SQUID measurements
between 5 and 300 K on thin Zn1-xMnxO films and found
paramagnetic-like behavior for x > 0.02 with antiferromagnetic
coupling. Density functional theory (DFT) calculations based
on local spin density approximation (LSDA) and generalized
gradient approximation17 or pseudopotentials with localized
atomic orbital basis sets18 on Zn1-xMnxO resulted in the
prediction of a slightly more energetically favorable antiferro-
magnetic state for pure Zn1-xMnxO. Furthermore, defects such
as Zn interstititals, oxygen vacancies, N-doping, and zinc
vacancies in Zn1-xMnxO were studied by computation5 and
experiment.19 Absence of ferromagnetism was also found by
X-ray diffraction.20

Several of these groups also studied the electronic absorption
spectra of Zn1-xMnxO. Experimental5,13,16 and theoretical17

results predicted an increase of the band gap with increasing
Mn content.

The same controversy applies to ZnO samples doped with
other transition metals such as Fe or Co. Ferromagnetism was
claimed by several groups,22,23 whereas others argue in favor
of antiferromagnetism.21 One explanation was that there is no
intrinsic ferromagnetism, but it resulted from the formation of
doping transition metal oxide grains22 or transition metal
microclusters.23 DFT calculations by Spaldin24 and Ghopal and
Spaldin25 support antiferromagnetism or paramagnetism. Still
newer experiments claim intrinsic ferromagetism in Fe-doped
ZnO and discard the explanations of oxide grain and micro-
clusters.26 Another study found antiferromagnetism for 5% Fe
doping but ferromagnetism for 10% Fe doping.27 In contrast,
X-ray absorption fine structure measurements give evidence of
substitutional Co ion clusters in ZnO, which influence the
magnetic properties.28 Co clustering in ZnO was studied by
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Sanyal et al.29 in Monte Carlo simulations. The authors argued
that in the case of 30% Co doping the Co atoms are close to
each other and give rise to the formation of a metallic Co in a
big spanning cluster with strong ferromagnetic interactions. This
would explain qualitatively the wide variation of results on the
ordering temperatures in experiments. In a more refined DFT
electronic structure calculation on Co clustering in ZnO, Iuşan
et al.30 emphasized the importance of short-ranged antiferro-
magnetic interactions.

The goal of this paper is to focus on band gaps and magnetic
properties such as antiferromagnetism, ferrimagnetism, and
ferromagnetism. We have studied the cation doping of ZnO with
Mn, Fe, and Co and its effect on the band gap and with Mn,
Fe, and Co on the relative stabilities of the various spin
arrangements. In the following sections, we describe the methods
and models and show how the nuclear and electronic structure
and the stability of ZnO are influenced by this doping.

2. Methods and Models

All quantum chemical calculations presented in this work
were performed with MSINDO,31,32 a semiempirical MO method
with a documented accuracy for structure and energy, which
was extended to third-row transition metal elements.33 For solid
state studies, the cyclic cluster model (CCM) was used. The
method was designed to preserve the equivalence of atoms in
an infinite system also in a cluster. This was achieved by creating
equal environments for equivalent atoms by proper translation
of the atoms. The CCM34 was incorporated in MSINDO in order
to achieve the effect of periodicity of a perfect crystalline solid
in a finite cluster. For ionic systems, it is important to include
long-range Coulombic effects. To achieve this goal, the cyclic
cluster was embedded in an infinite field of point charges35 using
the Ewald summation technique. The cluster shape and size were
measured by the relative average coordination number k.36 This
number is 1 for the infinite three-dimensional periodic crystal
and less than 1 for free clusters. The coordination number of
each atom is determined by the number of nearest neighbors.
Then, the average coordination number of all atoms in the free
cluster is calculated and divided by the average coordination
number in the bulk. This number is kept also for the corre-
sponding cyclic cluster for consistency reasons. The band gap
was approximated as the difference between the energies of the
lowest unoccupied molecular orbital (LUMO) and the highest
occupied molecular orbital (HOMO). The LUMO was calculated
by the improved virtual orbital (IVO) method.37

