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We have studied Co-doped indium-tin oxide �ITO� films deposited by magnetron sputtering on fused-quartz
substrates under various conditions. We find that the magnetic and electrical transport properties of these films
vary strongly with post-growth treatment. In films with more than 8 at. % of Co, we observe irreversible
magnetization and an anomalous Hall effect that are likely caused by a mixed magnetic state, with metal-rich
nanoclusters within a ITO:Co matrix. Homogeneous films with less than 8 at. % of Co are ferromagnetic at
room temperature. Their magnetic behavior is consistent with a bound magnetic polaron percolation model.
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I. INTRODUCTION

Diluted magnetic semiconductor �DMS� oxide systems
that show a high-temperature ferromagnetic �FM� behavior
have a great potential in the development of thin-film opto-
electronic spin-based devices.1 In recent years, high-
temperature FM behavior has been reported for ZnO films
doped with Mn,2 for Co- and Fe-doped TiO2 films,3,4 and for
indium-tin oxide �ITO� films doped with Mn, Ni, and Cr.5–8

There is yet no consensus on how ferromagnetism comes
about in DMS oxides. It is clear that growth processes and
post-growth annealing strongly affect their properties. Par-
ticularly, metallic Co clusters are observed as often as homo-
geneous distributions of Co atoms in thin films. The origin of
ferromagnetism in cobalt-doped films remains unclear even
in the most extensively studied system, TiO2:Co. Nearly all
published papers on this system report similar magnetic and
transport results. However, the interpretations are often con-
troversial. In some cases, high-temperature annealing of ep-
itaxial TiO2:Co films grown by pulsed laser deposition
seems to remove the metallic Co nanoclusters, existing in
as-grown films, and to incorporate magnetic ions into the
host matrix, which leads to intrinsic ferromagnetism.9 On the
other hand, it has more recently been found that annealing,
while removing metallic Co nanoclusters from the bulk, pro-
motes their diffusion to the interface between substrate and
film in the same system.10 Consequently, the observed ferro-
magnetism in annealed films arises from Co particles. It is
clear that careful studies that involve and relate microstruc-
tural, magnetic, and electrical transport characterizations are
required in order to establish the physical mechanism under-
lying magnetism in the oxide semiconductors. In addition,
some high magnetic moment values found in DMS oxides
are unprecedented and cannot be accounted for by any
known ferromagnetic phase.11 Understanding magnetism in
these materials is a great challenge for basic physics as well
as for device applications.

In this paper, we report the observation of room-
temperature �RT� ferromagnetism in Co-doped ITO thin
films. We aim to contribute to the understanding of magne-
tism in DMS oxides by relating results of structural, electri-
cal transport, and magnetic studies of these films. ITO films

with up to 8 at. % of Co show an intrinsic FM behavior
which correlates with their transport properties. On the other
hand, a mixed magnetic state, likely with Co-rich clusters,
seems to lead to the behavior that is encountered in films
with larger Co content.

II. EXPERIMENT

We grew Co-doped ITO thin films by dc magnetron
cosputtering from cobalt and ceramic ITO �90% In2O3 and
10% SnO2 by weight� targets mounted on two separate guns,
in a vacuum system with a base pressure of �4�10−6 Torr.
The Sn concentration in the ITO target was constant. In each
process, three pieces of fused-quartz substrates were placed
on a heating block at different locations. In this way, we
could obtain three films, each with a different Co content.
The Sn and In content in films varied, depending on Co
concentration, while the Sn/ In ratio remained constant. The
partial pressure of argon was fixed at 1.1�10−3 Torr during
deposition. The substrate temperature was also kept constant
at 200 °C. The typical deposition rates were 0.5–1 Å/s, and
film thickness ranged from 400 to 800 nm. After growth,
some films were annealed in oxygen or air at various tem-
peratures from 300 to 700 °C, usually for 3 h. We also used
reductive annealing in Ar: 4% H2 in several cases. We esti-
mated the Co content and its distribution in the films from
x-ray photoelectron spectroscopy �XPS� and from electron
probe microanalysis. XPS spectra, obtained using Al K� ra-
diation, also revealed the electronic state of Co ions. To this
end, we etched the films’ surface with argon ions. The rate of
etching was approximately 0.5 nm/min. This procedure was
repeated several times. After each etching cycle, Co 2p, In
3d, Sn 3d, and O 1s spectra were recorded. The structural
characterization of films was done with x-ray diffraction
�XRD� and transmission electron microscopy �TEM�. A su-
perconducting quantum interference device �SQUID� magne-
tometer was used for magnetic measurements. Since mag-
netic signals from thin films are quite small, we implement a
modulation method in our measurements. The diamagnetic
contribution from the substrate, which is linear in the mag-
netic field and does not vary with temperature, is subtracted
from all data. This contributes significantly to the absolute
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error. The relative error obtained for magnetic measurements
is about 1%; absolute values are determined to within 20%.
Here van der Pauw geometry was used to obtain the resistiv-
ity and Hall effect data in magnetic fields of up to 5 T. The
Co content in the films varied between 2 and 15 at. %.

