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We report the density-functional-theory study of the electronic structure and exchange interactions in four
diluted magnetic semiconductors �ZnMe�O, Me=Mn,Fe,Co,Ni. The calculations are performed for two im-
purity concentrations of 25% and 6.25%. For all systems the interatomic exchange interactions are short range
with only the interaction between the nearest 3d impurities being sizable. For �ZnMn�O, the leading exchange
interaction is antiferromagnetic for both impurity concentrations. In �ZnCo�O, the leading exchange interaction
is ferromagnetic for high concentration and antiferromagnetic for low concentration. �ZnFe�O and �ZnNi�O are
ferromagnetic for both concentrations. In all cases of the antiferromagnetic exchange interaction, the energy
bands are either completely filled or empty. This reveals the connection between the presence of the charge
carriers and ferromagnetism.
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I. INTRODUCTION

The diluted magnetic semiconductors �DMS� are in the
focus of the researches devoted to the design of materials for
spintronic applications. The spintronic materials should com-
bine such properties as high Curie temperature, high spin-
polarization of the charge carriers, or the compatibility with
the semiconductors used industrially. Since the prediction by
Dietl et al.1 of the Curie temperature of �ZnMn�O exceeding
room temperature, the DMS on the ZnO basis attract strong
research interest. However, despite many efforts the experi-
mental situation remains highly controversial. For nominally
the same systems the reports of the detection of high Curie
temperature coexist with the reports that exclude an intrinsic
ferromagnetism.2,3

This unclear experimental situation enhances the role of
the theoretical studies of the electronic properties of ZnMeO
systems, where Me is a 3d impurity. Sato and
Katayama-Yoshida4 considered ZnO doped with Mn, Fe, Co
and Ni. The calculations have been performed with the
Korringa-Kohn-Rostoker coherent potential approximation
�KKR-CPA� method assuming random distribution of the 3d
substitutional impurities on the Zn sites. The comparison of
the total energies of the ferromagnetic and so-called
disordered-local-moment �DLM� states has shown that the
ferromagnetism is stable for Fe, Co, and Ni impurities and
unstable for Mn impurity. Kulatov et al.5 and Risbud et al.6

used a supercell approach to calculate the electronic structure
of ZnO doped with 3d impurities. Spaldin7 compared the
energies of ferromagnetic and antiferromagnetic states of
ZnO doped with Mn and Co for impurity concentrations of
6% and 12% and did not obtain a robust ferromagnetism.
Park and Min8 extended the study of the electronic structure
to the case of codoping with two different transition metals.
In these theoretical studies the main attention was paid to the
presence in the materials of charge carriers. �See a recent
review3 for a detailed discussion of the experimental and
theoretical situation.�

The purpose of the present work is a parameter-free cal-
culation of the electronic structure and exchange interactions

for four DMS systems: �ZnMe�O, Me=Mn,Fe,Co,Ni. The
calculations are performed for two strongly different impu-
rity concentrations that allows the trends characteristic for
high and low impurity contents to be revealed. We relate the
features of the electronic structure to the properties of the
exchange interactions.

II. CALCULATIONAL APPROACH AND RESULTS

A. Calculational scheme

The calculational scheme is discussed in Refs. 9–11 to
which the reader is referred for more details. We use a su-
percell approach, choosing a fraction of the ZnO semicon-
ductor crystal and replacing one of the Zn atoms by a 3d
impurity. The larger the supercell, the lower the impurity
concentration. We will discuss the results of the calculation
for concentrations of 25% and 6.125% that corresponds to
the use of the 1�1�2 and 2�2�2 supercells of the wurz-
ite ZnO. The effects of the structural relaxation about the
impurities were not taken into account.

For the calculation of the electronic structure and total
energy, we use the augmented spherical waves �ASW�
method.12 The local-density approximation �LDA� to the en-
ergy functional is employed. The Zn 3d states were treated as
core states to obtain better value of the semiconducting
gap.13

To calculate the interatomic exchange interactions we use
the frozen-magnon technique and map the total energy of the
helical magnetic configurations onto a classical Heisenberg
Hamiltonian,

Hef f = − �
i�j

Jijei · e j , �1�

where Jij is an exchange interaction between two Mn sites
�i , j� and ei is the unit vector pointing in the direction of the
magnetic moment at site i. The Curie temperature is esti-
mated within the mean-field approximation
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where J0j are Heisenberg exchange parameters between two
Mn sites �0, j�.

