
Magnetic and electronic characterization of highly Co-doped ZnO:
An annealing study at the solubility limit

R. Knut,1 J. M. Wikberg,2 K. Lashgari,3 V. A. Coleman,3 G. Westin,3 P. Svedlindh,2 and O. Karis1

1Department of Physics, Uppsala University, P.O. Box 530, SE-751 21 Uppsala, Sweden
2Department of Engineering Sciences, Uppsala University, P.O. Box 534, SE-751 21 Uppsala, Sweden
3Department of Materials Chemistry, Uppsala University, P.O. Box 538, SE-751 21 Uppsala, Sweden

�Received 9 March 2010; revised manuscript received 13 August 2010; published 23 September 2010�

We report on investigations of the electronic structure and magnetic properties of ZnO doped with 15 at. %
Co and postgrowth annealed at temperatures ranging between 250 and 800°C. In particular, we demonstrate
how the presence of Co3+, indicative of secondary phases, is manifested in spectroscopy. Through resonant
photoemmision spectroscopy we have found that x-ray diffraction in some cases underestimates or does not
reveal the presence of secondary phases, possibly due to unrelaxed structures or structural arrangements with
sizes below the detection limit. The magnetic properties are in most cases understood by assuming small
antiferromagnetic clusters but can also show a behavior indicative of ferromagnetic interactions.
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I. INTRODUCTION

A number of questions regarding the magnetic properties
of dilute magnetic semiconductor �DMS� systems have been
raised, and many attempts to understand the influence of
both extrinsic and defect induced n doping on the magnetic
properties of transition-metal-doped ZnO have been made.1–3

Today, there is a general agreement that the properties of
these materials are strongly dependent on the magnetic and
chemical configuration of the dopant atoms.4,5 There have
been many reports of ferromagnetism �FM� �even at room
temperature� for many different DMS systems but the ex-
tracted magnetic moments are in most cases very small com-
pared to the expected magnetic moment of the dopant
atom.2,3,6–9 In some cases, this magnetic response has been
assigned to metallic clusters10 too small to be observed with
x-ray diffraction �XRD� or too distant from the sample sur-
face to be observed with microscopy or spectroscopy.11,12

The question which is always raised is whether the material
is phase pure or not. All characterization methods have limi-
tations and even though several complementary techniques
may be employed, it can be difficult to eliminate all doubts
concerning the purity of a sample. This shows the impor-
tance of this question and the necessity of studying samples
on the borderline of phase/nonphase pure to enable phase
pure samples to be identified with high certainty. Every
growth and preparation method has a characteristic dopant
solubility limit before impurity phases are observed. Accord-
ing to Straumal et al.,13 the solubility limit of Co in ZnO
single crystals is low, between 2 and 10 at. % for heat treat-
ments between 550 and 950 °C. They also conducted a case
study of Co-doped ZnO which reveals that the solubility
limit is strongly connected to the grain size of the sample, or
more explicitly to the number of grain boundaries. A larger
amount of grain boundaries results in a higher solubility
limit. Furthermore, their suggested model for Co accumulat-
ing at grain boundaries was off by an order of magnitude
when compared to experimental results. It was also shown
that 10 nm grains can dissolve at most 33 at. % Co, al-
though secondary phases in XRD were not observed until

40 at. % Co doping. It is conceivable that many experiments
have been performed just below the solubility limit, obtained
from XRD data, in order to maximize the measured magnetic
moment. In this study we focus on the electronic structure
and magnetic properties of Co-doped ZnO at the solubility
limit.

