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Magnetism of Co-doped ZnO thin films
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We have investigated magnetic and transport properties of 5% Co-doped and undoped ZnO thin films
deposited on r plane Al,O5 substrates by pulsed laser deposition. The Co doped films showed paramagnetic
and ferromagnetic behavior as well as a high magnetoresistance and a small anomalous Hall effect. In a range

of 0 to 5 T at low temperatures we observed a double sign change of the magnetoresistance. For undoped ZnO
films, prepared by the same conditions, only a negative MR was observed, but surprisingly also a very small
anomalous Hall effect. We explain our results by applying a semiempirical fit consisting of a positive and a
negative contribution to the magnetoresistance. Using x-ray magnetic circular dichroism we investigated ele-
ment specific magnetic moments in Co-doped laser ablated ZnO films. As the Co atoms show a paramagnetic
behavior, we attribute the ferromagnetism to a spontaneously spin impurity band induced by oxygen vacancies
and defects due to the transition metal doping and/or interface stress to the substrate.
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I. INTRODUCTION

Diluted magnetic semiconductors are semiconducting ma-
terials doped with magnetic ions such as Co or Mn and have
attracted much interest in the last years because of their po-
tential application in spintronics. The common objective is to
synthesize a semiconductor with spin polarized charge carri-
ers. The idea is that localized magnetic moments couple with
the charge carriers without changing the semiconducting be-
havior of the base material or leading to a formation of me-
tallic phases or clusters. Therefore the doping concentrations
are usually below 10%. For practical applications it is nec-
essary to have both n- and p-type conductors as well as
ferromagnetism above room temperature. The first p-type
DMS were realized with GaAs and InAs doped with a few
percent of Mn.! These compounds show ferromagnetic or-
dering and also some impressive effects such as electrically
controlled magnetism,? but with a Curie temperature (T)
well below room temperature they are not suitable for prac-
tical applications. Calculations from Dietl et al.,®> founded on
hole mediated ferromagnetism, showed that p-type ZnO
based diluted magnetic semiconductors should have a T
above room temperature. Unfortunately ZnO is usually n
doped and it is very difficult to establish p doping. Never-
theless some groups have found room temperature ferromag-
netism in TM doped n-type ZnO (Refs. 4—6) and also other
oxides,” while others contradict these ﬁndings.8 The results
are controversial and the reproducibility is very bad, so it is
still not clear if the ferromagnetism is intrinsic or just due to
some external impurities, metallic phases, or clusters. With-
out doubt the preparation method seems to play an important
role. Most groups focused on ZnO and TiO, compounds, but
there are also other reports where SnO, (Ref. 9) or Cu,O
(Ref. 10) are successfully used as base materials. Neverthe-
less ZnO has its advantages as it is a transparent direct wide
bandgap semiconductor with a large exciton binding energy
which allows it to be used not only for spintronic but also for
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magnetooptical devices and short wavelength light emitters.
On this account we focus our work on 5% Co-doped ZnO
thin films and try to find out the origin of the reported ferro-
magnetism. One way we exploit in order to distinguish be-
tween intrinsic ferromagnetism and impurities is to analyze
transport properties such as magnetoresistance and Hall ef-
fect. Here we find a distinct low temperature magnetoresis-
tance behavior of the ferromagnetic Co-doped films com-
pared to the undoped films. The other method we apply is the
investigation of element specific magnetic properties, which
are evident in x-ray magnetic circular dichroism (XMCD) of
the Co-absorption lines. We present experimental results
showing that long range magnetic order is seemingly absent
in the transition metals while a ferromagnetic moment is
present, possibly due to a spontaneously spin split impurity
band induced by the defect structure of the laser ablated
Zn0_95C00'050x films.