3. Doping and Defects in ZnO

3.1. Doping of ZnO with Mn. Zinc oxide has a hexagonal
structure where each oxygen atom is bound to four zinc atoms
and vice versa. The local arrangement is tetrahedral for each
atom. We have chosen the cyclic cluster Zn48O48 as the starting
point for our investigations. As we have previously38 shown,
this size is sufficient for studies of bulk defects and doping,
because its heat of formation is converged within 0.1 kJ/mol.
The calculated heat of atomization is 727.5 kJ/mol39 compared
to the experimental value of 728 kJ/mol,40 and the calculated
band gap of ZnO for this cluster size is 3.40 eV38 compared to
the experimental value of 3.44 eV at 0 K.41

Mixed phases of ZnO and MnO can be prepared by chemical
vapor transport at about 950 °C with a maximum solubility of
20 mol % MnO in ZnO.42 We calculated the substitution of
one and two Zn atoms by Mn atoms in the cyclic cluster Zn48O48.
This corresponds to 2 and 4% Mn. Since this small amount of
Mn has no significant effect on the ZnO structure, no calcula-

tions on the cyclic cluster of cubic MnO are presented here.
However, Mn was parametrized to fit the structure and band
gap of cubic MnO. The Mn atoms are located at the sites of the
Zn atoms. This is energetically the most favorable situation.
The formal oxidation number of Mn is 2. The most stable
situation was reached for Mn atoms with a multiplicity of 6.
This means that the two valence electrons in 4s orbitals with
opposite spin are formally transferred to the adjacent oxygens
and the remaining five valence electrons in 3d orbitals are
oriented with parallel spin. In the case of two Mn atoms, the
local spins of these atoms can be oriented antiparallel or parallel.
The first case is a model for antiferromagnetism, the second
for ferromagnetism. It should be mentioned that the present
approach, based on an unrestricted Hartree-Fock (UHF) single
determinant, is only an approximation for the case of Mn doping
both to the antiferromagnetic S ) 0 state, called the broken-
symmetry (BS) state, and the high-spin (HS) ferromagnetic state.
A detailed discussion can be found elsewhere.43,44 However, this
restriction is less severe in parametrized semiempirical methods
than in ab initio or DFT methods.

After full optimization of the cyclic cluster, there is, of course,
local relaxation around the Mn atoms, which was taken into
account. In the case of Zn47MnO48, the MnO intralayer distance
was 1.833 Å. This means a substantial shortening compared to
the respective ZnO distance of 1.951 Å in Zn48O48.39 A much
smaller change was found for the shortest MnZn distance (3.229
Å) compared to the ZnZn distance (3.216 Å) in Zn48O48. All
possible relative geometrical arrangements of the two Mn atoms
were studied. In all cases, it was found the antiferromagnetic
spin state is more stable than the ferromagnetic spin state. A
typical energy difference is 1 kJ/mol. The dependence of the
energies of both spin states on the MnMn distance was
negligible.

The results for the lowest band gaps are listed in Table 1.
We observe that the band gap is substantially decreased to 2.37
eV for the substitution by one Mn atom. A density of states
(DOS) plot of Zn47MnO48 is presented in Figure 1. It shows
the distribution of molecular orbitals with R and � spin. We
compare this plot with the DOS plots of Zn48O48 (defect-free
ZnO) and Zn48O47 (ZnO with oxygen vacancy) discussed
previously.39 In that case, the creation of an oxygen vacancy
formally removes four doubly occupied MOs related to the O2-

anion, but since the total system is neutral, i.e., only six electrons
of the O atom are removed, the two additional electrons have
to move to the LUMO of Zn48O48, which is dominated by zinc
orbitals. This MO becomes the HOMO of Zn48O47. In the case
of Zn by Mn substitution, Zn2+ is replaced by Mn2+. From the
10 Zn 3d electrons in occupied orbitals, 5 are removed and the
other 5 are replaced by Mn electrons in higher-lying orbitals.
In this way, the former LUMO of Zn48O48 is occupied with one
electron and is the R-HOMO of Zn47MnO48. The Zn character
of the LUMO is now partially replaced by Mn character. A
localized description is, however, not possible, since the MOs