III. RESULTS AND DISCUSSION

Indium-tin oxide is a transparent direct band-gap semi-
conductor. It crystallizes in a cubic bixbyite structure with a
lattice parameter of 10.118 Å. Similar to its parent indium
oxide, ITO is generally nonstoichiometric with respect to
oxygen. It shows a rather high electrical conductivity, arising
from a large electron concentration, which follows from dop-
ing with Sn and from the presence of oxygen vacancies.
Since it exhibits technologically important properties, ITO is
a widely studied material.12

The appearance of the as-deposited ITO:Co varies from a
smoky-brown for Co-rich films to a pale-yellowish for films
with a smaller Co content. The as-grown films with Co con-
tent higher than 10 at. % are partially amorphous, weakly
paramagnetic, and rather resistive �their RT resistivity is of
�0.1 � cm�. Upon annealing, the films’ color gradually dis-
appears and the films change to a polycrystalline phase.
Their conductivity first increases �up to �1�103 �−1 cm−1�,
with increasing annealing temperature up to 400 °C, but
more resistive materials obtain at higher temperatures. On
the other hand, the RT conductivity of the films with smaller
Co concentration, which is ��0.2–1��103 �−1 cm−1 in as-
grown samples, decreases considerably upon annealing in
air. Reductive annealing in Ar:H2 improves their conductiv-
ity. These films, without any post-growth annealing, are quite
polycrystalline and ferromagnetic at 300 K. The resistivity of
all Co-doped ITO films exhibits thermally activated behav-
ior. This is shown for films of two different compositions,
which have been subjected to various thermal treatments, in
Fig. 1. In high-conductivity samples the variation of the re-
sistivity between 5 and 300 K is less than 5%.

In Fig. 2, the XRD patterns of �In0.94Sn0.06�2�1−x�Co2xO3

films with x=0.11 �as-grown� and x=0.3 �annealed in air for
3 h at 400 °C�, as well as a pattern for the substrate, are
shown. These patterns can be indexed as a cubic bixbyite
structure of In2O3. The lattice constant shrinks with increas-
ing Co content as shown in the inset of Fig. 2�a�. This sug-
gests that Co ions enter substitutionally into the ITO lattice.
We observe no peaks in the XRD spectra corresponding to
Co oxides or to metallic Co. Indeed, XPS spectra for films
with x�0.20 show that the Co ions are in a high-spin diva-
lent ground state—i.e., Co+2 �3d7, S=3/2�. The Co 2p core-
level spectra for x=0.12 �as-grown film� and for x=0.18
�film annealed for 3 h at 400 °C in air�, shown in Fig. 3,
exhibit a main Co 2p3/2 peak at 780.05 eV and the Co 2p3/2
peak at 795.6 eV ��E=15.5 eV� which corresponds to a
high-spin Co2+ state.13 The spectra shown were obtained af-
ter several Ar-ion etching cycles. The spectral line shapes
and peak binding energies do not vary with successive etch-
ings for these films. However, for x�0.20, an additional
signal appears in the XPS spectra after 10 min sputtering
with Ar ions, with Co 2p3/2 at 778.2 eV and a Co 2p3/2

