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Ferromagnetism in inhomogeneous Zn1−xCoxO thin films
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We report on a systematic study of structural, optical, electrical, and magnetic properties of
Zn1−xCoxO �x=0.05–0.29� thin films codoped with Al ��0.1% �. Both codoped �in which Co is
cosputtered with other elements� and �-doped �in which Co is doped digitally in the host matrix�
samples have been prepared and studied. Prior to doping of Co, growth conditions were optimized
to produce ZnO:Al films with a resistivity of about 1.3 m� cm. Although all the films with x in the
range of 0.05–0.29 showed clear hysteresis at room temperature in magnetometry measurement and
absorption peaks associated with the d-d transitions of Co2+ ions, only the most heavily doped
samples have shown clear anomalous Hall effect. The latter also showed strong, but photon energy
dependent, magnetic circular dichroism and negative magnetoresistance at room temperature. These
results in combination with detailed structural analysis by transmission electron microscope and
x-ray diffraction study revealed that the ferromagnetic properties of Zn1−xCoxO were mostly
originated from secondary phases and Co precipitates. The influence of inhomogeneity on the
interpretation of various measurement results is also discussed. © 2006 American Institute of
Physics. �DOI: 10.1063/1.2348632�
I. INTRODUCTION

ZnO-based diluted magnetic semiconductors �DMSs�
have attracted great attention both theoretically and
experimentally.1 Despite a considerable effort aimed at elu-
cidating the nature of ferromagnetism in ZnO-based mag-
netic semiconductors, its origin still is debatable. The mean-
field Zener model of Dietl et al. 2 predicts a Curie
temperature �TC� above room temperature for ZnO doped
with 5% Mn and with a hole concentration of 3.5
�1020 cm−3. Using the first-principles calculation, Sato and
Katayama-Yoshida predict that V, Cr, Fe, Co, or Ni doped
ZnO is a half-metallic double-exchange ferromagnet, Mn
doped ZnO is an antiferromagnetic insulator which changes
to a ferromagnet by additional doping of holes, whereas Ti or
Cu doped ZnO remains paramagnetic.3 It was also shown
that electron doping stabilizes the ferromagnetic ordering of
Fe, Co, or Ni doped ZnO.4 The first-principles spin-density
functional calculations by Lee and Chang predict that heavy
electron doping and high Co concentration are required for
obtaining ferromagnetism in ZnCoO.5 On the other hand,
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Spaldin argues theoretically that only hole doping promotes
ferromagnetism in both ZnCoO and ZnMnO.6 Very recently,
Sluiter et al. predict that both hole doping and electron dop-
ing promote ferromagnetic ordering in ZnCoO and ZnMnO.7

Hydrogen-mediated spin-spin interaction was also predicted
to be able to induce high temperature ferromagnetism in
ZnCoO.8 Similar to theoretical work, experimental investiga-
tions so far have also resulted in widely scattered data, rang-
ing from intrinsic ferromagnetism with various Curie
temperatures1,9–15 to nonferromagnet16–18 or ferromagnet
with extrinsic origins.1,19–25 The large disparity in the experi-
mental results is caused by two major factors: �i� the prop-
erties of ZnCoO are very sensitive to the structure and chem-
istry at the nanoscale, which in turn strongly depend on
preparation techniques and conditions, and �ii� most of the
characterization techniques, be it magnetic, electrical, or op-
tical, only probe a certain portion or aspect of the sample in
either the spatial or energy domain; therefore, the combina-
tion of techniques which are commonly used to classify the
origin of ferromagnetism in ZnO-based DMSs will only be
valid when the samples are homogeneous.

