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Paramagnetic �PM� and superparamagnetic �SPM� Zn0.95Co0.05O epitaxial films display similar temperature
and magnetic field dependent anisotropic magnetoresistance �MR� effects. The high structural quality of the
PM films is confirmed by x-ray linear dichroism. A classical two-band model describes these MR effects well
and reveals the same intrinsic origin of the transport signatures in PM and SPM Zn0.95Co0.05O films. The
temperature-dependent resistivity of the respective films arises from a Mott variable-range hopping process.
The absence of the anomalous Hall effect in the SPM film provides another evidence for lacking contributions
from the SPM phase to the magnetotransport properties. Moreover, above the blocking temperature of SPM
Zn0.95Co0.05O films, the M�H� curve can be described by a Langevin function, indicating the presence of
approximately 2 nm large magnetic nanoparticles. Therefore, only the contribution of PM Co2+ ions in
Zn0.95Co0.05O films to the transport behavior can be found, thus demonstrating that 2 nm large magnetic Co
nanoparticles does not interact with the carriers.
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I. INTRODUCTION

The search for possible spintronic materials aims at
carrier-controlled ferromagnetism �FM� to realize multifunc-
tional semiconductors. Mechanisms for FM order based on
hole-mediated FM �Ref. 1� or the percolation of bound mag-
netic polarons2 have been proposed and compared with ex-
perimental results predominantly for III�Mn�V dilute mag-
netic semiconductors �DMS�,3 indicating the decisive role of
carriers in the existing FM DMS. On the other hand, the
wide-band gap and the large exciton binding energy of ZnO,4

together with the theoretical prediction1 and early experi-
mental observations of room-temperature FM,5 have created
lots of interest in Zn1−xCoxO regarding its potential spin-
tronic applications. However, the existence of room-
temperature FM in Zn1−xCoxO has remained a controversial
subject over the recent years.6–9 This controversy originates
from the fact that it is experimentally very challenging to
distinguish between magnetic contributions from phase co-
herent Co on Zn lattice sites and magnetic contributions from
inhomogeneous Co/CoO nanoclusters, which are difficult to
be detected even with high-resolution transmission electron
microscopy �HRTEM�,10 and, in particular, random intersti-
tial Co and amorphous secondary Co phases. Another impor-
tant and yet not well-understood issue is the absence of a
magnetic field induced metal-insulator transition and simul-
taneous giant negative magnetoresistance �MR� properties of
intrinsic Zn1−xCoxO, which would be a typical signature of
FM semiconductors. Moreover, only a few studies deal with
the magnetotransport behavior due to the high resistance of
Zn1−xCoxO films,11,12 when Co2+ ions are isovalently substi-
tuting for Zn2+ ions and where the occurrence of free charge
carriers is only related with intrinsic donorlike defects.
Therefore, more experimental effort is required to clarify the

important relationship between the observed magnetic prop-
erties and their influence on the respective transport behav-
ior.

In this paper, we demonstrate that high-quality
Zn0.95Co0.05O epitaxial films can be reproducibly fabricated
by reactive magnetron sputtering. The proper incorporation
of Co atoms on Zn lattice sites is verified by x-ray linear
dichroism �XLD� measurements as done before.6 Such
samples are paramagnetic �PM� and can be tuned toward
superparamagnetic �SPM� by decreasing the oxygen content
in the sputter gas.13 In the entire regime from PM to SPM,
the temperature-dependent conductivity arises from ther-
mally activated phonon-assisted variable hopping between
impurity states. The conductivity and long-range SPM mag-
netic ordering are simultaneously increased as a result of
annealing procedures and reduced oxygen content. However,
no anomalous Hall effect is found in the SPM Zn0.95Co0.05O
films. Large positive MR effects which are described well by
a two-band model, are observed for both PM and SPM
Zn0.95Co0.05O films at low temperatures, which are similar to
those previously observed in other PM II�Mn�-VI DMS
materials.14 On the other hand, a strong anisotropic MR ef-
fect depending on the orientation of the magnetic field with
respect to the c axis of Zn1−xCoxO films is found for both
types of films, consistent with the observed single-ion PM
anisotropy in PM Zn1−xCoxO.15 Therefore, the transport
properties are independent on the observed inhomogeneous
magnetic phase which causes the SPM in the transition re-
gime. The SPM can be ascribed to �2 nm Co nanoparticles,
whose size is estimated from the blocking temperature and
fitting a Langevin function to the M�H� curves. The absence
of additional FM transport signatures in the SPM
Zn0.95Co0.05O films highlights the lack of efficient coupling
between developing secondary FM phases and the carrier
system.
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II. EXPERIMENTAL DETAILS