−2p1/2 separation �E=15.0 eV, close to the one of metallic
Co.13 These additional features are pointed to by arrows in
Fig. 3. We find that a substantial fraction of the total Co
atoms segregates to metallic Co clusters in this film at about
100 nm below the surface. Metallic Co clusters may form as
a consequence of Ar-ion bombardment which can reduce
oxidized Co ions and/or locally heat the sample and thus
promote Co migration and subsequent clustering. However,
we do not observe such an effect in films with x�0.2 after
similar etching cycles. Therefore, it is quite unlikely that the
treatment with Ar ions would induce the clustering of Co
observed in films with more than 8 at. % of Co. Ion bom-
bardment may induce changes in stoichiometry at the surface
as well. This preferential sputtering is more pronounced for
components with low mass and binding energy. We do not
have any evidence of preferential sputtering in our films once
a superficial layer of few nanometers has been removed.

A plan-view TEM image for a 12 at. % of Co sample,
exhibited as an inset in Fig. 2�c�, also shows a hint of inclu-
sions with diameters �3 nm. These can be Co-metal or Co-
rich nanocluster inclusions. On the other hand, the cross-
sectional TEM image of the ITO film with 4 at. % of Co,
exhibited as the inset of Fig. 2�b�, shows a microstructure
that is uniform and no clustering of Co ions nor secondary
phases. This is in agreement with the XPS results. There is
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FIG. 1. Resistivity vs temperature for �a� In2O3 with 10 wt %
SnO2 �ITO� films doped with 12 at. % of Co, and �b� ITO films
with 4 at. % of Co, subjected to various thermal treatments. The
inset in �a� shows magnetic field variation of the Hall resistivity in
12 at. % of Co film annealed at 400 °C for 3 h in air.
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no significant variation in Co content with film depth, as
probed by XPS. It seems that films with less than 8 at. % of
Co are well substituted. In films with higher Co content, Co
metallic inclusions, in addition to the Co that enters substi-
tutionally into ITO matrix, are quite likely. As discussed
briefly in Sec. I, thermal annealing may affect the distribu-
tion of dopants in the host matrix. We do not observe any
appreciable annealing effect on clustering of Co atoms up to
400 °C. However, higher annealing temperatures might dras-
tically change the microstructure of films as has been found
in the TiO2:Co system.9,10,14 Additional research on this
point is underway.

Magnetic measurement results support the conclusions
above. The zero-field-cooled and field-cooled susceptibilities
are different for T�120 K in films with more than 8 at. % of
Co. In addition, these films show hysteretic magnetization
below room temperature and an anomalous Hall effect
�AHE�.15 How the Hall resistivity varies with external mag-
netic field is shown for one of x=0.3 films in the inset of Fig.
1�a�. The AHE follows the magnetization behavior, as ex-
pected for a ferromagnetic semiconductor with spin-

polarized carriers. Nevertheless, it has been found that TiO2
films with superparamagnetic Co clusters also show an
AHE.14 Thus, the AHE cannot be used as a decisive criterion
for intrinsic ferromagnetism. An assumption of two magnetic
subsystems, interacting nanoclusters �of Co-metal or Co-rich
ITO� and a ferromagnetic matrix, can account for the ob-
served magnetic behavior in heavily doped ITO films.15 Fur-
ther support for this follows from the field dependence of the
magnetization shown in Fig. 4 for various Co concentrations.
The diamagnetic background contribution from the substrate
has been subtracted from all of the shown data. Films with
x�0.2 show rather high RT values of the magnetic moment
per Co ion ��1.7�B�. These values are close to the ones for
pure metal clusters �1.67�B /Co� and of Co nanoclusters
�2.1�B /Co�. Much smaller RT magnetic moments obtain for
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homogeneous ferromagnetic ITO:Co films with less than
8 at. % of Co �x�0.2�. The ferromagnetic transition tem-
perature Tc increases with increasing Co content in this con-
centration range. It exceeds 400 K in x=0.15 films.