In order to gain an understanding of how homogeneous

and inhomogeneous samples differ in terms of magnetic,
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electrical, and optical properties revealed by different char-
acterization techniques, in this work, we have conducted a
systematic study of Zn1−xCoxO thin films fabricated by mag-
netron sputtering. Both codoped and �-doped samples, in
which the Co composition has been varied from
5 to 29 at. %, have been prepared and studied. As we will
show later, the �-doped samples contain both valence 2+ and
0 Co, whereas the codoped samples contain only Co2+ ions.
In spite of the difference in valence of Co atoms, all the
samples were found to exhibit ferromagnetic properties up to
room temperature by magnetometry measurement. For
codoped samples, the coercivity and saturation magnetiza-
tion show a rapid increase with Co composition in the range
of x=15% –20%, indicating the onset of formation of perco-
lated magnetic regions in the samples. Above this Co com-
position range, both magnetic circular dichroism �MCD� and
anomalous Hall effect �AHE� have been observed up to room
temperature. However, the former was found to depend
strongly on photon energy. These results in combination with
detailed structural analysis confirmed that the ferromag-
netism observed in our heavily doped samples was of extrin-
sic origin, originating from Zn incorporated CoO, ZnCo2O4,
and/or Co clusters. Based on the results obtained, we will
discuss how inhomogeneity affects the interpretation of vari-
ous measurement data for inhomogeneous ZnCoO samples,
which may help clarify some of the inconsistencies reported
so far in this system.

II. EXPERIMENT

Zn1−xCoxO �x=0.05–0.29� thin films were deposited on
�0001� sapphire ��-Al2O3� substrates in a high vacuum
chamber with a base pressure �1�10−7 Torr using a com-
bination of radio-frequency �rf� and dc magnetron sputtering.
Sintered ZnO, Al2O3, and Co materials were used as the
sputtering sources for ZnO, Al, and Co, respectively. All
samples were sputtered in an atmosphere of pure Ar gas at a
pressure of 5 mTorr. Prior to deposition, substrates were
cleaned using Ar reverse sputtering at 20 mTorr in the pre-
cleaning chamber. A series of experiments have been carried
out to optimize the substrate temperature �room temperature
to 600 °C� and sputtering powers for ZnO �50–200 W� and
Al2O3 �20–50 W�. At an optimal deposition condition of
500 °C substrate temperature, ZnO sputtering power of
150 W, and Al2O3 sputtering power of 30 W, ZnO:Al films
with a resistivity of 1.3 m� cm were obtained. Under these
conditions, the deposition rate of ZnO:Al was �4.8 nm/min.
Subsequently, Co was doped into ZnO:Al by using the above
optimum deposition condition, while varying either the Co
sputtering power from 3 to 32 W for codoped samples or the
Co sputtering duration from 10 to 98 s for �-doped samples.
For the codoped samples, samples 1–4, Co was added to
ZnO:Al by cosputtering Co with ZnO and Al2O3. On the
other hand, in �-doped samples, samples 5–8, Co was doped
“digitally” into the ZnO:Al host matrix with nominal thick-
nesses of 0.1, 0.25, 0.5, and 1 nm, respectively. As the actual
thicknesses might be different from the nominal ones be-
cause the latter were determined from the thickness of Co

deposited at room temperature, in what follows we will use
the Co sputtering durations instead of nominal thicknesses in
our discussion of the second group of samples, which are 10,
25, 49, and 98 s, respectively. During each of the 60 repeat-
ing cycles, a ZnO:Al spacer with a thickness of about
2.38 nm was deposited, each followed by the deposition of a
Co layer. The thickness of Co was chosen such that the av-
erage Co composition will be roughly the same as those of
the aforementioned four codoped samples. The actual Co
compositions measured by x-ray photoelectron spectroscopy
were 0.046, 0.137, 0.198, and 0.287 for codoped samples 1,
2, 3, and 4, respectively. Table I lists the details of the
samples under this study. The microstructures and chemical
compositions of these samples were characterized using
x-ray diffraction �XRD�, high-resolution transmission elec-
tron microscopy �HRTEM�, and electron energy-loss spec-
troscopy �EELS�. The optical and magneto-optical properties
of the samples were characterized using a UV-visible spec-
trophotometer and by MCD measurement, respectively. The
magnetic properties of the sample were characterized using a
commercial superconducting quantum interference device
�SQUID� magnetometer. For electrical characterization, Hall
bars with a length of 324 �m and a width of 80 �m were
fabricated for each sample using a direct laser writer. A 1-3-
3-1 eight-contact Hall bar configuration was used to measure
both the longitudinal and Hall voltages. The same sample
geometry has also been used to measure the magnetoresis-
tance �MR�.