II. EXPERIMENTAL

As some reports conclude that the ferromagnetism in ZnO
is induced by defects as oxygen vacancies (Ref. 11) we tried
to adjust our preparation conditions accordingly. All samples
were prepared by pulsed laser deposition at 0.1 mbar argon
pressure. We used a KrF laser with a wavelength of 248 nm,
an energy density of 1to 5 J/cm? and a repetition rate of
5 Hz. As a substrate we used 5 X5 mm r-cut (1-102) Al,Os.
For target preparation powders of ZnO and Co,0; were
mixed together, pressed and sintered for 12 h at 1000 °C in
air. The distance between target and substrate was 45 mm. At
a temperature of 600 °C we deposited with a rate of
5 nm/min. To avoid external impurities from the surface of
the sample holder we covered it with a small molybdenum
plate. We also used only nonmagnetic titanium tweezers so
that there should not be any magnetic impurities on the edges
or the bottom of the substrate. Our films were greenish and
transparent and the thickness was between 20 and 120 nm.
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Thickness and epitaxy were determined by x-ray diffraction.
We used a transmission electron microscope (TEM) to inves-
tigate the crystal structure of the film especially at the inter-
face and to look for possible Co clusters. The magnetic mea-
surements were done by superconducting quantum
interference device (SQUID) and vibrating-sample magneto-
meter (VSM). Because of the small absolute magnetic mo-
ments in the range of 5X 107 to 5X 10~ emu we had to
carefully subtract background signals from measuring stick
and substrate, and also device dependent drifts had to be
taken into account. We found that our substrates have a small
ferromagnetic impurity below 3 X 107® emu and a paramag-
netic one below 1X 107 emu. For transport measurements
we used a Hall geometry, patterned by standard UV lithog-
raphy, which allows us to measure magnetoresistance and
Hall effect using the same pattern. To improve the signal to
noise ratio we sputtered ohmic gold contacts before. The
contacts were annealed for 30 min at 700 °C in vacuum. For
Hall measurements we reversed current and magnetic field
directions in order to eliminate thermovoltages and magne-
toresistive contributions. The x-ray magnetic circular dichro-
ism (XMCD) and x-ray absorption spectroscopy (XAS) ex-
periments were performed at the synchrotron BESSY II, in
order to measure local atomic magnetic moments and to
check the local chemical environment, respectively. All
XMCD and XAS spectra were recorded in the total electron
yield mode at the new high resolution bending magnet beam-
line PM III at Bessy II with an energy resolution E/AE
=5000. We used a new superconducting magnet system, pro-
viding fast field switching in less than 6 sec at 2 T. All
spectra have been measured in an applied magnetic field up
to 2 T, which has been flipped at each energy data point.
This provides a sensitivity of the XMCD signal up to 107
respective to the full absorption signal (room temperature
and nondiluted bulk material), just at the pure photon statis-
tics of the absorption process itself. This very high sensitivity
allows the investigation of paramagnetic XMCD spectra at
the Co L, 5 edges down to about 107 .

III. RESULTS AND DISCUSSION
A. Structural properties

The XRD spectrum of our samples shows only the ZnO
(110) peak in wurtzite structure and the substrate peaks (Fig.
1). No other phases were observed. The in plane orientation
was measured with a four circle diffractometer. The ¢ axis of
the ZnO is oriented perpendicular to one hexagonal axis of
the substrate, while both are parallel to the substrate surface.
Though the film is growing epitaxially its quality is not per-
fect. The growth direction of the film crystal is sometimes
slightly tilted relative to the substrate, which could be proven
by TEM images (Fig. 2). The first 2 nm of the film are even
strongly distorted, with higher thickness epitaxial strains re-
lax. The atomic planes of the film at the interface resemble
rather a distorted ZnO than a secondary phase. Further TEM
investigations could not reveal any clusters in the crystal,
though one cannot exclude them definitely by this method.
The film composition was determined by EDX, thus the Co
concentration in our samples was between 5 and 7%, show-
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FIG. 1. XRD peak of ZnO in 110 direction. Film thickness was
25 nm. No other phases were observed.

ing a slight enrichment of Co in the films compared to the
nominal value.