B. Density of states

We begin the discussion of the calculational results with
the consideration of the electron density of states �DOS�. In
Fig. 1, we show the DOS of pure ZnO. The calculated gap is
about 0.17 Ry. The valence-electron configurations of the
substituting 3d atoms are Mn�3d54s2�, Fe�3d64s2�,
Co�3d74s2�, and Ni�3d84s2�. The electron configuration of
the substituted Zn atom is 4s2. According to the first Hund’s
rule, the minimum of the total energy of an isolated 3d atom
corresponds to the occupation of the 3d orbitals that gives a
highest spin moment. Therefore, in the case of a Mn atom,
all five majority-spin 3d states are occupied while all
minority-spin 3d states are empty. In the series Fe-Co-Ni the
first Hund’s rule predicts increasing partial occupation of the
minority-spin 3d states.

Considering now the 3d atoms as impurities in ZnO we
expect the formation of the electronic energy bands related to
the Me�=Mn,Fe,Co,Ni� 3d states. The calculated electronic
structures of the DMS �Figs. 2 and 3� are in agreement with
the prediction of the Hund’s rule: the energy bands associ-
ated with the majority-spin Me 3d states are occupied
whereas the occupation of the minority-spin Me 3d states
increases within the series of the 3d impurities
Mn-Fe-Co-Ni.14 Indeed, the calculated electronic structures
of the DMS are in agreement with this prediction �Figs. 2
and 3�.

Let us first consider the DOS of the systems with impurity
concentration of 25% �Fig. 2�. We find the impurity bands
lying, at least partly, within the semiconducting gap of ZnO.
With increasing nuclear charge of the impurity, the impurity
bands move to lower energy positions with respect to the
semiconductor matrix. In �ZnMn�O, the majority-spin impu-
rity band is completely filled and the minority-spin band is
empty. Therefore �ZnMn�O has no charge carriers. For the
Fe, Co, and Ni impurities, the minority-spin impurity band is
partially filled.

In the case of impurity concentration of 6% �Fig. 3� the
situation is qualitatively similar. An increased distance be-
tween the 3d atoms leads, however, to increased effective
masses of the impurity-band states. The narrowing of the
electron bands results in the energy separation of the e and t2
minority-spin subbands. The splitting of the five-times de-
generate atomic minority-spin 3d level into the e and t2 sub-
groups is caused by the influence of the crystal environment.
In the DMS with x=25%, the energy bands are broader and,
therefore, the energy separation of the e and t2 subsystems
does not take place. The filling of the minority-spin e sub-
band begins in �ZnFe�O. In �ZnCo�O the e subband is com-
pletely filled and the t2 subband is empty. As a result, �Zn-
Co�O at the impurity concentration of 6% has no charge
carriers. In �ZnNi�O, the minority-spin t2 subband is partially
filled.

FIG. 1. �Color online� The density of states of ZnO.

FIG. 2. �Color online� The density of states of �ZnMe�O with
impurities Me=Mn,Fe,Co,Ni. The concentration of impurities is
25%.

FIG. 3. �Color online� The density of states of �ZnMe�O with
impurities Me=Mn,Fe,Co,Ni. The concentration of impurities is
6%.
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Summarizing the properties of the DOS we conclude that
all systems studied are either half-metallic �the charge carri-
ers are in one spin-channel only� or insulating �no charge
carriers�. This is a consequence of the position of, at least, a
part of the 3d impurity bands within the wide semiconduct-
ing gap of ZnO.

To reveal the relations between electronic structure and
effective interatomic exchange interactions in a magnetic
system is one of the important tasks of the theory of magne-
tism. Most of the models of the exchange interactions in
DMS assume a decisive role of the charge carriers in estab-
lishing long-range ferromagnetic order. For example, the Ze-
ner model is applied to study the mediation of the magnetism
by the sp states of the semiconductor matrix.1 On the other
hand, the double-exchange model is based on a physical pic-
ture of the d electron hopping between atoms with strong
on-site Hund’s exchange.15 In the DMS systems studied in
this paper, the states of the partially filled energy bands have
a high 3d contribution and therefore the double-exchange
picture is more appropriate.

In contrast to the carrier-mediated ferromagnetism, the
exchange through completely filled bands is expected to lead
to an antiferromagnetic interatomic exchange interaction.16

The parameters of the effective exchange interactions cal-
culated within the frozen-magnon approach reflect the en-
ergy price of the deviation of the atomic moments from the
parallel directions. An energy increase with the deviation re-
veals the stability of the ferromagnetic state. The larger the
increase, the larger the exchange interactions and, as a result,
the Curie temperature. On the other hand, the decrease of the
energy with the deviation from parallel directions means in-
stability of the ferromagnetism and an antiferromagnetic
character of the exchange interactions.