Zn0.95Co0.05O films of typically 100 nm thickness were
deposited on polished 10 mm�10 mm�0.5 mm c-plane
single crystal Al2O3 �0001� sapphire substrates provided by
Crystec GmbH. To avoid ferromagnetic contamination on the
as-received substrates, a thorough cleaning procedure for all
substrates with acetone, ethanol, and deionized water in an
ultrasonic bath was performed for 10 min, each. The
Zn0.95Co0.05O films were grown in ultrahigh vacuum �UHV�
by dc-reactive magnetron sputtering using a metallic ZnCo
�5% Co� target. The sputtering rate was monitored by a
quartz-crystal microbalance. The base pressure of the UHV
system is �1�10−9 mbar. The working pressure in the
chamber during film deposition is 4�10−3 mbar. The ratio
of Ar and O2 flows are adjusted via separated mass flow
controllers. Typically an Ar:O2 ratio of 10:1 to 10:0.8 leads
to structurally excellent PM Zn0.95Co0.05O films whereas re-
ducing the Ar:O2 ratio to 10:0.5 turns the films to SPM with
less perfect incorporation of Co on Zn substitutional sites.13

The substrate temperature was kept at 350 °C during the
preparation. The postgrowth annealing in ultrahigh vacuum
was performed directly in the preparation chamber at 450 °C
for 30 min.

The structure of the films was routinely investigated by
x-ray diffraction �XRD� with a Philips PANalytical X’Pert
PRO using Cu K�1 and K�2. A commercial superconducting
quantum interference device �SQUID� magnetometer �Quan-
tum Design magnetic property measurement System
�MPMS� XL, 5 T� was used for the integral magnetic inves-
tigations. X-ray absorption near-edge spectra �XANES� and
XLD measurements were taken at the ESRF ID12 beamline
under 10° grazing incidence of the x-ray beam, using total
fluorescence yield detection in backscattering geometry. A
quarter wave plate was used to flip the linear polarization of
the synchrotron light from vertical to horizontal for the XLD
measurements.16,17 X-ray magnetic circular dichroism
�XMCD� measurements were taken with right and left circu-
lar polarized light in an external magnetic field of 6 T under
15° grazing incidence in total fluorescence yield with the
synchrotron beam incident through a slotted Si photodiode.
All XANES spectra were normalized with respect to the
edge jump.

For transport measurements an Al/Ti bilayer is deposited
as contact pads by shadow masking in order to obtain ohmic
contacts. All electrical measurements have been carried out
in the van-der-Pauw geometry. MR and Hall measurements
were performed in a temperature range from 5 to 300 K and
in external magnetic fields �H� up to 6 T. The proportionality
between the measured voltage and the current was always
checked to ensure ohmic behavior and the absence of self-
heating. The magnetic field H was perpendicular or parallel
to the sample plane for the anisotropic MR measurements.
The standard procedure of reversing the direction of H was
used to separate the resistance and Hall components of the
voltage. The MR ratio is defined as ���H� /�0%= ���H�
−�0� /�0�100%, where �0 and ��H� are the resistivity in
zero field and at an applied field H, respectively.

III. STRUCTURAL PROPERTIES

The Zn0.95Co0.05O films were checked first by means of
XRD �−2� scans �not shown�. Very clean wide-angle �

−2� spectra were obtained both for PM and SPM
Zn0.95Co0.05O films without any indication for secondary
phases. The PM sample exhibits a full width at half maxi-
mum �FWHM� of 0.16° at the ZnO �002� reflection, indicat-
ing good long-range crystallographic order. The SPM
Zn0.95Co0.05O film has a FWHM of 0.39° showing a reduced
structural quality. By the x-ray reflectivity measurements, it
confirms the thickness of the PM and SPM samples for the
XANES experiments is around 100 nm, respectively. Figure
1�a� presents two XANES spectra recorded with two or-
thogonal linear polarizations at the Co K edge of these two
types of Zn0.95Co0.05O films, and the respective XLD signals
providing local structural information which is complemen-
tary to XRD. Spectral features as already reported for
Zn0.90Co0.10O films6 such as a clear pre-edge feature at 7728
eV associated with the transition of Co 1s to the 4p-3d hy-
bridized state in tetrahedral environment18 are present in
these Zn0.95Co0.05O films. In addition, there is no obvious
metallic Co or CoO contribution to the XANES spectra in
the typical spectral range.19 However, the peak at 7728 eV
becomes less pronounced for the SPM film, indicating the
onset of phase separation in this film with increasing metal-
licity. The XLD spectra of the PM Zn0.95Co0.05O film show a
maximum signal of �32�1%� at the Co K edge and of
�63�1%� at the Zn K edge �not shown� with respect to the
edge jump, convincingly indicating high local crystallo-
graphic ordering with about 90% Co2+ ions on substitutional
Zn sites as derived by a direct comparison with earlier
findings.6 However, the XLD spectrum of the SPM sample
only shows a maximum signal of �26�1%� at the Co K edge
indicative of only �75% substitutional Co2+. Note that Co
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FIG. 1. �Color online� �a� XANES and XLD spectra of the para-
magnetic Zn0.95Co0.05O film �PM ZnCoO� and of the superpara-
magnetic Zn0.95Co0.05O film �SPM ZnCoO� with the two orthogonal
linear polarization directions at the Co K edge. �b� XMCD at the
Co K edge recorded under 6 T at 5 K. The inset shows the magnetic
field dependence of the XMCD at the pre-edge feature at 5 K for
the PM ZnCoO.
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on random interstitial sites or in a cubic environment would
only reduce the amplitude of each feature of the XLD signal
since they have no XLD signature. Therefore, the slightly
reduced XLD signal observed in the SPM sample implies a
remaining fraction of random interstitial Co atoms or Co/
CoO suitable to account for magnetic clustering or phase
separation, although hardly any difference in the XANES
spectra compared to the PM sample is visible. Figure 1�b�
displays the normalized Co K-edge XANES and the respec-
tive XMCD signal recorded under 6 T at 5 K for the PM
Zn0.95Co0.05O film. The clear dichroic signal at the pre-edge
feature confirms the high probability of the Co2+ ions on
substitutional Zn2+ sites. The magnetic field dependence of
the XMCD at the pre-edge feature was recorded as well,
presenting a Brillouin-type PM behavior, as shown in the
inset of Fig. 1�b�. Therefore, the XRD, XLD, and XMCD
results demonstrate the high quality of the studied films with
PM Co2+ ions on substitutional Zn sites. Importantly, differ-
ent from other reports,5 such high-quality Zn0.95Co0.05O epi-
taxial films can be obtained reproducibly from one growth
run to another �not shown�. The XMCD spectrum of the
SPM sample was measured as well and shows a slight reduc-
tion in the dichroic signal at the pre-edge feature and an
increased negative dichroic signal between pre-edge feature
and the main absorption edge �not shown�, which is indica-
tive of an increasing elemental character of the Co.19

IV. INTEGRAL MAGNETIC PROPERTIES

Figure 2 and the inset of Fig. 5 display the M�H� loops
and field-cooled/zero-field-cooled �FC/ZFC� M�T� curves
measured while warming from 5 to 300 K under an applied
magnetic field of 100 Oe for these two kinds of
Zn0.95Co0.05O films, respectively. For the FC measurement, a
large field of 40 kOe was applied during cooling down the
sample from 300 to 5 K, whereas for the ZFC data the

sample was cooled down without an applied magnetic field
prior to the M�T� measurement. For the sample with high
structural quality, no hysteresis can be observed from 300 to
5 K, and the M�H� curve at 5 K of this sample can be fitted
well with a Brillouin function for S=3 /2 and L�1 as dis-
cussed in Ref. 6. The coinciding FC and ZFC curves in the
entire measured temperature regime �inset of Fig. 5�a�� dem-
onstrate the absence of FM. For Zn0.95Co0.05O samples with
reduced oxygen content in the sputter gas, a clear blocking
behavior around 30 K is observed in the FC/ZFC curves.
Consistently, the M�H� curve exhibits a magnetic hysteresis
at 5 K and a s-shaped anhysteretic M�H� curve above the
blocking temperature, indicative of SPM. Note that the data
are not scaled to the sample volume so that the magnetiza-
tion values of the PM and SPM sample cannot directly be
compared. The M�H� curve at 300 K of this sample can be
described well by a Langevin function, M /MS�T=0�
=coth�	H /kT�−kT /	H with 	�3600	B being the parti-
cle’s supermoment. The particle size can be inferred from
this Langevin fit using a magnetic moment of Co of 1.75	B,
which yields a mean diameter on the order of 2 nm. Further-
more, from the blocking temperature TB and using KAV
=25kBTB for SPM nanoparticles,20 where KA=4.5
�106 erg /cm3 is the magnetic anisotropy of Co metal, V is
the volume of the particle, kB is the Boltzmann constant, and
TB�28 K from Fig. 5 is the blocking temperature, the esti-
mated particle mean diameter is �2 nm. Therefore, the
SQUID measurements provide evidence for an inhomoge-
neous SPM phase which is composed of phase-separated Co
nanoclusters with a mean diameter of around 2 nm. These
nanoclusters are hard to be detected by the conventional
characterization techniques �such as XRD or HRTEM�, espe-
cially when the Co is interstitial or in an amorphous phase.
However, these results are in agreement with the reduced
XLD signal of the SPM sample.