B. Magnetic properties

Magnetization (M) versus field (H) measurements at
room temperature showed a clear presence of ferromag-
netism in our samples (Fig. 3). The samples showed no
thickness dependence with respect to the ferromagnetic
moment. However, the ferromagnetic magnetization was
extremely sensitive to the preparation conditions. The
magnetization varied between 2 to 20 emu/cm?, which is

FIG. 2. TEM picture of the ZnO/Al,O5 interface (dashed line).
The film is not growing very well on this substrate. As one can see
the first 2 to 5 nm are very distorted. Due to that the lattices are
slightly (up to 3°) tilted relative to each other.
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FIG. 3. VSM curves of Zng¢5C0 050 thin films for different
thicknesses at RT. Background signals from substrate and measur-
ing stick were subtracted as well as the paramagnetic contribution.
We could not find a reproducible correlation between magnetic mo-
ment and film thickness.

equivalent to 0.1 to 1 Bohr magneton per Co. SQUID mea-
surements show a remanence which is about 10% of the
saturation magnetization and a coercitivity field of 100 Oe at
300 K. Low oxygen pressure and low laser energies seem to
be beneficial for the magnetism which strengthens the pre-
sumption that defects are essential for ferromagnetic order-
ing. Besides that we could not find any other reproducible
dependencies on the preparation parameters concerning the
ferromagnetic properties. High field and low temperature
VSM measurements showed that besides the ferromagnetic
moment there is also a paramagnetic contribution which can
be much higher than the ferromagnetic one, whereas the
paramagnetic moment scales with the thickness in contrast to
the ferromagnetic contribution. An example of such a mea-
surement is shown in Fig. 4. A measurement of a bare sub-
strate and sample holder was performed for each temperature
and subtracted from the sample data. Quantitative VSM cali-
bration was performed with a pure Ni-foil of the same shape
as the sample. In the top of Fig. 4 we show the experimental
curves measured at different temperatures. The ferromag-
netic contribution shows no obvious temperature depen-
dence, but is nearly identical for all temperatures. In the
paramagnetic contribution a crossover from a linear mag-
netic field dependence at higher temperatures above 15 K to
a curved low temperature behavior is visible. Indeed a simu-
lation of the expected magnetic moment of paramagnetic
Co”* atoms in crystal field quenching orbital momentum (J
=S=1.5; g factor=2) yields very good agreement. The tem-
perature and field dependence is calculated with the Brillouin
function and added to a constant ferromagnetic contribution.
While the curvature is a single ion property, the signal size
scales with the number of magnetic moments. In order to
reproduce the measured signal size of the paramagnetic con-
tribution we need a Co concentration corresponding to a dop-
ing level of 5.9%. Accordingly most if not all Co atoms seem
to be paramagnetic in this measurement of the total magnetic
moment. The low field temperature dependence is close to a
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FIG. 4. (Color online) VSM data as measured (top) and simu-
lated (bottom) for the same temperatures. The simulation shows the
temperature independent ferromagnetic contribution separately as
an additional dashed curve. The inset shows an overlay of the simu-
lated and experimental data for selected temperatures.

Curie behavior (proportional to 1/7), but close inspection of
the low temperature data shows an improved agreement by
an introduction of a small antiferromagnetic interaction be-
tween Co atoms with a Curie-Weiss temperature of
©=-1 K. This is in contrast to the strong antiferromagnetic
interaction with Tye =400 K postulated by Kobayashi et
al.'? in order to explain the temperature independent para-
magnetic susceptibility in their XMCD experiments. Our
XMCD experiments discussed below show in agreement
with the magnetization measurements also a strong tempera-
ture dependence, with a small Curie-Weiss temperature of
©=30 K. For thicker samples we observed stronger para-
magnetic contributions, while the strength of the ferromag-
netic contribution was fluctuating. We assume it could relate
to the distorted film growth at the substrate interface, where
defects are frequent. Possibly most of this part of the film
shows defect induced ferromagnetism which was already
supposed by Coey et al.'* For undoped samples we did not
see any ferromagnetism as expected, but a small paramag-
netic contribution which seems not to come from the sub-
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FIG. 5. (Color online) XAS and XMCD spectra at the Co L, ;
and Zn L, 3 edges of a 5% Co doped ZnO thin film sample.

strate, though we cannot exclude some paramagnetic impu-
rities in the ZnO.