III. RESULTS AND DISCUSSION

A. Structural properties

For samples 1–3 and 5–7, the XRD patterns in the range
of 20° �2��90° mainly show the existence of ZnO diffrac-
tion peaks. However, for sample 4, in addition to ZnO-
related peaks, we have also observed a weak and broad peak
at 2��43° –48°, which covers the range of �111� peak for
Co �44.217°�, �400� peak for ZnCo2O4, �44.74°�, �400� peak
for Co3O4 �44.81°�, and �102� peak for ZnO �47.539°�.
Therefore, it is difficult to conclude which phase is respon-
sible for this broad peak by XRD data alone. On the other
hand, clear peaks have been observed at 44.4°–44.76°, 50.5°,
and 51.1° for sample 8, which are near those of the �111� and
�200� peaks of Co at 44.217° and 51.524°, respectively. Ac-

10,26

TABLE I. Details of the samples under study.

Sample
number

Co doping
technique

Sputtering
power or
duration Co composition or sample structure

1 Codoping 3 W Zn1−xCox :Al �x=0.046�
2 8 W Zn1−xCox :Al �x=0.137�
3 16 W Zn1−xCox :Al �x=0.198�
4 32 W Zn1−xCox :Al �x=0.287�

5 � doping 10 s �ZnO:Al�2.38 nm� /Co�0.1 nm���60
6 25 s �ZnO:Al�2.38 nm� /Co�0.25 nm���60
7 49 s �ZnO:Al�2.38 nm� /Co�0.5 nm���60
8 98 s �ZnO:Al�2.38 nm� /Co�1.0 nm���60
cording to literature, using x-ray diffraction, the solubil-
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ity limit of Co in ZnO is found to be about 25%, below
which, in principle, Co can be doped homogeneously in
ZnO, whereas above this limit the formation of secondary
phase and precipitates is expected. We would thus expect
samples 4 and 8 to contain secondary phases or clusters. We
will come back to this again shortly when we discuss the
transmission electron microscopy �TEM� results. Figure 1
shows the XRD patterns in the region near the �0002� dif-
fraction peak for the two groups of samples. As can be seen
from the insert of the figure, the lattice constant along the c
axis initially increases with the Co doping level, then de-
creases at higher doping levels. This is in sharp contrast to
the results reported9,27 which showed that the lattice constant
increases linearly with Co composition. However, our results
are very similar to those of Lee et al., which showed that the
lattice constant increases linearly when x�0.2, above which
it starts to decrease.10 Prellier et al. have also observed a
plateau for x�7% after the initial increase of lattice constant
with the Co composition.28 The discrepancy might be caused
by various factors including sample preparation techniques
and conditions, position of Co atoms in the ZnO lattice and
their coordination numbers, valence of Co ions, and forma-
tion of secondary phases. The results shown in Fig. 1 can be
understood as follows.29 As the ionic radius of Co2+ is about
96% of that of Zn2+, the in-plane lattice constant of relaxed
ZnCoO film is expected to decrease when the Zn atoms are
replaced by Co atoms, leading to an increase of out-of-plane
lattice constant due its large Poisson ratio. However, with the
further increase of Co composition, it is plausible that, in
addition to substitutional sites, Co may also start to occupy
interstitial sites due to the deformation of lattice structures
caused by the substitution of nearby zinc atoms by other Co
atoms. This will result in an increase of in-plane lattice con-
stant and shrinkage of out-of-plane lattice constant. The ac-
tual mechanism might be more complex in heavily doped
samples because of the formation of secondary phases and
inhomogeneity of the sample as revealed by the HRTEM.