V. TRANSPORT MEASUREMENTS

By resistivity and Hall measurements, we find that the
conductivity and carrier concentrations of the SPM films are
two orders of magnitude larger than that for the PM films.
Figure 3 shows the temperature dependence of the sheet re-
sistance at zero magnetic field, which is found to be identical
for both orientations �in-plane and out-of-plane geometry� of
both PM and SPM samples, as expected thus ruling out back-
ground issues. Moreover, for better comparison, the tempera-
ture dependence of the sheet resistance at zero magnetic field
of PM and SPM ZnCoO are normalized at R �300 K�, as seen
in the Fig. 3. The R�T� dependence for both samples can be
described by the Mott variable-range hopping �VRH� model,
�=A0 exp�T0 /T�1/4, indicating that the thermally activated
phonon-assisted VRH between impurity states dominates the
conductivity behavior, where A0 and T0 are fitting
parameters.21 T0 is �3000 and �200 K for the PM and
SPM sample, respectively. Our results of SPM Zn0.95Co0.05O
for T0 is �3000 K is consistent with that of Behan et al.,22

where it was shown that strong FM only occurs when T0
exceeds 
10 000 K. The electron concentration determined
from the slope of the Hall measurements amounts to 2.4
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FIG. 2. �Color online� �a� M�H� loops at 5 and 300 K with H�c
for the �a� PM ZnCoO and �b� SPM ZnCoO film.
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�1017 and 2.5�1019 cm−3 for the PM and SPM samples,
respectively. Considering the static magnetic polaron theory
of Coey et al.,2 increasingly mobile carriers should be inimi-
cal to magnetic order. Therefore, in the SPM Zn0.95Co0.05O
films, the transport behavior of carriers in the framework of
the VRH theory is inconsistent with the magnetic properties
in regard of the suggested mechanism for FM in Zn1−xCoxO
based on magnetic polarons.

Figures 4�a�–4�d� depicts the magnetic field dependence
of the MR effect of the PM and SPM Zn0.95Co0.05O films
with the applied magnetic field parallel or perpendicular to
the c axis, respectively. It can be found that the MR effect is
independent on whether the Zn0.95Co0.05O films are PM or
SPM, and no open or “butterfly” MR �H� loop can be found
in both samples. On the other hand, the MR effect has strong
temperature dependence as shown in Fig. 5. Compared with
the FC/ZFC M�T� curves for PM and SPM samples in the
insets of Fig. 5, the temperature dependence of the MR at 6
T exhibits a PM-like trend for both samples without any
phenomenon corresponding to the blocking behavior. A large
positive MR effect at 5 K is observed for both types of
samples as shown in Fig. 4 and is similar to that known in
PM II�Mn�-VI DMS compounds such as n-type conducting
Cd0.99Mn0.01Se,14 confirming the important contribution of
the substituting 3d transition metals to the magnetotransport
in the PM DMS. Therefore, for both of PM and SPM
samples, they only display the MR transport behavior typical
for PM. The positive MR decreases quickly with increasing
temperature. At around 50 K, the positive MR changes to a
negative MR effect similar to that observed in undoped
ZnO,23 which persists up to around 300 K. However, the
curvature, the saturation, and the intensity of the obtained
PM MR �H� effects at low temperatures are strongly depen-
dent on the concentration of substituted Co2+ on Zn sites, and
the orientation between the applied magnetic field and c axis
of the films. The lower intensity of the positive MR in the
SPM sample suggests a lower concentration of PM Co2+ ions
on substitutional Zn sites, indicating that a fraction of Co can
be located on random interstitial sites or as phase-separated
Co nanoclusters, which is consistent with the observations by
XLD. Moreover, as it can be found in Figs. 4�a� and 4�c�,

with the applied magnetic field changing from parallel to
perpendicular to the c axis of PM Zn0.95Co0.05O film, the
large positive MR �H� at 5 K responds much faster to the

FIG. 3. �Color online� The temperature dependence of the sheet
resistance �H �c and H�c� at zero magnetic field of both PM Zn-
CoO and SPM ZnCoO normalized at R �300 K�. The inset shows
the VRH fitting, respectively.