II. EXPERIMENTAL DETAILS

The samples used in this study were ZnO doped with
15 at. % Co fabricated through solution-based alkoxide
chemistry, using methoxy-ethanol:toluene as solvent. All ma-
nipulation of the alkoxide solutions and the films prior to
heat treatment was performed in an Ar filled glove box
�MBraun 200�. Details of the synthesis of the alkoxide pre-
cursors is described elsewhere.14–16 15 at. % Co solution
was prepared by mixing of Co-methoxyethoxide solution
with Zn-methoxyethoxide and adjusting the total metal con-
centration to 0.3 M. Films were deposited on �100� Si /SiO2
�n doped, 0.1 � cm� by dip coating yielding a total thick-
ness of 210 nm ��105 nm on each side of the substrate�.
Hydrolysis was achieved by transferring the coated substrate
into a sealed flask and adding one drop of degassed �O2 and
CO2-free� water onto the flask wall. The flask was left to
stand overnight for hydrolysis. It was then evacuated to 2 Pa
and heated to 150 °C for 15 min before the sample was
exposed to ambient atmosphere. Postannealing was per-
formed in a closed quartz tube furnace. The samples were
annealed for 15 min in Ar atmosphere at 400, 500, 600, and
800 °C. Before heating the tube was flushed with Ar
��1 ppm O2� at 2 L min−1 for 30 min before the flow was
decreased to 0.1 L min−1. Cooling was performed under Ar
flow at 20 °C min−1. A small air leakage was expected in
this setup and therefore the O2 partial pressure is somewhat
higher than what is expected solely from O2 residuals in the
Ar gas. A reference ZnO sample was also fabricated and
annealed at 600 °C. An as-prepared sample was reserved
and is henceforth referred to as the 150 °C sample. A second
set of identical samples �except for the 500 °C sample� was
prepared for magnetic measurements using a thinner Si /SiO2
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substrate. The film was deposited on both sides of the sub-
strate to increase the film to substrate magnetic moment ra-
tio. Grazing incidence XRD was performed with an Siemens
D5000 diffractometer with parallel plate geometry. Only the
sample set used for spectroscopic measurements was charac-
terized by XRD.

X-ray photoemission spectroscopy �XPS�, resonant x-ray
photoemission spectroscopy �RPES�, and x-ray absorption
spectroscopy studies were performed at beamline D1011 at
MAXLAB in Lund. Absorption spectra were measured in
total electron yield. The samples were in electrical contact
with an Au foil from which a Fermi edge was measured after
every XPS spectrum for energy calibration. Prior to spectro-
scopic measurements, the sample denoted 150 °C-Vac was
heated in situ to 150 °C, i.e., the same temperature as used
in the synthesis. At this point a data set for this sample was
obtained. Subsequently this and all other samples were
heated to 250 °C in situ to further desorb physisorbed sur-
face adsorbates. Data recorded for the previously denoted
150 °C-Vac sample after heating to 250 °C are consequently
denoted correspondingly �250 °C-Vac�. After the heat treat-
ment, XPS reveals that small amounts of carbon are present
for all samples. Magnetic measurements were performed in a
Quantum Design MPMS-XL superconducting quantum inter-
ference device magnetometer. Magnetization �M� versus
temperature �T� was studied between 2 and 390 K, following
two different protocols; zero-field cooled �ZFC� and field
cooled �FC�. The ZFC magnetization was obtained by cool-
ing the sample to 2 K in zero field, turning on a magnetic
field of 500 Oe and measuring the magnetization as the
sample warmed up. The FC magnetization was subsequently
obtained by measuring the magnetization, in the same ap-
plied field, as the sample cooled to 2 K. Isothermal magne-
tization measurements were performed at 2 K; the M versus
applied field �H� was measured in the field range �30 kOe.
It should be emphasized that the samples used for magnetic
measurements were all heat treated in Ar atmosphere and did
not receive any additional heating in vacuum. While the au-
thors argue that this difference is immaterial to the samples
heated to temperatures above 250 °C �i.e., 400, 600, and
800 °C�, it is prudent to make distinction between the 150
and 250 °C heated in vacuum and in Ar. To make this dif-
ference clear we denote the samples heated solely in Ar:
150 °C-Ar and 250 °C-Ar.

III. RESULTS AND DISCUSSION

A main motivation of this investigation was to synthesize
and study phase pure ZnO samples with a high level of Co
doping over a wide range of annealing temperatures. XRD
investigations using different Co concentrations and anneal-
ing temperatures suggested that phase pure samples with Co
doping as high as 15% could be produced.