We now turn to the results obtained for films with less
than 8 at. % of Co. In the lower inset of Fig. 4, we show how
the difference between field-cooled and zero-field-cooled
magnetization �measured in a field of 1 kOe, applied parallel
to the film plane� varies with temperature for two �as-grown
and annealed in air for 3 h at 400 °C� x=0.11 films. A rem-
nant of a ferromagnetic contribution is clearly present, even
above room temperature, in both films. The upper inset
shows the RT magnetic hysteresis loop for the same sample.
Coercive fields of up to 100 Oe are observed. We find that
the critical temperature Tc and the average magnetic moment
per dopant ion vary considerably with donor concentration
and with the microstructure of these films. Annealing at tem-
peratures higher than 600 °C gives rise to insulating and
paramagnetic films.

The magnetization M we measure in films with x�0.2 is
well below the saturation value Ms. Figure 5 shows the field
dependences of magnetization M�H� at 5 K for three films
with 2 at. % of Co: as-grown, annealed for 3 h at 400 °C in
air, and treated for 1 h at 400 °C in Ar:4% H2. Their behav-
ior at high fields is very similar although the low-field one is
quite different �see the upper inset in Fig. 5�. At this tem-
perature only about 40% of the estimated saturation value is
achieved at the highest applied field of 5 T. There is a slowly
saturating part, superimposed on FM magnetization, which
clearly indicates that a large fraction of the Co+2 �S=3/2�
magnetic moments do not contribute to the FM-ordered re-
gion. In order to estimate the magnetic moment per ferro-
magnetic Co ion, we approximate the isolated �paramag-
netic� moments contribution M� to the total magnetization by
a spin-only �no orbital contribution� B3/2��� Brillouin func-
tion with an argument of �=g�BH /kBTef f, M� /Ms�=B3/2���.
Here, the effective temperature Tef f =T+TAF has an empirical

parameter TAF which describes the antiferromagnetic interac-
tion between Co ions. We neglect the effect of small Co
“clusters” �two to three atoms� which have a much smaller
average magnetic moment than the isolated atoms. We find
that more than the half of Co ion are paramagnetic in the
films shown in Fig. 5. Estimated values of the magnetic mo-
ment per ferromagnetic Co atom, Meff, obtained by subtract-
ing the contribution of the paramagnetic Co ions from the
total magnetization, are displayed in the inset of Fig. 6�a�
versus Co content for films with approximately equal elec-
tron concentration. The observed decrease of the average
moment per cation with increasing x is likely brought about
by antiferromagnetically coupled small clusters of Co cat-
ions. Pairs and groups of four Co atoms make no contribu-
tion while triplets contribute only m /3 to the total magneti-
zation. Fitting a Curie-Weiss law �m /H=C / �T−	�� to the
susceptibility data, shown in the lower inset of Fig. 5, yields
small negative values for the Curie-Weiss temperature 	
��−2 K� in films with x=0.05. Similar values obtain for
other compositions. This suggests weak antiferromagnetic
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interactions between free Co ions. In our fittings we use
TAF=	.

Paramagnetic behavior is usually found in DMSs for dop-
ing levels lower than the site-percolation threshold number.
A ferromagnetic behavior in ITO:Co films with low dopant
concentration is surprising. Several observations are in order.
First: thermal annealing at moderate temperatures �up to
300 °C� in air or reducing atmosphere enhances ferromag-
netism while higher annealing temperatures in air destroy it.
As we grow our films with no oxygen pressure during depo-
sition, the number of oxygen vacancies in as-grown films is
large. These vacancies provide electrons to the conduction
band. Tin atoms are not effective as dopants in as-grown ITO
films which are amorphous.16 Most likely, Sn atoms occupy
interstitial positions and some of them may form defects
such as SnOx which act as carrier traps rather than electron
donors. Thermal annealing promotes Sn diffusion into In cat-
ion sites and, consequently, a rise in electron concentration.
In addition, annealing promotes grain growth which leads to
a decrease of donor sites trapped at the dislocations and grain
boundaries. An enhancement of the magnetic moment at this
stage strongly suggests a carrier-mediated exchange as the
source of the observed intrinsic ferromagnetic ordering. An-
nealing at higher temperatures in air leads to compensation
of substitutional Sn atoms by interstitial oxygen and to a
decrease in the number of oxygen vacancies.16 Therefore, a
deterioration of ferromagnetic coupling follows. The varia-
tions of M�H� for the 2 at. % films, shown in the upper inset
of Fig. 5, agree with this model. We observe hysteresis for
the as-grown sample �with n �5 K�=4.3�1019 cm−3� while
there is almost no FM signal for the same film treated in air
at 400 °C for 3 h �with n �5 K�=1�1018 cm−3�. Annealing
in reducing atmosphere enhances FM contribution �not
shown� and electron concentration.