⊥
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FIG. 4. �Color online� Measured and fitted �solid lines� mag-
netic field dependence of the MR effects for PM ZnCoO �a� H �c
and �c� H�c and for SPM ZnCoO �b� H �c and �d� H�c, in the
temperature range from 5 to 300 K.

FIG. 5. �Color online� Temperature dependence of MR @ 6 T
with H �c for two types of Zn0.95Co0.05O films. The insets show the
FC/ZFC M�T� curves for �a� PM ZnCoO and �b� SPM ZnCoO.
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applied magnetic field and saturates at 1.2 T. Similar aniso-
tropy of the MR effect is also observed in SPM
Zn0.95Co0.05O film as shown in Figs. 4�b� and 4�d� but the
saturation field shifts to a higher value around 4 T due to the
less substituted Co2+ on Zn sites. The enhanced positive MR
with applied magnetic field perpendicular to the c axis is in
agreement with the observed single-ion PM anisotropy,15 in-
dicating the coincidence between the PM magnetotransport
and magnetization behavior in the PM Zn1−xCoxO films.
However, the saturation behavior at low magnetic field of the
large positive MR effect has no corresponding saturated
magnetization behavior shown on the M�H� curve at 5 K
with magnetic field perpendicular to the c axis of the film.

For the SPM sample with higher conductivity and carrier
concentration kF� can be calculated and amount to �0.06,
i.e., kF��1, using kF�=��3
2�2/3 / �e2�n1/3�, where kF is the
Fermi wave vector, � is the mean-free path, � is the Planck
constant, e is the electron charge, � is the resistivity, and n is
the electron concentration. Thus, the SPM sample is not in
the weakly localized regime as described by Dietl et al.24 On
the other hand, one can assume the coexistence of two bands
with different conductivities and mobilities due to the substi-
tuting PM Co2+ ions which have a narrow 3d band structure.
The redistribution of carriers in the relative populations in
these two bands is dominated by the temperature-dependent
spin-splitting effect and thermally activated energy. Such a
semiempirical two-band model23,25 can fit the large positive
MR effect at low temperature quite well as shown in Fig. 4.
Calculations in the framework of such a model show that the
MR can be given by ���H� /��=aH2 / �b2+cH2�, where a
=�1�2��1+�2�2, b=�1+�2, and c= ��1�2−�2�1�2, where
the two-band conductivities �1 ,�2 and mobilities �1 ,�2, are
fitting parameters. With increasing temperature, the MR
obeys ���H� /���H2+aH2 / �b2+cH2� dependence, and the
first term due to parabolic behavior dominates the MR ef-
fects at higher temperatures.

Table I lists the values of the fit parameters n1, �1, �1, n2,
�2, �2 in two bands from 5 to 20 K for SPM ZnCoO with
applied magnetic field parallel and perpendicular to the c
axis, where n=n1+n2 and �=�1+�2 are carrier concentra-
tion and conductivity extracted from experimental resistivity
and Hall measurements, respectively. Note, that Hall mea-
surements on PM samples could only be carried out at 300 K
due to the extremely high resistivity PM samples, therefore

we cannot provide the corresponding data for the PM
sample. The largest positive MR has been observed at 5 K
with the biggest difference between the carrier concentra-
tions in these two bands. At T=20 K, with the same carrier
concentration in the two bands, the MR effect shows a para-
boliclike behavior, which can be understood by the 3d band
moving away from the Fermi level with increasing tempera-
ture as reflected by the decreasing spin-splitting effect ac-
cording to the decrease in the magnetization. The most inter-
esting fitting result is the anisotropic mobility for band 2 at
20 K, where �� /�� =1.74, is in a good agreement with an
early theoretical prediction26 of �� /�� =1.75 in which the
anisotropy of the wurtzite structure is taken into account for
ZnO. This suggests that the less Co2+ ions and the decreasing
spin-splitting effect by the increasing of the temperature lead
to the properties of the Zn1−xCoxO films are more closer to
that in ZnO. With the temperature about 50 K, the negative
MR also found in n-type conducting ZnO films dominates
the transport properties. Moreover, with the applied magnetic
fields switching from parallel to perpendicular to the c axis,
the mobility decreases with increasing carrier concentration,
indicating an enhanced localization of the carriers, which
may lead to the increasing positive MR effect. The small
mobility for both bands can be due to the grain boundaries in
the ZnCoO films.27 This classical two band model sheds light
on the observed various positive or negative MR effects in
Zn1−xCoxO films prepared by different fabrication methods,
which are dominated by the carrier concentration and mobil-
ity distribution of 3d states and impurities states at the Fermi
level. Taking the above arguments into account, both the PM
and SPM Zn0.95Co0.05O films only present PM MR effects
without any magnetic field driven long-range ordering of
spin carrier transport, i.e., the absence of ferromagnetic elec-
tron transport. In addition, phase-separated Co nanoclusters
do not influence the MR properties.