The temperature-dependent magnetization measurements
�ZFC/FC magnetization, not shown� reveal a paramagnetic-
like behavior with no sign of spin ordering or superparamag-
netic blocking. From magnetization �M� versus magnetic
field �H� measurements, shown in Fig. 1, all samples exhibit
a linear low-field dependence with no remanent magnetiza-

tion or coercivity. The magnetization saturates in the high-
field region, typically at some tens of kOe, except for the
400 °C sample which reaches magnetic saturation at much
lower fields. In the high-field region, the variation in the
diamagnetic signal from the substrate dominates over the
paramagnetic signal for the 400 °C sample. This makes the
extracted magnetic moments unreliable at high fields and
therefore we have chosen to exclude high-field magnetic data
for this sample. From the low-field slope of the M versus H
curves, effective magnetic moments ��eff� have been ex-
tracted �given in Table I� with values deviating significantly
from the value �3�B� expected for tetrahedrally coordinated
Co2+. Comparing �eff with magnetic moments extracted
from the saturation magnetization ��HF� a large discrepancy
is seen, which together with the very small �HF values, indi-
cates that small antiferromagnetic �AFM� clusters with un-
compensated spins are the source of the magnetic behavior
for the 150 °C-Ar, 250 °C-Ar, 600 °C, and 800 °C
samples.1 The 400 °C sample reaches saturation at signifi-
cantly lower field and can therefore not be analyzed in the
same manner. The magnetization results are analyzed further

-Ar
-Ar

FIG. 1. �Color online� Magnetization �M� versus applied field
�H� measured at 2 K. All samples exhibit a paramagneticlike be-
havior, with no remanent magnetization and zero coercive field. The
magnetization of the different samples saturates at some tens of
kOe. The exception is the 400 °C sample which saturates at much
lower applied field. The inset shows an expanded view of the low-
field region for the same curves.

TABLE I. High-field magnetic moments, �HF ��B /Co�, ob-
tained from the magnetization at high applied field ��HF=MHF /NT,
where NT is the number of Co moments per unit volume�; effective

magnetic moments, �eff=��M
�H ·

3kBT

�0NT
��B /Co�, derived from the

low-field slope of the M versus H curves; nc is the cluster size, i.e.,
number of Co atoms and m ��B /Co� is the average magnetic
moment.

Annealing temperature �HF �eff nc m

150°C-Ar 0.24 1.66 48 3.16

250°C-Ar 0.12 0.97 65 1.95

400°C 0.031 1.40

600°C 0.14 0.98 49 1.87

800°C 0.18 1.27 50 2.44
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at the end of this section after a more complete picture of the
chemical composition is obtained from photoemission, x-ray
absorption spectroscopy, and XRD.

In Fig. 2 we show the valence band �VB� recorded using
200 eV photon energy. All spectra except the 800 °C spec-
trum are energy calibrated relative to the Fermi energy �EF�.
The 800 °C sample showed indications of charging effects
and thus the EF for this sample could not be determined,
instead the Zn 3d peaks at 12 eV binding energy �BE� has
been aligned between the undoped ZnO and 800 °C sample.
The spectra were normalized at 25 eV BE but the intensities
should not be compared between spectra due to the lack of
an adequate normalization point. Pure ZnO has a direct band
gap of 3.4 eV which is approximately the BE of the reference
ZnO VB edge. Therefore the conduction-band edge is ex-
pected to reside just below 0 eV BE. This suggests that the
sample has high intrinsic electron doping mostly due to oxy-
gen vacancies which are common in ZnO. The 800 °C
sample has additional states at the VB edge compared to the
undoped ZnO. This is where we expect to find the occupied
d states for substituted Co2+ in ZnO.1 The 400, 500, and
600 °C samples also show additional states in the gap at
about 1–2 eV. From the extended valence-band spectrum,
also containing the Zn 3d peak �not shown�, we find that the
500 and 600 °C samples exhibit a shift by about 0.2 eV to
lower binding energy relative to the ZnO reference and the
400 °C sample. This indicates that EF is located further from
the conduction band for the 500 and 600 °C samples. There
is also an apparent broadening of the 400 °C gap states com-
pared to the 500 and 600 °C samples which could be a de-
localization effect as the gap states approaches the ZnO con-
duction band. The 150 °C-Vac sample is not shown due to
large effects on the VB from surface adsorbates. It is how-
ever possible to conclude, from the measured spectrum, that
there are no gap states present for this sample. Also the
250 °C-Vac sample is not shown since this heat treatment
appears to have a severe effect on the electronic structure. It
shows metallic states both in Co 2p XPS and VB XPS after
heating in vacuum. We believe that small amounts of ad-
sorbed organic impurities accumulated on the sample surface

is enough to reduce Co into a metallic state when heated in
vacuum. For all other samples, the small amount of oxygen
present during annealing in Ar atmosphere is enough to sup-
press the formation of metallic Co.