Figure 2�a� is a TEM image of sample 4. Columnar
growth, similar to that observed by Schaedler et al.,30 is ob-
served. Figure 2�b� shows a HRTEM image of a region near

FIG. 1. �Color online� XRD patterns of both codoped and �-doped samples
on Al2O3 substrate �the insert shows the d spacing for ZnO �002� peaks at
various cobalt doping levels�.
the interface between the thin film and the substrate. Nano-
sized secondary phases are frequently observed, as shown by
a dark particle in Fig. 2�b�. Figure 2�c� is the selected area
electron diffraction of the region corresponding to Fig. 2�b�,
which shows the existence of possibly ZnCo2O4 and/or CoO
phase in the film. Electron energy-loss spectroscopy confirms
that the valence state of Co is 2+ in codoped samples, indi-
cating that the inhomogeneity does not come from clustering
of Co atoms in these samples. In comparison, the �-doped
samples �samples 6 and 8� showed a variation of 0 and 2+
valence states at different positions of the sample. These re-
sults along with the electron and x-ray diffraction data con-
firm that the �-doped samples contain both substitutional Co
and Co clusters, whereas the codoped samples are mainly
embedded with secondary phases.

B. Optical properties

Figures 3�a� and 3�b� show the transmission spectra for
codoped and �-doped samples, respectively. Also shown in
these figures are the transmission spectra of ZnO:Al films. In
order to eliminate the influence of differences in sample sur-
face condition and thickness, transmittance is normalized to
the value of 800 nm. A sharp decrease of transmittance oc-
curs at 384 nm for the ZnO:Al sample, which corresponds to
the band edge absorption. A clear redshift of band edge ab-
sorption is observed in the codoped samples, which increases
with increasing the Co composition. However, in addition to
the redshifted absorption edges, samples 1–3 also show a
blueshifted band edge as compared to ZnO:Al samples. Yoo
et al.29 and Kim and Park27 argue that the redshift is mainly
due to sp-d exchange interactions between band electrons
and localized d electrons of the Co2+ ions substituting for Zn
ions. The s-d and p-d exchange interactions give rise to a
negative and a positive correction to the conduction- and
valence-band edges, respectively, leading to shrinkage of the
band gap. However, this may not apply to the case here

FIG. 2. �a� Cross-sectional TEM image of sample 4. �b� HRTEM image of
a selected region showing the existence of an impurity phase and �c� elec-
tron diffraction pattern of the same region showing the existence of second-
ary phases �ZnCo2O4 and/or CoO�.
because of the high concentration of Co. The large redshift
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could be considered as being caused by the formation of
secondary phases such as ZnCo2O4 and CoO.31 The blueshift
might be caused by the biaxial compressive strain in ZnCoO,
as shown by the XRD data. In addition to the band edge
absorption, absorption bands were also observed for all
samples at 571, 618, and 665 nm, which are attributed to d
-d transitions of tetrahedrally coordinated Co2+. They are as-
signed as 4A2�F�→ 2A1�G�, 4A2�F�→ 4T1�P�, and 4A2�F�
→ 2E�G� transitions in high spin state Co2+�d7�,
respectively.27,29,32 As can be seen from both Figs. 3�a� and
3�b�, the absolute strength of these absorption bands in-
creases almost linearly with increasing the Co composition,
whereas the amplitude of the absorption fringes initially in-
creases and then decreases with the increase of Co concen-
tration. The former suggests that majority of Co atoms sub-
stitute for Zn to form Co2+�d7� ions. The latter can be
ascribed to the fluctuations in the local crystal field surround-
ing different Co ions, in particular, the formation of Co–Co
bonds at very high Co compositions, in the formation of
secondary phases or Co clusters. Although the overall shape
of the transmission spectra for �-doped sample is similar to
that of codoped samples with the same nominal Co compo-
sition, the codoped samples tend be more transparent than
their �-doped counterparts, which might be caused by the
formation of Co clusters in the latter, as confirmed by
HRTEM observations.