Hall measurements as depicted in Fig. 6 were carried out
on the SPM sample in the same temperature and magnetic
field range as the MR measurements. The Hall data show a
perfectly linear behavior at 300 K in the whole measured
magnetic field range as seen from the inset of Fig. 6. On the
other hand, the weak temperature-dependent Hall effect as
shown in Fig. 6 is inconsistent with the anomalous Hall ef-
fect caused by a spin-orbit coupling which is strongly tem-
perature dependent. The Hall measurements at 5 K of the

TABLE I. Temperature-dependent distribution of the carrier concentration, conductivity, and mobility in
two bands for SPM ZnCoO.

Two band parameters 5 K H �c 10 K H �c 20 K H �c 5 K H�c 10 K H�c 20 K H�c

Band 1

n1 �1019 cm−3� 1.684 1.459 1.175 1.886 1.620 1.175

�1 �1 /ohm cm� 2.795 5.977 9.943 0.118 3.810 9.900

�1 �cm2 /V s� 1.036 2.557 5.282 0.039 1.468 5.258

Band 2

n2 �1019 cm−3� 0.266 0.891 1.175 0.064 0.730 1.175

�2 �1 /ohm cm� 1.419 0.871 0.058 4.096 3.039 0.101

�2 �cm2 /V s� 3.326 0.610 0.031 39.772 2.598 0.054
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highly resistive Zn0.95Co0.05O films show an enhanced
signal-to-noise ratio due to the detection limit of the setup.
The small deviation from linearity at 5 K under high mag-
netic fields may be due to the redistribution of density of
states by a local spin splitting of 3d states. This result dem-
onstrates that also in SPM Zn0.95Co0.05O films with the elec-
tron concentration amounting to 2.5�1019 cm−3, i.e.,
around the critical electron concentration in ZnO,11 no
anomalous Hall effect is observed. Therefore, the PM and
SPM Zn0.95Co0.05O films reveal the same spin-scattering ori-
gin and the FM coupling mediated by the carriers responsible
for the SPM may be excluded.

VI. CONCLUSION

Zn0.95Co0.05O epitaxial films can be obtained with repro-
ducible quality by UHV-magnetron reactive sputtering. The

high local structural quality is confirmed by means of XRD
and XLD measurements. Both conductivity and integral
magnetic properties can be modified by reducing the oxygen
content in the sputter gas. In contrast to the magnetotransport
properties, the magnetic properties probed by SQUID reveal
distinct differences ranging from paramagnetism to super-
paramagnetism. Randomly substituted Co2+ ions cause the
similar positive MR effect described by a classical two-band
model, both for the PM and SPM Zn0.95Co0.05O films, which
has been found in the PM II�Mn�-VI DMS as well. The
absence of the anomalous Hall effect and the inconsistence
of the VRH parameter T0 with magnetic order described by
the bound magnetic polaron theory prove the lack of FM
electron transport signatures in the SPM Zn0.95Co0.05O films.
The smaller positive MR effect observed in the SPM
Zn0.95Co0.05O film compared to the PM Zn0.95Co0.05O film
with the same Co content, hints toward less substituted Co2+

ions in the SPM sample. XLD and M�H� curves results dem-
onstrate a remaining fraction of random Co being not located
on substitutional Zn lattice sites. An inhomogeneous SPM
phase which is constituted by phase-separated Co nanoclus-
ters with a diameter of �2 nm revealed by SQUID is found
in the SPM Zn0.95Co0.05O films. However, this SPM en-
semble has no significant influence on the magnetotransport
properties, revealing the same intrinsic origin of the observed
transport behavior independent on the variation in the mag-
netization in PM and SPM Zn0.95Co0.05O films.
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