C. XMCD

In order to check the magnetic nature of the Co -atoms we
performed x-ray magnetic circular dichroism measurements
at the Co and Zn L, ; absorption edges. XMCD spectra were
taken at normal incidence geometry. The extracted sum rule
related magnetic moments have been normalized to the de-
gree of circular polarization of 93+3%. All spectra are care-
fully background subtracted and edge normalized using the
same background and normalization factor for parallel and
antiparallel orientation of the photon beam k vector with re-
spect to the sample magnetization. Further experimental de-
tails and data analysis have been published elsewhere.'* Rep-
resentative experimental XAS and XMCD spectra at the Co
L, 5 and the Zn L, 5 edges of a 5% Co-doped ZnO thin film
sample are shown in Fig. 5. The Co 2,—3d absorption,
probing the unoccupied Co 3d states, is shown in Fig. 5(a).
The noise level of this small XMCD signal exhibits a visible
temperature dependency, related to the evaporation of L-He
and L-N, which is absent at room temperature (RT) spectra.
The spectral shape of the resonant XAS lines [red (dark gray)
and black] is quite different to typical metallic spectra.'> For
direct comparison we have reproduced in Fig. 5(a) [green
(gray) curve] the theoretical multiplet spectrum of Co in tet-
rahedral coordination (from Ref. 16, Fig. 13, Co 3d’ configu-
ration, T; symmetry, and Dg=1.5 eV). The shape of our Co
L, 5 spectra is quite similar to the tetrahedral multiplet spec-
tra. This provides a consistent description of Co ions located
at the Zn site in tetrahedral coordination, as given by the
crystal structure. For octahedral coordination, the theoretical
XAS spectra (also in Ref. 16) are in much less agreement to
the tetrahedral coordination, especially for the 3d’ configu-
ration, which is the most likely one of diluted Co in ZnO.
These results and the conclusion of tetrahedrally coordinated
Co ions in a 3d’ configuration are in excellent agreement
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with other published experimental results and theoretical
XAS calculations, supporting the n-type nonclustered Co 3d’
ion picture.'>!” In the lower part of Fig. 5(a) the correspond-
ing Co XMCD spectra are shown. The Co XMCD signal
shows significant field and temperature dependent variations.
While the XMCD signal is about to be proportional to the
magnetic field, a strong decrease as a function of temperature
could be observed. This observation is typical for paramag-
netic materials and unexpected for a ferromagnetic system.
This will be discussed on a quantitative basis below. Similar
to the observation above, the spectral shape is clearly differ-
ent to metallic Co spectra,'>!8 again indicating a weakly in-
teracting environment providing multipletlike features differ-
ent to metallic systems. Similar to the XAS spectra, the
shape of the XMCD spectra also confirms the Co 3d’ ion
picture, and is in good agreement to other XMCD results
published so far.'> This observation shows that no Co metal
clusters are present in a significant amount. Figure 5(b)
shows the Zn L, ; edge spectra, probing the unoccupied Zn
3d site. The resonance of the Zn L, 3 XAS lines is very weak,
indicating a Zn 3d'" configuration, as expected. The lower
part of Fig. 5(b) shows the corresponding Zn L, 3 XMCD, in
an expanded view. No significant Zn XMCD signal could be
observed, consistent to the nonresonant spectral line shapes
of the corresponding XAS spectra shown above. This clearly
demonstrates the absence of significant Zn 3d magnetism in
doped ZnO. We will now focus on the quantitative discus-
sion of the Co magnetic moments, which have been derived
by the use of sum rules, using a number of holes n;,=3 con-
sistent to the above discussed XAS and XMCD multiplet
structure, which is consistent to the 3d’
configuration.'>!>1929 In an applied magnetic field of 2 T
and at a temperature of 28 K, Co provides a projected 3d
spin moment/ion of mg¢=0.141up, and an orbital projected
moment of m;=0.036uz (RT at 2 T: mg=0.026uz, m;
=0.008up). The spin values at both temperatures are quite
close to a pure paramagnetic moment of a spin 3/2 system.
In order to prove the paramagnetic behavior of Co, the field
dependence of the Co XMCD signal has been monitored by
measurements of the L; edge region between
778.5-782.8 eV and evaluating the total area below this
XMCD peak. These area related values have been normal-
ized to the sum rule derived spin moment from the full range
measurements discussed before. The results are shown in
Fig. 6 for three different temperatures and in applied fields
up to 2 T. They indicate no ferromagnetic or remnant behav-
ior for the Co atoms at all temperatures. In addition the tem-
perature dependence has been measured in an applied field of
2 T, shown in the inset of Fig. 6. The spin moment follows a
Curie law behavior M(T)=0.004uz+4.8 wg/(T/[K]+30.5)
with a Curie-Weiss temperature of —30.5 K, clearly indicat-
ing comparably weak antiferromagnetic coupling and no
magnetic ordering. The absolute value of the non-
temperature dependent Co magnetization has been estimated
by a fit (shown in the inset of Fig. 6) to be mg oy
=0.004+0.004wp. No sign or indication for Co related fer-
romagnetism could be found, excluding Co related ferromag-
netism as an origin for the observed ferromagnetism in this
compound. However, the TEY mode sampling depth is about
5 nm, which clearly prevents the interface XMCD investiga-
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FIG. 6. Field-dependent Co XMCD magnetic moments for three
different temperatures. The inset shows the temperature dependent
Co XMCD magnetization and a corresponding Curie-Weiss law fit.