TABLE 1: Influence of Mn Doping and Intrinsic Defects on
the Band Gap Eg (eV) of ZnO for Various Multiplicities M
Related to Antiferromagnetic (a) and Ferromagnetic (f) Spin
States

cyclic cluster M state defect site Eg

Zn47MnO48 6 Mn Zn 2.37
Zn46Mn2O48 1/11 a/f 2Mn 2Zn 2.33/2.35
Zn47MnO47 6 Mn, VO Zn, O 2.13
Zn46Mn2O47 1/11 a/f 2Mn, VO 2Zn, O 2.07/2.11
Zn47Mn2O48 1/11 a/f 2Mn, Zni 2Zn, VZni

2.29/2.29
Zn45Mn2O48 1/11 a/f 2Mn, VZn 2Zn, Zn 2.13/2.15
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are delocalized. Here, the band gap is approximated by the
energy difference of R-LUMO and R-HOMO. Mn substitution
results in a substantial decrease of the band gap compared to
Zn48O48. A small further decrease occurred for the second
substitution. There is only a very small band gap difference
between the antiferromagnetic and ferromagnetic spin arrange-
ments. The decrease of the band gap was also observed in most
recent experiments. It follows the same trend as the one
predicted by our calculations, namely, that a 2% Mn substitution
causes a substantial decrease, whereas another 2% substitution
has a much smaller effect. A detailed discussion can be found
in a combined experimental and theoretical study.45

The discrepancy to the previously mentioned experimental
results of an increase of the band gap with increasing manganese
content could be clarified. From the figures presented by Tiwari
et al.,13 it is apparent that these authors have ignored the low
intensity absorbance due to partially forbidden transitions to
which our calculations apply. The increase of the band gap found
by experimental5,13,16 and other theoretical17 studies could
possibly be related to the difference between �-LUMO and
�-HOMO. Mn substitution increased this difference from 3.40
to 3.48 eV.

A further decrease of the band gap to 2.13 eV is achieved by
the creation of a vacancy of an oxygen atom in addition to the
substitution of a zinc atom by a manganese atom. A nearest
neighbor distance of 1.95 Å between Mn and VO was energeti-
cally most favorable. In previous work,39 we have shown that
an oxygen vacancy in the cyclic cluster Zn48O48 leads to a
decrease of the band gap from 3.40 to 2.60 eV. A combination
of Mn substitution and oxygen vacancy reinforces the decrease.
There is a slight further decrease of the band gap upon the
substitution of a second zinc atom by a manganese atom. Again,
the antiferromagnetic spin orientation was found to be more
favorable than the ferromagnetic spin orientation by less than
1 kJ/mol.

We have also studied the cases of a zinc interstitial Zni or a
zinc vacancy VZn in combination with two Mn atoms. In both
cases, the band gap is decreased regardless of the spin state.
Whereas the antiferromagnetic and ferromagnetic arrangements
differ in energy by less than 0.1 kJ/mol in the case of the zinc
interstitial, the antiferromagnetic arrangement is more stable by
a few kJ/mol for the case of the zinc vacancy.

An explicit discussion of substitution and defects based on
DFT calculations was given by Iuşan et al.17 In the case of pure
Mn substitution and additional zinc interstitials or oxygen

vacancies, the antiferromagnetic state was found to be favored.
It was predicted that an increasing amount of Zn vacancies
would eventually favor the ferromagnetic state. Our calculations
were concerned with a small Zn vacancy concentration of only
2% compared to 8% in the DFT study.17 Therefore, we cannot
confirm nor contradict their prediction. Unfortunately, com-
parison of band gap trends between our calculations and these
DFT calculations cannot be made, because the DFT calculations
predict an unrealistically low band gap of 0.7 eV for ZnO.