C. Magnetic and magneto-optical properties

The magnetic properties of codoped samples, samples
1–3, and those of �-doped samples, samples 5–7, are very
weak, though clear hysteresis curves were observed for all
the samples at 300 K. In sharp contrast to these samples,
both codoped sample, sample 4, and �-doped sample, sample
8, showed very strong ferromagnetic properties. In Fig. 4�a�,
we only show the in-plane magnetization �M� versus mag-
netic field �H� curves for samples 2, 3, and 4, respectively.
As can be seen from the figure, the saturation magnetic mo-
ment for sample 4 is two orders of magnitude greater than
those of the other two samples. This difference is substantial
considering the fact that there is only a factor of 2–4 times
difference in the Co composition among the three samples.
Figures 4�b� and 4�c� show the dependence of coercivity and

saturation magnetization, respectively, on the Co composi-
tion for codoped samples. A rapid increase of both coercivity
and saturation magnetization was observed in the composi-
tion range of 20%–25%. This range agrees well with the
onset composition of formation of secondary phases and Co
clusters as revealed by the XRD and HRTEM measurements.
Figure 4�d� shows the M-H curves of sample 4 at different
temperatures both along and out of the plane. These curves
show that the sample exhibits a well-defined perpendicular
anisotropy,33 which could be due to the formation of colum-
narlike structures observed in the TEM image �Fig. 2�a��.
The out-of-plane curves are sheared due to the shape aniso-
tropy. Both field-cooled �FC� and zero-field-cooled �ZFC�
curves showed that the Curie temperature of this sample is
higher than 400 K. Similar to the XRD and optical transmis-
sion data described above, the group of �-doped samples
exhibits the same trend as that of the codoped samples, i.e.,
the saturation magnetization of sample 8 is much higher than
those of samples 5–7, though the difference is not as much as
in the case of codoped samples. The �-doped samples also
showed a lower Ms and smaller Hc as compared to the
codoped counterparts with the same nominal Co composi-
tions. The out-of-plane anisotropy of sample 8 is also not as
obvious as that of sample 4. All these indicate again that the
contribution of Co clusters to the magnetic properties is more
prominent in �-doped samples.

The magnetic properties of samples 2, 4, 6, and 8 were
also studied by the MCD analysis.34,35 The results are sum-
marized as follows: �1� sample 2 was found to be paramag-
netic down to 6 K; �2� samples 4 and 8 are ferromagnetic
from 6 to 300 K, but the MCD signals are strongly depen-
dent on the photon energy; and �3� sample 6 showed both
paramagnetic and ferromagnetic MCD at 6 K, but only the
ferromagnetic component was observed at 300 K. The MCD
of sample 6 was found to be independent of the photon en-
ergy. However, the ferromagnetic signal of sample 6 is about
15 times weaker than those of samples 4 and 8. As we men-
tioned above, the SQUID measurement has shown that all
the samples exhibit ferromagnetism at room temperature.
The contradiction between SQUID and MCD data for
sample 2 may be due to the fact that the sample size for
SQUID measurement was much larger than the light spot
size for MCD measurement or the MCD is insensitive to

FIG. 3. �Color online� Optical trans-
mission spectra of �a� cosputtered and
�b� �-doped samples.
defect originated ferromagnetism. For sample 6, the low-
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temperature paramagnetic phase may come from ZnCoO,
while the high-temperature ferromagnetic phase is due to Co
clusters which were observed by HRTEM. This agrees well
with EELS results which have detected a mixture of 0 and
2+ valence states for Co in �-doped samples. Figures 5�a�
and 5�b� show the MCD hysteresis curves of sample 4 ob-
tained at different photon energies at both 6 and 300 K. The
MCD curves are strongly dependent on the photon energy.
Similar results have also been obtained for sample 8 �Figs.
5�c� and 5�d��. These results suggest that these samples are
inhomogeneous and consist of ferromagnetic regions of dif-
ferent phases. For comparison, we have also shown the
M-H curves measured by SQUID and Hall effect. In order to
facilitate the comparison, the curves have been normalized to
the magnitude in the y axis. We will come back shortly to
discuss in detail the difference among the M-H curves after
the Hall measurement results are presented.