The valence band was further studied by RPES. The mea-
surements were made by taking the VB photoemission spec-
tra with photon energies ranging across the Co L3 edge. In a
simplified picture one obtains a normal photoemission spec-
trum of the VB at photon energies below the Co L3 edge. At
resonant photon energies, i.e., close to the Co L3 absorption
edge �cf. Fig. 4�, a second channel becomes available where
a Co 2p electron is excited to an empty Co 3d level. When
the excited Co atom decays, an Auger electron is emitted
from the 3d band resulting in final states related to those
found in direct photoemission.17 The Co 3d states will there-
fore be resonantly enhanced in the VB which is shown in
Fig. 3, where we show data for the 400 °C sample. The peak
observed out of resonance at 12 eV BE is the Zn 3d edge. At
the VB edge, where we expect the Co2+ states to reside, we
find a strong resonant enhancement, thus confirming our ex-
pectations. Also the Zn 3d intensity appears to increase but
this effect is dominated by the increase in background at
resonant energies. The lowest BE resonance at 781 eV pho-
ton energy is very narrow and corresponds to the gap states
observed in Fig. 2. This confirms that these states also have a
Co 3d character.

A total electron yield absorption spectrum is obtained by
summing up all the electrons emitted from the sample for
every specific photon energy. This spectrum contains infor-
mation about all the elements which have an absorption edge
within that photon energy range. If only electrons within a
specific BE range are collected, it is possible to obtain a
partial absorption spectrum. This spectrum is restricted to
contain information only from species which have VB states
at that particular BE. By integrating over a specific BE range
in the RPES spectrum we are able to construct a partial ab-
sorption spectrum. In Fig. 4 we show a partial Co L3 absorp-
tion spectrum for the 400 °C sample. Similar results were
also obtained for the 500 °C sample. The inset shows the
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FIG. 2. �Color online� VB XPS recorded using 200 eV photon
energy. The 800 °C sample has states at the VB edge where the 3d
states of substituted Co2+ are expected to reside. The 400, 500, and
600 °C samples have additional states in the gap.

FIG. 3. �Color online� Valence-band RPES spectrum of the
400 °C sample. The valence band was recorded with photon ener-
gies ranging across the Co L3 edge. The Zn 3d peak is observed at
12 eV BE. A strong resonance is observed at the VB edge suggest-
ing that the main Co 3d contribution is located here. The low BE
resonance at 781 eV photon energy is due to the gap states confirm-
ing their Co 3d character.
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VB, and the colored boxes show which BE ranges have been
integrated. The absorption obtained for BE�3 eV looks
similar to what can be expected for substituted Co2+.18,19 The
absorption obtained for the gap states �BE�3 eV� has a
very different shape. Comparing it to the reference spectra of
Co3O4 �dashed black line in Fig. 4� we can assign the gap
states to spinel phase states. The Co3O4 spinel structure has
one third of the Co atoms in a divalent state which are tet-
rahedrally coordinated and the remaining Co atoms are in a
trivalent state and occupy octahedral positions. The total ab-
sorption reference spectrum shown in Fig. 4 is thus a com-
bination of Co2+ in tetrahedral coordination, which should
give similar absorption structure as substituted Co in ZnO,
and Co3+ in octahedral coordination which shows the sharp
absorption peak at 781 eV photon energy. The similarity to
the partial absorption spectra in Fig. 4 indicates that the gap
states are due to both Co2+ and Co3+ final states in the spinel,
which is supported by theory.21,22 The sharp absorption peak
at the high photon energy side is also observed in the total
electron yield spectra for the 400, 500, and 600 °C samples
�not shown�.