In Fig. 4 two physical mechanisms leading to ferromag-
netic and antiferromagnetic types of exchange interactions
are illustrated schematically in the form they appear in the
density-functional-theory calculations. The ferromagnetic
state of a model system is characterized by two energy bands

of opposite spin projections. There are two kinds of changes
in the electronic structure that arise with the deviation of the
atomic moments from the parallel directions. The first kind
bears some features of the double-exchange mechanism and
consists in the narrowing of the bands. The presence of the
narrowing can, for example, be shown within a tight-binding
model of a frozen-magnon state.10,19

The band narrowing can be interpreted as an increase of
the effective mass of an electron moving in the exchange
field produced by a noncollinear configuration of the atomic
exchange fields. If the band is partially filled, the narrowing
leads to an increase of the total energy. The larger the band
width of the unperturbed ferromagnet, the larger the energy
increase resulting from the narrowing.

The second effect caused by the noncollinearity is the
hybridization between the majority and minority spin states.
Indeed, in a collinear ferromagnet the spin projection of the
electron states is a good quantum number and, therefore, the
bands with the opposite projections do not mix. The noncol-
linearity destroys the spin projection as a good quantum
number leading to the spin mixing of the states. In the model
considered in Fig. 4 this mixing leads to the hybridizational
repulsion of the subbands resulting in a lower energy posi-
tion of the lower subband and a higher energy position of the
upper subband. The consequence of this process is the de-
crease of the energy of the system. This decrease is maximal
in the case when the lower band is completely filled and the
upper band is empty. Since for a completely filled band the
double-exchange effect is absent, the leading exchange
mechanism is in this case antiferromagnetic. The strength of
the hybridizational repulsion is reverse proportional to the
energy distance between the interacting states: the closer the
interacting bands, the stronger the effect.

Although the schematic picture presented in Fig. 4
strongly simplifies the actual processes taking place in a re-
alistic many-band system, it is useful for the qualitative in-
terpretation of the calculated exchange interactions reported
below.

C. Calculated exchange interactions

In Fig. 5 we present calculated exchange parameters. The
strength of the exchange interaction decays quickly with in-
creasing distance between interacting atoms. As a result,
only the nearest-neighbor interactions are important. The in-
teractions are much stronger in the case of high impurity
concentrations, which agrees with our qualitative picture of
the relation between the band widths and the strength of the
exchange interactions.

The sign of the leading exchange interaction is different
for different DMS. In �ZnMn�O, the interaction is antiferro-
magnetic for both impurity concentrations. The antiferro-
magnetic interaction is very strong for the concentration of
25%. Since for both concentrations the majority-spin sub-
band is completely filled and the minority-spin subband is
empty, the antiferromagnetic type of the exchange interaction
is expected.

In the Co system we obtain the transition from a ferro-
magnetic interaction for the high impurity concentration to

FIG. 4. �Color online� Schematic picture illustrating two types
of the changes caused by the deviation of the atomic moments from
the parallel directions. The upper panel shows a model spin-
polarized DOS of a ferromagnet. The vertical line shows the posi-
tion of the Fermi level. The noncollinearity of the moments �lower
panel� leads to the narrowing of the bands and to the mixing and
hybridizational repulsion of the states with opposite spin projec-
tions. See the text of the paper for the discussion of the relation
between these changes and exchange interactions.
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an antiferromagnetic interaction for the low one. This transi-
tion can be explained on the basis of the properties of the
DOS. Indeed, the crystal field splitting of the minority 3d
states leads to the separation of two groups of the states.
Since the lower group is completely filled and the upper one
is empty, the analysis of Fig. 4 can be applied to explain the
negative sign of the exchange interaction. In this case the
hybridizational repulsion can take place between the filled
minority-spin impurity band and empty majority-spin states
of the conduction band as well as between the filled states of
the majority-spin impurity band and the states of the empty
minority-spin impurity subband. These interactions are weak
resulting in small values of exchange parameters.

In the case of �ZnFe�O and �ZnNi�O the leading interac-
tions are ferromagnetic for both impurity concentrations as-
suming larger values for larger concentrations.