D. Electrical transport properties

1. Temperature dependence of resistivity and
differential conductance curve

Prior to deposition of Co-doped ZnO films, growth con-
ditions were optimized to produce ZnO:Al films with a re-
sistivity of about 1.3 m� cm. The resistivity of Co-doped
films normally increases with Co concentration. Figure 6

FIG. 4. �Color online� �a� In-plane M-H curves of codoped samples 2–4. �
temperatures. �c� Saturation magnetization as a function of Co composition f
at 10, 150, and 300 K �both in-plane and perpendicular to sample surface�,
shows the temperature-dependence of resistivity for both
codoped and �-doped samples with different Co concentra-
tions. Although it is relatively insensitive to temperature, all
samples but sample 4 exhibit weak metallic properties in the
temperature range of 45–300 K. As has been revealed by
TEM and MCD measurements, samples studied are inhomo-
geneous and consist of regions of different magnetic proper-
ties. Depending on the size, distribution, and density of the
inhomogeneous regions, their effect should be reflected in
transport properties, especially in differential conductance.
The differential conductance curves for sample 4 are shown
in Figs. 7�a� and 7�b�, for the cases without and with an
applied magnetic field of 4000 Oe, respectively. As can be
observed in Fig. 7�b�, the application of a magnetic field
induces noise in the conductance curve. Also, the parabolic
shape of the curve can be understood as being caused by
spin-dependent tunneling between or across ferromagnetic
regions.36,37 This further confirms the inhomogeneity of this
sample.

2. Magnetoresistance

Figure 8 shows the MR curves of sample 4 measured
with a field in different directions: �i� perpendicular to plane,
�ii� in-plane and along the current direction, and �iii� in-plane
and perpendicular to the current direction. The observation
of perpendicular anisotropy agrees well with SQUID mea-

ercivity as a function of Co composition for codoped samples at different
doped samples at room temperature. �d� M-H curves of sample 4 measured
ctively.
b� Co
or co
respe
surement. The similarity between the two in-plane curves
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�cases �ii� and �iii�� and the observation of negative MR sug-
gest that the sample is of granular nature. The observation of
a larger coercivity in �iii� than that in �ii� implies that the
ferromagnetic regions are either magnetically percolated or
coupled magnetostatically. This explains why the magnetic
properties of sample 4 is much stronger that those of samples
1–3. Negative MR of about 0.1% has been observed com-
pared to the large 11% observed by Yan et al.38 in their

FIG. 5. �Color online� Hysteresis curves measured by SQUID, MCD, and H
sample 8 at �c� low temperature and �d� 300 K. All the curves are normaliz

FIG. 6. �Color online� Normalized resistance as a function of temperature
for both codoped and �-doped samples. The legend shows the sheet resis-

tance at room temperature.
inhomogeneous ZnCoO magnetic semiconductor films. They
attributed the large MR to spin-dependent hopping and
magnetic-field-induced change in the localization length.