The Fermi energy is found closest to the ZnO conduction
band for the 400 °C sample. The 500 and 600 °C samples
have their EF about 0.2 eV deeper in the band gap. The
deepest Fermi energy is presumably found for the 800 °C
sample as it was charging during XPS experiments. The lo-
cation of the EF is effected by the amount of oxygen vacan-
cies which acts as n dopants in ZnO. Two plausible explana-
tions for the changing EF are �i� the relative amount of
oxygen vacancies in the film decreases with higher annealing
temperatures and �ii� the Co2+ clusters oxidizing into Co3+

results in a reduction in the surrounding ZnO host.
The XRD shown in Fig. 5 confirmed that the 500 and

600 °C samples have traces of spinels observed as peaks at
59° and 65° �black dotted vertical lines�. The 400 °C sample

which is very similar to the 600 °C sample in respect to
spectroscopic measurements still shows a phase pure ZnO
structure in XRD. It should also be noted that a weak CoO
peak at 42° was found for the 800 °C sample. The spinel
structure is not stable at and above 800 °C and decomposes
to oxygen and CoO.23 The sample denoted as 600 °C-191 s
is an identically prepared sample as the 600 °C but the XRD
data were measured with a faster scan rate �191 s/deg� while
all other data shown in Fig. 5 are measured using a scan rate
of 764 s/deg. The 600 °C-191 s sample is shown here to
illustrate the importance of sufficient statistics since the spi-
nel peak at 59° is vaguely visible while the peak at 65° is in
the background noise which initially led us to believe that
samples with this concentration and heat treatment could be
produced phase pure. The peaks below 30° for the 800 °C
sample could not be identified but are believed to be attrib-
uted to structures due to a reaction between the film and
substrate at high temperatures.

In Fig. 6 we show x-ray photoemission of the spin-orbit
split Co 2p3/2 and 2p1/2 core levels measured with 1.2 keV
photon energy. The spectra are energy calibrated to be
aligned at the Zn 3d peak. Comparing the background to
signal ratio there is a reduction in the signal intensity with
higher annealing temperatures �not shown�. Only about 1/3
of the signal intensity is left after annealing at 800 °C com-
pared to the as-grown sample which might be an effect of Co
diffusing deeper into the ZnO film during the annealing pro-
cess. The XPS data have been fitted using two different
model spectra measured at the high kinetic-energy �HIKE�
beamline KMC-1 at the Helmholtz center in Berlin.24 The
high kinetic-energy electrons, obtained by using 3 keV pho-
ton energy, measured at HIKE provides a less surface sensi-
tive probe than normal XPS.1,25 This ensures us that the data
are a good representation of bulk properties in the sample.
The first model spectrum is 5 at. % Co-doped ZnO which
has a Co 2p spectrum described as substituted Co2+ shown in
the top left graph of Fig. 7. Also HIKE data of 35 at. %
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FIG. 4. �Color online� Partial absorption of the Co L3 edge. The
absorption was constructed by integration over specific BE ranges
from an RPES spectrum. The inset shows the VB XPS and the
boxes indicate which BE ranges have been integrated. When inte-
gration is performed for BE�3 eV the partial absorption is similar
to what is expected for Co2+ �Refs. 18 and 19�. The gap states, i.e.,
integration with BE�3 eV, have a completely different shape with
a sharp peak at 781 eV photon energy. The dashed black line is a
reference spectrum of Co3O4 obtained from Bazin et al. �Ref. 20�.

FIG. 5. �Color online� XRD of 15% Co-doped ZnO and refer-
ence ZnO. An offset has been applied for clarity and the spectra are
stacked in the same order as the legend. Spinel peaks are located
around 59° and 65° �black dotted vertical lines� for the 500 and
600 °C samples. The 400 °C sample appears phase pure even
though it is very similar to the 600 °C sample in respect to spec-
troscopy. 600 °C-191 s is an identically prepared sample as the
600 °C but measured with a faster scan rate �191 s/deg�.
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Co-doped ZnO annealed in air at 600 °C, top right graph of
Fig. 7, which shows a pure Co3+ character of cobalt is used
as a model. The pure Co3+ character can be deduced from the
lack of satellite structure 5 eV BE above the Co 2p3/2 main
line which is characteristic for Co2+. This suggests that
ZnCo2O4 which only has Co3+ is more stable in this sample
than Co3O4. The BE difference between the main lines of
Co2+ and Co3+ is small but a good fitting is possible due to
the relatively large difference of 0.8 eV in spin-orbit splitting