Some additional information can be gained by consideration
of the spin density. There is a variety of population analyses
which yield different results for atomic charges depending on
the underlying method (ab initio, DFT, semiempirical), basis
set, and type of analysis.46 Such methods can only show trends.
MSINDO is based on orthogonalized atomic orbitals (OAOs).
The calculated spin density of Mn in cyclic Zn47MnO48 is 3.93
based on such OAOs, from which more than 95% is due to 3d
orbitals. The spin density would be 5 in a Mn2+ cation. Since
the total population of d orbitals is 4.5, i.e., close to 5, we can
formally refer to Mn2+, although there are also contributions of
4s and 4p.

3.2. Doping of ZnO with Fe. We found it now interesting
to see whether the behavior of the electronic structure with
respect to the band gap and relative stability of antiferromagnetic
and ferromagnetic spin states would be similar in the case of
doping zinc oxide with other transition metals. Chemical vapor
transport allows a solution of 11 mol % FeO in ZnO.42 We have
substituted again one or two Zn atoms by Fe atoms in the cyclic
cluster Zn48O48. In the case of doping with iron, the spin
multiplicity of the reference Fe2+ ions in the favorable high spin
case is 5 because there are formally five valence electrons with
R spin and one valence electron with � spin in 3d orbitals. After
full optimization of Zn47FeO48, it was found that the relaxation
around the Fe atom is negligible with an FeO intralayer distance
of 1.954 Å compared to the ZnO distance of 1.951 Å in Zn48O48.
The same was found for the FeZn distance (3.212 Å) compared
to the ZnZn distance (3.216 Å). For the case of two Fe atoms
their spin orientation can be antiparallel or parallel giving again
rise to antiferromagnetic and ferromagnetic situations.

The results for the band gaps are collected in Table 2. The
DOS plot of Zn47FeO48 is presented in Figure 2. The even
number of Fe2+ valence electrons and the partial pairing leads
to very similar HOMOs and LUMOs for R and � spin. In
contrast to the case of Mn doping, the effect of Fe doping on
the band gap is rather insignificant. The DOS plot of Zn47FeO48

resembles that of Zn48O48 for the HOMO and LUMO. The small
lowering of the band gap compared to Zn48O48 is due to the
lowering of the LUMO. For one Fe atom in the cyclic cluster
Zn48FeO48, the band gap lowering is 0.16 eV, and for two Fe
atoms in Zn48Fe2O48, there is another lowering of 0.12 eV for
the antiferromagnetic state and 0.22 eV for the ferromagnetic
state. For the case of an oxygen vacancy and a zinc interstitial,
the band gap is influenced primarily by these defects. In

Figure 1. Density of states (DOS) curves and HOMO-LUMO gap
Eg (eV) for cyclic cluster Zn48MnO47.

TABLE 2: Influence of Fe Doping and Intrinsic Defects on
the Band Gap Eg (eV) of ZnO for Various Multiplicities M
Related to Antiferromagnetic (a) and Ferromagnetic (f) Spin
States

cyclic cluster M state defect site Eg

Zn47FeO48 5 Fe Zn 3.24
Zn46Fe2O48 1/9 a/f 2Fe 2Zn 3.12/3.03
Zn47FeO47 5 Fe, VO Zn, O 2.22
Zn46Fe2O47 1/9 a/f 2Fe, VO 2Zn, O 2.16/2.16
Zn47Fe2O48 1/9 a/f 2Fe, Zni 2Zn, VZni

2.29/2.30
Zn45Fe2O48 1/9 a/f 2Fe, VZn 2Zn, Zn 3.22/3.06
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consequence, the lowering of the band gap is similar to the one
caused by Mn doping. However, in the case of an additional
zinc vacancy, the band gap lowering is small and similar to the
one for pure zinc substitution by two Fe atoms.

In terms of stability, antiferromagnetic and ferromagnetic spin
arrangements differ by less than 0.1 kJ/mol for pure Fe
substitution and additional zinc vacancy or zinc interstitial. For
an additional zinc vacancy, we found higher antiferromagnetic
stability except for one case, where the Fe atoms were close to
each other but had a large distance to the zinc vacancy.

The spin density of Fe in Zn47FeO48 was found to be 3.92,
close to 4 of the Fe2+ cation. More than 98% is from 3d orbitals.
The total d orbital population is 6.07. We can therefore refer to
Fe2+. From the spin densities, it became apparent that Fe2+ is
present in all cases. Fe3+ cannot be found even in Zn45Fe2O48.