3. Hall effect

The Hall effect of DMS is known to consist of both
ordinary Hall effect �OHE� and anomalous Hall effect
�AHE�, and thus the Hall resistance is given by39

RHall =
R0

d
B +

RS

d
M�,

where R0 is the ordinary Hall coefficient, RS is the anoma-
lous Hall coefficient, d is the sample thickness, and M� is
the magnetization of the sample in the vertical direction. RS

is proportional to Rsheet, the sheet resistance. The first term
denotes OHE, while the second term is the contribution from
AHE. In addition to III-V-based DMSs,39,40 the AHE has also
been observed in TiO2:Co �Ref. 41� and Si-based systems42

Although the presence of AHE was considered as one of the
strong evidences for intrinsic ferromagnetism, caution should
be taken for inhomogeneous systems, in particular, those
containing ferromagnetic clusters. In fact, AHE has been ob-
served in TiO2−� films containing ferromagnetic clusters,43

granular materials,44–46 and inhomogeneous DMS in the hop-
ping transport regime.47 In addition to the spin-orbit scatter-

ffect, respectively, for sample 4 at �a� low temperature and �b� 300 K, and
the magnitude in the y axis.
all e
ing effect, for granular magnet with a semiconductor host
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matrix, the OHE term may also contain a magnetization-
dependent contribution due to the difference between local
fields inside the sample and the external field. Although in-
tensive experiments have been carried out on ZnO:Co, so far
no report has been made on AHE of this system. Figure 9
shows the Hall resistance as a function of the perpendicular
applied magnetic field at 10 K. As can be seen from the
figure, the lightly doped samples, samples 2, 3, 6, and 7
exhibit only OHE. However, the heavily doped samples,
sample 4 and 8, show clear contributions from both OHE and
AHE. In order to understand the origin of AHE in samples 4
and 8, in what follows we will discuss the difference be-

FIG. 7. �Color online� Differential conductance as a function of applied
voltage for sample 4: �a� without a field and �b� with an applied magnetic
field of 4000 Oe.

FIG. 8. �Color online� MR curves of sample 4 taken at different applied

field directions.
tween M-H curves obtained by AHE and those measured by
SQUID and MCD.

E. Comparison between the M-H curves obtained by
SQUID, MCD, and AHE

As we discussed above, clear hysteresis has been ob-
served in SQUID, MCD, and AHE measurements for
samples 4 and 8 �see Figs. 5�a�–5�d��. The SQUID measure-
ment probes the average magnetic properties of a sample
with a size of about 5�5 mm2. The Hall effect measures the
contribution from an area of 324�80 �m2. Both techniques
hence lack the spatial and energy resolutions to discriminate
the spurious phases which may confound the data interpreta-
tion. Compared to SQUID and Hall effect, MCD is able to
detect the presence of different phases due to its photon en-
ergy selectivity. This is based on the fact that the MCD sig-
nal is proportional to dk /dE, where k is the absorption coef-
ficient and E is the photon energy.35 Photon energies at
which optical transition occurs will be accompanied by a
strong MCD response. However, how the MCD will respond
to the applied magnetic field at different photon energies will
be determined by the nature of the interaction between both
the applied magnetic field and magnetic moment of the mag-
netic impurities with the carriers involved in the optical tran-
sition processes. In the case of ZnCoO, there are two energy
regions of interest: one is in the band edge absorption region
of ZnCoO �or Co-rich secondary phases in heavily doped
samples� and the other is in the d-d transition region of the
Co ions.

As can be seen from Figs. 5�a�–5�d�, the MCD data mea-
sured at 2.92 eV for sample 4 and 2.8 eV for sample 8 are
almost identical in shape compared to those of the respective
hysteresis curves measured by SQUID and AHE for the two
samples. The agreement is particularly good at room tem-
perature. Considering the fact that the photon energy of
2.92 eV �2.8 eV� is near the band edge absorption of sample
4 �8�, as shown in Fig. 3, the good agreement between MCD
at this photon energy and the SQUID and AHE data suggests
that the magnetic responses are from Co-rich secondary