and the large difference in BE and intensity of the satellite
structures.26,27 Both the increase in peak width and spin-orbit
splitting of the Co2+ component compared to the Co3+ com-
ponent has been described to be an effect of multiplet split-
ting of the high spin Co2+ �S=3 /2� which is absent for the
low spin Co3+ �S=0�.28–30 The splitting into main and satel-
lite lines are due to different final states after the photoemis-
sion of a Co 2p core-level electron. In the Co2+ spectrum the
main lines are due to a 2p53d8L−1 final state, where L−1 is a
hole in the ligand while the satellites are due to a 2p53d7L
final state.31 The spectra of the 15% Co-doped samples could
be fitted well by using a model consisting of a Co3+ spectrum
�solid black� and two different types of Co2+ spectra �dashed
gray �dashed red online� and solid gray �solid orange online�
differing only by the BE. The dashed red/gray spectrum
which represents Co2+ in tetrahedral coordination exists both
in the Co3O4 spinel and in Co-doped ZnO with Co substitut-
ing Zn. The solid orange/gray component which has about 1
eV higher BE is of an uncertain origin but since a good fit is
possible by using a BE shifted Co2+ component it can be
determined to be in a 2+ ionic state. Some possibilities could
be Co2+ with different amounts of Co neighbors as in the
center and on the surface of a Co cluster or Co2+ in octahe-
dral coordination as in CoO. The Co 2p BE for different Co
compounds found in the literature is inconclusive and does
not give any insight into the origin of the unknown compo-
nent. The Co3+ peak has 1 eV lower BE than the Co2+

�dashed red/gray� which has also been found in other
studies.26,32 Using this model we observe that the relative
amount of substitutional Co2+ remains constant throughout
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FIG. 6. �Color online� X-ray photoemission of Co 2p. Spectra
were recorded using 1.2 keV photon energy. The intensity of the
satellite structures is weaker for samples containing spinel struc-
tures than for samples containing only Co2+ and there is also a shift
to higher BE for the satellites.
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FIG. 7. �Color online� Core-level XPS of Co 2p3/2,1/2. The top left graph is a low concentration Co-doped ZnO sample and represents the
model spectrum of substituted Co2+. Top right graph is a spectrum of a high concentration Co-doped ZnO sample which is used as a model
spectrum for pure Co3+. The bottom two graphs are fitted using substituted Co2+ �dashed�, Co3+ �solid black�, and an unknown Co2+

component �solid gray �orange online��.
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the annealing series. Even though the 400 and 600 °C
samples are spectroscopically very similar, the 500 °C
sample has notably less Co3+, the same effect can be found in
Ref. 33. It can also be noted that when the Co3+ component
increases the unknown Co2+ component decreases for all
samples.

As it is now evident that there is a significant amount of
impurity phases in the samples it is now possible to analyze
the magnetic results in a more quantitative way. We have
earlier concluded that the magnetic response in these
samples is due to uncompensated spins. Using a model de-
scribed by Néel34 for antiferromagnetic nanoparticles in
which the number of uncompensated spins is proportional to
nc