3.3. Doping of ZnO with Co. Chemical vapor transport
allows a solution of 5 mol % CoO in ZnO.42 We have substituted
one or two zinc atoms in the cyclic cluster Zn48O48 by Co atoms.
In the case of Co doping, the formal spin multiplicity of the
reference Co2+ ions is 4 due to five valence electrons with R
spin and two valence electrons with � spin in 3d orbitals. For
the case of a substitution of the Zn atom by one Co atom, the
following results were obtained. The full optimization of the
structure of Zn47CoO48 showed the intralayer CoO distance was
shortened to 1.812 Å compared to the 1.951 Å of the ZnO
distance in Zn48O48. Little change was found for the CoZn
distance (3.226 Å) compared to the corresponding ZnZn distance
(3.216 Å) in Zn48O48. Iuşan et al.30 report a value of 1.98 Å for
the intralayer CoO distances but no corresponding ZnO or CoZn
distances. From the reported CoCo distances (3.24 Å), it is clear
that the Zn framework is not substantially relaxed in agreement
with our results. The DOS plot of Zn47CoO48 is presented in
Figure 3. The plot is similar to the one of Zn47MnO48 except
that the lower HOMO-LUMO gap is determined by the �
orbitals. We observe that the band gap is substantially lowered
by the substitution as in the case of Mn doping. Further defects
such as oxygen vacancy, zinc interstitial, or zinc vacancy do
not contribute to significant additional lowering which is again
similar to the case of Mn doping (Table 3).

For the substitution by two Co atoms, we studied again cases
with small and large CoCo distances. The antiferromagnetic spin
arrangement was clearly favored by more than 2 kJ/mol. The
Co atoms prefer the closest distance, but the energy differences
to the other situations were less than 0.3 kJ/mol. This difference
between the antiferromagnetic and ferromagnetic state was

reduced to less than 0.1 kJ/mol for an additional oxygen vacancy
or zinc interstitial. If an additional zinc vacancy was introduced,
the ferromagmetic spin arrangement was found to be favored
regardless of the relative distances between the two Co atoms
and the vacancy.

The influence of cobalt clusters in ZnO was discussed by
Iuşan et al.29,30 With local spin density approximation (LSDA)+U
calculations, they arrived at the conclusion that Co substitution
in ZnO favors the antiferromagnetic state and Co clusters
enhance its stability. This is qualitatively in line with our
findings. Our results are also close to those by Ghopal and
Spaldin25 where a comparative study of Mn, Fe, and Co doping
of ZnO was made via local spin density (LSDA) calculations
but without additional defects. These authors conclude that Fe-
or Co-doped ZnO is a more likely candidate for ferromagnetism
than Mn-doped ZnO. In the latter case, clearly antiferromag-
netism was predicted in agreement with our combined experi-
mental and theoretical study.45

Our spin density calculations arrive at 3.64 for Co in
Zn47CoO48 from which about 99% is due to 3d orbitals. The
total 3d population is 6.35. We can still formally refer to Co2+,
where the spin density would be 3, because a lesser 3d
population and some 4s and 4p populations in MO calculations
based on OAOs are quite common. Spaldin24 and Iuşan et al.30

appear to arrive at a spin density of 3.0 in their LSDA cal-
culation.

3.4. Mixed Doping of ZnO with Mn, Fe, and Co. In the
case of mixed doping with Mn, Fe, and Co, the antiparallel spin
orientation of pairs of different atoms in the cyclic cluster cannot
lead to spin states of multiplicity 1. We call these states
ferrimagnetic. The case of parallel orientation of spins of
different doping atoms is called again ferromagnetic. Cases of
small and large distances between the two doping atoms were
studied. Here, the band gap is dominated by the atom which
causes the largest lowering. This means that combination of
Mn and Fe is dominated by Mn doping and the one of Co and
Fe by Co doping. For mixed Mn and Co doping, we find a
small further decrease of the band gap compared to the doping
with either Mn or Co (Table 4).