tion in TEY mode. By this method we can only exclude Co
related ferromagnetism for the upper part of the film. But Co
cluster formation at the interface to the substrate was not
observed in the TEM investigation. We could also not detect
secondary phases in x-ray diffraction. Summarizing the
XMCD results, we have found only paramagnetic behavior
of the Co 3d magnetism, down to low temperatures. This
excludes Co atoms in the undistorted upper part of the ZnO
film as the origin of the RT ferromagnetism. The constant
ferromagnetic contribution in the VSM measurement would
correspond to 1 Bohr magnetons per Co atom (at 5% nomi-
nal doping level). A ferromagnetic contribution of this size
should be clearly visible at all temperatures in the XMCD
measurements. However, the absolute Co XMCD related
magnetization behavior shows no sign of saturation and is
consistent to a pure paramagneticlike behavior at all mea-
sured temperatures. Due to higher temperatures and smaller
fields in the XMCD experiment the Co absolute moments are
up to two orders of magnitude smaller compared to magne-
tometry results (see above), but again in very good agree-
ment to a model of paramagnetic Co ions. Our results are in
strong contrast to other published XMCD results, which
found a mixture of antiferromagnetically and ferromagneti-
cally coupled Co ions.'> We would like to emphasize that it
is essential to have a very high signal to noise ratio present at
the XMCD system, to measure paramagnetic and also
strongly diluted magnetic moments at higher temperatures.

D. Transport properties

While a Co-derived magnetic impurity band was not
found in the XMCD measurements, charge transport in such
a magnetic impurity band should result in an anomalous Hall
contribution. Therefore we investigated in detail magne-
totransport properties of doped and undoped samples. The
influence of magnetic impurities on the transport properties
is distinct. Whereas there is a significant influence concern-
ing the magnetoresistance, the Hall effect is hardly changing.
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FIG. 7. Nonlinear Hall effect in Zng ¢5C0p (5O (a) and undoped
ZnO (b). Doped and undoped samples exhibit a nonlinear Hall ef-
fect consisting of a strong high field contribution and a weak low
field contribution. The effect seems to go with the magnetization.
The data was generated by subtracting the high field slope (from
5to 6 T) of the Hall effect.