Figure 6 shows how the magnetic moment per Co atom
varies with total electron concentration n, obtained from
high-field Hall resistivity 
xy measurements. 
xy at high fields
shows a negative slope �see the inset of Fig. 1�a�� which is
proportional to the inverse of n. We change the electron con-
centration in our films by varying the temperature and/or
ambient gas while annealing. Interestingly, the magnetic mo-
ment of the ITO films doped with 4 at. % of Co seems to
correlate with the total electron concentration, both at 300
and 5 K. �Note that the data cover more than three orders of
magnitude in n.� The critical temperature Tc, displayed in the
inset of Fig. 6�b�, shows first a sharp rise with n but varies
more slowly for higher electron concentration. There is a
large scatter in data points which arises mainly from our
rough estimation of the effective magnetic moment. Never-
theless, the overall trend of an increasing Meff with increas-
ing n is clear and agrees with annealing effects. On the other
hand, we note that there is no correlation between values of
the magnetic moment and the electron concentration in the
ITO films doped with 12 at. % of Co �see Fig. 6�a��. As dis-
cussed above, a mixed magnetic state of the films doped with

more than 8 at. % of Co may well obscures any correlation.
The observed correlation between Meff and n strongly

suggests a carrier-mediated exchange as a source of the in-
trinsic ferromagnetic ordering. Since electrons in the films
are mostly localized, a bound magnetic polaron percolation
model may be applicable.11,17 In this model, FM exchange is
mediated by shallow donor electrons that form bound mag-
netic polarons. Overlap of polarons above some critical den-
sity of donors creates a spin-split impurity band. Such a sce-
nario is favored in materials with a high dielectric constant
and large density of donor defects. ITO:Co satisfies these
requirements as the value of its high-frequency dielectric
constant is 9,12 and oxygen vacancies or tin dopants can be
introduced in large numbers. Following Ref. 11, we estimate
the percolation threshold for the appearance of long-range
ferromagnetism in ITO:Co films as ��0.5–1�
�1018 donors/cm3 for the Sn atoms or oxygen vacancies,
respectively. This agrees reasonably well with our experi-
mental results. The films with n�1�1018 cm−3 do not show
ferromagnetic behavior. The percolation model provides a
possible explanation for the low values of the magnetic mo-
ment we observe in films with x�0.2 as well. A large num-
ber of Co moments would not belong to the cluster of per-
colating bound magnetic polarons, which we expect to
trigger ferromagnetic ordering and would therefore not con-
tribute to the spontaneous magnetization. A direct Co-Co an-
tiferromagnetic coupling provides an alternative mechanism,
which would suppress both the critical temperature and the
magnetization. We expect this coupling to be small since
Co-Co separation is rather large for this composition.

IV. CONCLUSIONS

We have grown indium-tin oxide thin films doped with Co
by magnetron cosputtering at a deposition temperature
200 °C. Their magnetic and electrical transport properties
can be varied in a wide range by post-growth annealing in an
oxidizing, inert or reducing atmosphere. ITO films with up to
8 at. % of Co seem to be well substituted and show intrinsic
FM behavior even above 400 K. The effective magnetic mo-
ment of these films correlates with electron �donor� concen-
tration. Our results point to a major role of oxygen vacancies
in establishing ferromagnetic coupling in these materials.
There is no clear correlation between the values of the mag-
netic moment and the number of oxygen vacancies in the
ITO films doped with more than 8 at. % of Co. Metallic in-
clusions, in addition to the Co that enters substitutionally
into ITO matrix, are quite likely in these films which show
mixed magnetic behavior.
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