In the case of mixed Mn and Co doping, we found that the
ferromagnetic spin arrangement is favored by more than 2 kJ/
mol over the ferrimagnetic arrangement. For the mixed Mn and
Fe doping, the energy difference is only about 0.2 kJ/mol but
still favoring the ferromagnetic state. In the case of mixed Fe
and Co doping, the energy differences are about 0.1 kJ/mol in

Figure 2. Density of states (DOS) curves and HOMO-LUMO gap
Eg (eV) for cyclic cluster Zn48FeO47.

Figure 3. Density of states (DOS) curves and HOMO-LUMO gap
Eg (eV) for cyclic cluster Zn48CoO47.
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favor of the ferrimagnetic state. The qualitative results hold
independently of the distances between the doping atoms.

4. Conclusion

Our investigation of the effect of doping of ZnO with Mn,
Fe, and Co showed a pronounced effect on the band gap for
Mn and Co, whereas the Fe substitution has only a minor effect.
The lowering of the band gap in the case of Mn substitution is
in line with recent experiments. The discrepancy to previous
experimental work could be clarified. An additional oxygen
vacancy or zinc interstitial can reduce the band gap substantially
for Fe-doped ZnO, whereas only a slight further decrease was
found for Mn- and Co-doped ZnO. This can be explained by
the observation that the main effect is already found for the
first Mn or Co substitution but not for the Fe substitution. Further
substitution of introduction or defects can only be effective in
the latter case. A zinc interstitial did not substantially change
the band gap compared with the pure doping.

The modeling of antiferromagnetic, ferrimagnetic, and fer-
romagnetic spin arrangements by the substitution of two zinc
atoms by two transition metal atoms resulted in the prediction
that the antiferromagnetic arrangement is always more stable
than the ferromagnetic arrangement. Additional insertion of
oxygen vacancy or zinc interstitial can only reduce this
difference for the first two defects. With an additional zinc
vacancy, the parallel spin arrangement was always favored for
doping with Co atoms and also in one case for doping with Fe
atoms. This trend is in agreement with predictions from other
authors. In the case of mixed Mn and Co substitution, the
ferromagnetic arrangement was clearly favored over the ferri-
magnetic arrangement, and in Mn and Fe doping, it was slightly
favored.

Since chemical transport preparation of Mn-doped ZnO gave
no indication of ferromagnetism, we suspect that the method
of preparation may have an influence on the magnetic properties
in the way that oxide grains of the doping transition metal or
other more complicated defects could be responsible for the
observed ferromagnetism. It seems more likely that Fe- or Co-
doped ZnO can show ferromagetism, if particular defects are
present or if they appear mixed with elements of lower spin
multiplicity.
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TABLE 3: Influence of Co Doping and Intrinsic Defects on
the Band Gap Eg (eV) of ZnO for Various Multiplicities M
Related to Antiferromagnetic (a) and Ferromagnetic (f) Spin
States

cyclic cluster M state defect site Eg

Zn47CoO48 4 Co Zn 2.38
Zn46Co2O48 1/7 a/f 2Co 2Zn 2.40/2.37
Zn47CoO47 4 Co, VO Zn, O 2.28
Zn46Co2O47 1/7 a/f 2Co, VO 2Zn, O 2.30/2.28
Zn47Co2O48 1/7 a/f 2Co, Zni 2Zn, VZni

2.21/2.19
Zn45Co2O48 1/7 a/f 2Co, VZn 2Zn, Zn 2.20/2.26

TABLE 4: Influence of Mixed Mn, Fe, and Co Doping on
the Band Gap Eg (eV) of ZnO for Various Multiplicities M
Related to Ferrimagnetic (i) and Ferromagnetic (f) Spin
States

cyclic cluster M state defect site Eg

Zn46MnFeO48 2/10 i/f Mn, Fe 2Zn 2.18/2.21
Zn46MnCoO48 3/9 i/f Mn, Co 2Zn 2.04/2.34
Zn46FeCoO48 2/8 i/f Fe, Co 2Zn 2.31/2.27
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