The R vs T behavior of our samples is exponential as ex-
pected for a semiconductor. The charge carrier density which
is calculated from the Hall data is as well exponential in
temperature. At 300 K it is in a range of 1X10'-3
X 10" ¢cm™3, for both doped and undoped films. With 0.9 to
1.8 meV the activation energy is very low indicating a de-
generate behavior. At first view there seems to be no anoma-
lous Hall effect and the Hall resistivity looks simply linear
with the applied field. Only a closer look reveals very small
reproducible deviations from linear Hall behavior, which we
denominate as anomalous contributions in the following.
Surprisingly these nonlinear contributions are very similar in
doped and undoped samples. They contribute about 3% of
the normal effect and are shown in Fig. 7. To our knowledge
there is only one other report about anomalous Hall effect in
ZnCoO from Peng et al.,?! which is probably due to the very
small magnitude of the signal. Further data analysis shows
that the effect consists of a high field and a very weak low
field contribution. The high field contribution is up to
6 uQ) cm for doped and up to 4 w) cm for undoped ZnO,
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whereas the low field one is below 0.1 u{) cm for both. Be-
cause its saturation field of 0.5 T corresponds with that of the
magnetometry data one is tempted to identify the small low
field contribution to result from the ferromagnetism in Zn-
Co0. However, we could not detect ferromagnetic behavior
in undoped samples. As ferromagnetic behavior was reported
for other nondoped semiconductors,?” a small ferromagnetic
moment below our detection limit (=107% emu) might exist
in the undoped film. Thus the origin of the low field contri-
bution remains speculative. In the following we evaluate the
much stronger high field deviations from the linear Hall be-
havior. For the high field contribution we did not find a scal-
ing behavior oz > 0., This is in contrast to the findings of
Toyosaki et al.,”> who reported clear anomalous Hall behav-
ior in Co doped TiO,. Again the nondoped ZnO shows simi-
lar behavior. One possible explanation for the high field con-
tribution in both doped and undoped ZnO is that the relative
band occupation of different parts of the conduction band
changes with magnetic field. This can lead to deviations from
linear magnetic field dependence of the Hall conductivity.
Our explanation is based on the theoretical background of
the magnetoresistance results shown below. A similar behav-
ior was also observed in manganites,”*?* though in this case
it is due to a magnetic field induced shift of the metal-
insulator transition.

The transversal magnetoresistance was measured at vari-
ous temperatures and for two different orientations of the
magnetic field. In Fig. 8 we show the results for magnetic
field perpendicular to the film plane. The magnetoresistance
effect is strongly temperature dependent. While at low tem-
peratures there is a positive and negative MR in a range of
0 to 6 T, at higher temperatures only a negative magnetore-
sistance is observed. The results are similar to that of Wang
et al.”® At low temperatures the MR is even changing its sign
twice for Co doped ZnO. At 10 K the sign changes for B
=1.5 and 3.5 T while for 5 K it happens at 0.2 and 4.2 T.
The curve profile is also very sensitive to the charge carrier
density; there is a significant change in MR for carrier den-
sities of 3.2X 10" cm™ and 1.25X 10" cm™ in our case.
We also observed an anisotropy in transversal magnetoresis-
tance with a difference in magnitude of 20% for in-plane and
out-of-plane field orientation. For undoped ZnO with a simi-
lar charge density the negative contribution dominates,
which could indicate a correlation between magnetic impu-
rities and MR. Following the report of Reuss et al.’’ we used
their semiempirical expression for the relative magnetoresis-
tance, originally from Khosla et al.,® consisting of a nega-
tive and positive contribution to fit our data:

2 212 B’
Aplpy=—a ln(l+bB)+szB2 (1)
a’=AJpeS(S + 1)+ (M*)], 2)
2pp\*| g
b’ =1 45%2(—) ]— 3
{ ' ¢ ) Jlar? &

The negative component is explained by spin scattering
taking in account the third order s-d exchange Hamiltonian
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FIG. 8. Magnetoresistance in (a) Zng 95Cog 95O and (b) undoped
ZnO (b). A positive and a negative component of the MR were
observed. For doped samples this leads to sign changes at low tem-
peratures. For undoped samples the negative contribution
dominates.

while the positive one is due to a field induced change in the
relative populations of two conduction bands with different
conductivities which could also be an explanation for the
unusual high field Hall effect as already mentioned above.
The fitting parameters a and b depend on several properties
as the average magnetization (M), the spin of the localized
magnetic moments S, the exchange integral J, the density of
states at the Fermi energy py, and A; as a measure for spin
scattering. Parameters ¢ and d are functions of conductivity
and charge carrier concentration. Though Eq. (1) was actu-
ally meant for nonmagnetic degenerated semiconductors
such as undoped ZnO, we show in the following that it also
describes the MR behavior of TM doped ZnO films. As one
can see the data can be well fitted with such an approach
(Fig. 8). Parameters ¢ and d yield a saturating positive high
field MR. They are expected to change with the temperature
because of the temperature dependent charge density. This
positive magnetoresistance is compensated by the large
negative contribution. Therefore both contributions are not
independent in the fitting procedure. Nevertheless the least
square fit parameters shown in Table I reveal clear tempera-
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TABLE I. MR fit parameters for doped and undoped ZnO at
various temperatures.