D. Curie temperature

The calculated exchange parameters are used to estimate
the Curie temperature. To gain a deeper insight into the mag-
netic properties of the systems we estimate the Curie tem-
perature for different numbers of valence electrons. The
variation of the electron number in a real sample can be
caused by the presence of additional nonmagnetic donors or
acceptors. In Figs. 6 and 7 the nominal number of electrons
corresponds to n=0. The negative values of the Curie tem-
perature correspond to the antiferromagnetic leading ex-
change interaction and reflect the instability of the ferromag-
netism in the ground state.

We observe that in the cases where the nominal electron
number corresponds to the absence of the charge carriers
��ZnMn�O for both concentrations and �ZnCo�O for low con-
centration�, the value of n=0 gives a minimum of the ex-
change interaction. Here, the deviation from n=0 to either
positive or negative directions creates carriers and leads to an
increasing ferromagnetic contribution to the exchange pa-
rameters.

For x=25%, the highest Curie temperature at the nominal
electron number is obtained for �ZnFe�O �453 K� followed

by �ZnNi�O �389 K� and �ZnCo�O �262 K�. On the other
hand, �ZnCo�O shows strong potential to increasing Curie
temperature with increasing electron number.

For x=6.25% the highest Tc is obtained for �ZnNi�O
�93 K� followed by �ZnFe�O �27 K�. In this case, the varia-
tion of the electron number does not lead to an increase of
the Curie temperature.

III. CONCLUSIONS

We have studied the electronic structure and exchange
interactions in four DMS semiconductors on the ZnO basis
for two impurity concentrations of 25% and 6.25%. For all
systems, the interatomic exchange interactions are short
range with only the interaction between the nearest 3d impu-
rities being sizable. For �ZnMn�O, the leading exchange in-
teraction is antiferromagnetic for both impurity concentra-
tions. In �ZnCo�O, the leading exchange interaction is
ferromagnetic for high concentration and antiferromagnetic
for low concentration. �ZnFe�O and �ZnNi�O are ferromag-
netic for both concentrations. In all cases of the antiferro-
magnetic exchange interaction, the energy bands are either
completely filled or empty. This reveals the connection be-
tween the presence of the charge carriers and ferromag-
netism.

FIG. 5. �Color online� Calculated exchange parameters �Zn-
Me�O for the impurity concentration of 25% and 6% �inset�.

FIG. 6. �Color online� Calculated Curie temperatures �ZnMe�O
for the impurity concentration of 25%. The negative values of the
Curie temperature reveal instability of the ferromagnetic configura-
tion in the ground state.

FIG. 7. �Color online� The same as in Fig. 6 but for impurity
concentration of 6%.
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At x=25%, the highest estimation of the Curie tempera-
ture for a nominal electron number is obtained for �ZnFe�O
and assumes the value of 453 K. �ZnCo�O shows high po-
tential for the increase of the Curie temperature with increas-
ing number of electrons. At x=6.25%, the highest Curie tem-
perature for nominal electron number is obtained for
�ZnNi�O. For this concentration we do not obtain strong po-
tential for an increase of Tc with the variation of the electron
number for either of the materials.

We conclude the paper with a number of comments on
some aspects and desired extensions of this work. First, we
do not compare our calculational data with experiment. By
the present strong scattering of the experimental information
on the character of the magnetic ground state, such a com-
parison is not informative. The purpose of this paper is to
stimulate further experimental studies by providing new the-
oretical information.

Second, an important issue in the physics of the systems
containing 3d atoms is the on-site Coulomb correlations.
There are several theoretical schemes allowing the treatment
of these correlations beyond LDA. One of the popular ap-
proaches is the so-called LDA+U method.20 It is certainly of

strong interest to perform the calculations reported here
within the LDA+U scheme. Our previous studies of the
DMS systems with the use of both LDA and LDA+U ap-
proaches have shown that the use of Hubbard U can lead to
both increase and decrease of the magnetic transition
temperature.21 Depending on the system, some features of
the electronic structure can show surprising stability with
respect to the calculational approach.22 In the recent letter on
�GaMn�As, Xu et al.23 reported good quantitative agreement
between experimental Curie temperatures and the theoretical
values obtained within LDA. In other cases the LDA+U
scheme seems to be more appropriate.11 Concerning the re-
sults discussed in the given paper we expect that the connec-
tion between the presence of partially filled bands and the
ferromagnetism will be preserved also in the LDA+U calcu-
lations. The values of the exchange parameters and magnetic
transition temperatures can change substantially.

Third, in the present calculation we did not consider the
structural relaxation about the impurities. On the basis of our
previous experiences we do not expect a strong influence of
the relaxation on the exchange interactions.24 The direct cal-
culations are desirable.
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