q, where nc is the number of Co atoms in the cluster and
q=1 /3 for uncompensated moments randomly distributed on
the surface of the cluster. Without making any assumptions
about the average magnetic moment of the atoms since the
exact chemical composition is unknown, the constraint that
�HF and �eff should give the same cluster size is employed
and we are able to calculate the cluster size �nc� to be about
50 atoms, see Table I. The nc is almost constant throughout
the annealing series which would suggest that the clusters are
produced already during the synthesis of the samples and are
only effected chemically during heat treatment. Now that the
cluster size is known it is possible to calculate the average
magnetic moment �m� of the uncompensated spins which is
presented in Table I. For the 150 °C-Ar sample we obtain a
magnetic moment of 3.16�B which is very close to the ex-
pected 3�B for Co2+. For intermediate temperatures we ob-
tain a magnetic moment of about 2�B which is expected
since the Co3+ usually obtains a low spin state �0�B� and
does not contribute to the total magnetic moment. Since the
clusters are small it is enough that only the outermost Co
layer reacts with the Zn and forms ZnCo2O4 in order to
explain the large amount of Co3+ observed. This can also
explain why the spinel was not observed in XRD for low
annealing temperatures since such a thin layer will have dif-
ficulty to relax into a spinel structure unless there is enough
thermal energy. Another possibility is that the spinel struc-
ture is small enough to be below the detection limit for XRD.
The 800 °C sample, which according to XPS should be al-
most spinel free has a magnetic moment somewhat lower
than the expected 3�B. This might be explained by an evolv-
ing geometric structure of the Co clusters during heat treat-
ment. Before annealing the clusters are expected to have ap-
proximately spherical geometry which is in good agreement
with the magnetization data obtained for the 150 °C-Ar
sample. A more energetically favored geometry for clusters
of secondary phases should be a layered structure which
minimizes the disturbance of the ZnO crystal structure. This
would change the value of q, and hence also the magnetic
moment, but the calculated cluster size is not affected since it
does not depend on q. The most interesting sample is the one
annealed at 400 °C. It has a different magnetization versus
field shape than the other samples and should not be ana-
lyzed using the same model. This sample has a very similar
electronic structure as the 600 °C according to XPS except
that it seems to have a higher intrinsic n doping. Also, the
400 °C sample showed no indication of spinels in XRD.
There are two possible scenarios that can be envisioned. The

AFM clusters couple to each other through long-range inter-
action. If the coupling between the clusters are of both FM
and AFM nature, the measured total magnetic moment de-
creases due to AFM interactions and the saturation field goes
down due to FM interactions. This scenario is supported by
the observation that the 400 °C sample has a higher n dop-
ing and has impurity 3d states close to the ZnO conduction
band in contrast to the other samples. The impurity 3d states
also appears broader suggesting that they are less localized.
Any long-ranged interaction is expected to be weak which
means that the long-ranged AFM interaction is likely to be
broken by a high applied field which was not observed for
the 400 °C sample. The other possible explanation is that the
Co3+ containing compound actually obtains a weak ferro-
magnetic component under certain conditions. It has been
shown that the pure Co spinel Co3O4 which normally is in an
AFM state can exhibit a weak FM behavior when mixed
with ZnO.35 Interesting to note in Ref. 35 is that a hysteresis
loop at room temperature was observed for a spinel concen-
trations of 1% which were not visible in XRD. In Ref. 36 it
is found that ZnCo2O4 which is expected to be nonmagnetic
since it only contains low spin Co3+ actually shows antifer-
romagnetism when n doped and ferromagnetism when p
doped. The ferromagnetic saturation magnetization as well as
the saturation field for p-doped ZnCo2O4 are of the same
order of magnitudes as found for the 400 °C sample.

IV. CONCLUSIONS

Using RPES we have shown that 15 at. % Co-doped ZnO
annealed at temperatures between 400 and 600 °C contains a
significant amount of Co3+ while XRD indicates that the
sample annealed at 400 °C is phase pure. It has been shown
that Co3+ has 3d states located in the ZnO host band gap.
Most of the samples show a magnetic behavior which can be
explained by antiferromagnetic clusters with uncompensated
spins. The cluster size is in the order of 50 atoms and the
average magnetic moment is reduced when low spin Co3+

are formed in the sample. The clusters exist already in the
as-prepared sample and the cluster size is not affected by the
temperature treatment. The exact composition of the impu-
rity phase is difficult to determine but the ZnCo2O4 spinel
appears to be most stable in ZnO and it also has magnetic
properties compatible with the magnetic behavior of all our
samples. The sample annealed at 400 °C shows a different
magnetic behavior as compared to the other samples and
cannot be described by antiferromagnetic clusters alone. A
possible explanation is long-range interactions in the sample
but a more probable explanation is that impurity phases
which have magnetic properties that are very sensitive to
doping, heat treatment and chemical surrounding obtain a
magnetic behavior at 400 °C which is responsible for the
anomalous magnetic behavior.
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