T (K) a b c d

doped 5 0.13672  3.389056  0.47844 1.50142
10 0.12354  1.85055 0.16992  0.65862
20 0.09909 098132 0.03363  0.20608

50 0.10186  0.59208  0.04472  0.4664

100 0.11662  0.23123  0.01779  0.1557
270 0.11221 0.09886  0.0104 0.06973
undoped 5 0.10194  5.54819  0.02205 0.26572
10 0.09938  3.07206  0.01987  0.40929
20 0.09856 1.62466  0.02467  0.38207
50 0.10409  0.71064  0.03111 0.28104
100 0.08998  0.42961  0.0197 0.22038
270 0.1114 0.15822  0.01689  0.10945

ture dependencies of the fit parameters. Here we want to
discuss the negative scattering contributions a and b of Eqgs.
(2) and (3), respectively. Regarding the temperature depen-
dence of the parameters a and b (Table I) there is indeed a
clear 1/T linearity of the parameter b, which is shown ex-
plicitly in Fig. 9, while the parameter a is more or less con-
stant as expected from the definition. Comparing the doped
and undoped sample one can see an evident change in the
slope of the b(1/T) relation in Fig. 9, whereas parameter a is
changing only a little (Table I). Because the negative contri-
bution is due to spin scattering, it contradicts expectations to
find the negative component smaller for magnetically doped
than for undoped samples.

Our comparative transport measurements on doped and
undoped samples yield surprising results. A comparable non-
linear Hall signal is observed in both cases. The low tem-
perature MR looks different for doped and undoped samples,
however, the spin dependent magnetoresistive contribution
was found to be smaller for the doped samples. Thus the
Co-dopand atoms seem not to be strong scattering centers for
conduction electrons.

IV. SUMMARY AND CONCLUSION

Structural, magnetic, and transport properties of 5% Co-
doped and undoped ZnO films prepared by PLD were inves-
tigated. Doped samples exhibit ferromagnetic and paramag-
netic ~ behavior.  Element  specific =~ magnetization
measurements using XMCD showed purely paramagnetic
behavior for the Co atoms and only nonmagnetic Zn atoms.
The ferromagnetic contribution seems to have its origin in
the first distorted atomic layers, for thicker films the para-
magnetic contribution is dominant. Transport measurements
show a small nonlinear Hall effect. Low field as well as high
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FIG. 9. b parameter vs inverse temperature.

field contribution of the nonlinear Hall effect were observed.
Undoped samples show a similar effect though they should
not have any magnetic impurities. The high field contribution
may have its origin rather in a magnetic field dependent band
filling, while the origin of the low field contribution remains
unclear. The magnetoresistance of the doped samples con-
sists of a negative and a positive component leading to a
double sign change at low temperatures. For undoped ZnO
the negative contribution dominates the magnetoresistance.
Our results could be fit with an approach that presumes spin
scattering for the negative and a two-band model for the
positive contribution. For undoped samples the negative spin
scattering component is stronger than for doped samples
pointing to a low interaction strength of the paramagnetic Co
atoms with the conduction bands of the ZnO. Our XMCD,
magnetization, and transport measurements show no indica-
tion that the magnetism in this oxidic diluted magnetic semi-
conductors has its origin in the magnetism of Co-dopant at-
oms including clusters or secondary phases. We presume
rather defects in the base material induced by the dopants
and/or defects at the film substrate interface are responsible
for the observed ferromagnetism. Such unexpected ferro-
magnetism has already been reported in HfO, (Ref. 22) and
Sc doped ZnO (Ref. 4) pointing to an occurrence of magnetic
moments in oxides without partially filled shells.
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