FIG. 9. �Color online� Hall resistance as a function of applied magnetic field
for different samples.
phases. By comparing the hysteresis curves measured by
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MCD at higher energies as well as those measured by
SQUID and AHE, the MCD curves measured at energies in
the range of d-d transitions are generally slanted more
strongly towards the horizontal axis. This suggests that the
Co ions which contribute to the d-d transitions are mainly
from the nonferromagnetic regions �i.e., low Co composition
region� in which isolated Co2+ ions were found to exhibit
anisotropy in the ZnO host matrix. When ferromagnetic in-
teractions exist between these ions, an “easy plane” ferro-
magnet is expected to form, which may explain the more
sheared MCD curves measured at lower energies.48 The
slight difference between the AHE curves with both the
MCD �measured at 2.92 eV� and SQUID curves for sample 4
at low temperature can be understood as being caused by
additional contribution from nonferromagnetic regions. More
detailed studies are being carried out to reveal the difference
between the M-H curves measured by different techniques.

IV. CONCLUDING REMARKS AND SUMMARY

Based on various results reported so far as well as our
systematic study described above, we summarize schemati-
cally in Fig. 10 some possible origins of magnetism for the
oxide-based DMS. At a very low doping level, there is no or
very little interaction among the magnetic dopants; therefore,
the system can be considered as either a paramagnet or weak
magnet. In the latter case, a small hysteresis might be origi-
nated from the interaction between the local spin of d elec-
trons and crystal field of the host material. When the dopant
concentration further increases, other interactions such as
Ruderman-Kittel-Kasuya-Yosida �RKKY�, superexchange,
and double exchange �in the case of mixed valence� may
become possible, and they can either be ferromagnetic or
antiferromagnetic, depending on the type and concentration
of dopants and charged defects. The ferromagnetic ordering
may also occur in very localized regions in the form of mag-
netic polarons.49–51 The polarons increase in size when tem-
perature decreases. When they merge, ferromagnetic order-

FIG. 10. �Color online� Schematic of different possible sources for magne-
tism in inhomogeneous DMS systems.
ing may occur either locally or globally in the sample. At
very high doping levels, it is most likely that clusters of
magnetic dopants and/or secondary phases will form. The
main difficulty in understating the true mechanism of mag-
netic ordering in oxide-based DMSs is that, in most cases, all
these different phases may coexist. For example, the XRD is
unable to differentiate cases �a�–�c� from case �d� �Fig. 10�
unless the density and size of the clusters or secondary
phases reach certain threshold values. It will be difficult to
detect the clusters and secondary phases by conventional
TEM when they are either very small or too dilute. The
shapes of the M-H and magnetization versus temperature
curves may have hinted on one mechanism more than the
others among the four possibilities, but in reality, most cases
fall into the categories �c� and �d�. The observation of d-d
transition in optical spectroscopy is often used to prove that
the transition metal dopants substitute for the host cations.
However, as we argued above, the observation of d-d transi-
tion does not necessarily mean that the observed magnetic
properties are originated from carrier-mediated ferromag-
netic alignment of substitutional magnetic ions. The anoma-
lous Hall effect, in principle, can also originate from any one
of the three categories �b�–�d�, depending on their density
and distribution and electrical properties of both the host
matrix and the secondary phases. Based on these back-
ground, we believe the observation of hysteresis by AHE,
MCD, and SQUID in transition-metal-doped ZnO does not
necessarily mean that the material is an intrinsic DMS. When
nanoscale inhomogeneity exists, the discussion of the results
is meaningful only if the relationships between the structures
and properties at nanometer scale are well understood. Re-
cent theoretical efforts have shown that inhomogeneity will
form naturally through spinodal decomposition in heavily
doped DMSs.52,53

In summary, a systematic study has been carried out to
investigate the structural, optical, electrical, and magnetic
properties of Zn1−xCoxO �x=0.05–0.29� thin films codoped
with Al. Although we have observed all the phenomena
which are frequently used in literature to conclude the exis-
tence of intrinsic ferromagnetism in ZnOCo, we do not be-
lieve this is necessarily true unless one can rule out all pos-
sible atomic- or cluster-scale inhomogeneities that involve
the coexistence of a second phase in the host matrix.
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