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Using x-ray magnetic circular dichroism �XMCD�, x-ray absorption spectroscopy �XAS�, and
energy filtered transmission electron microscopy, we provide evidence for a heterogeneous Co
distribution in anatase Co:TiO2 magnetic semiconductor having a low Co concentration �1.4 at. %�.
Multiplet structure due to Co2+ is observed in XAS spectra, but suppressed due to the coexistence
of metallic Co clusters and substitutional Co ions, whereas XMCD spectra resemble metallic Co.
The presence of Co2+ can be correlated with earlier observations of impurity band conduction and
Kondo behavior, whereas metallic Co clusters contribute to the ferromagnetism and anomalous Hall
effect. © 2010 American Institute of Physics. �doi:10.1063/1.3327805�

The prediction of magnetism in wide band gap oxides
and nitrides1 has triggered much interest in room temperature
dilute magnetic semiconductors for practical spintronic
devices. One of the most well-studied materials is the Co
doped TiO2 semiconductor for which room temperature
ferromagnetism,2 anomalous Hall effect �AHE�,3–6 magneto-
optical dichroism,7,8 and transport studies9–12 have been re-
ported. However, there is still controversy about the origin of
the observed ferromagnetism and related effects, i.e.,
whether the ferromagnetism is induced by a carrier-mediated
exchange interaction between substitutional magnetic ions,
or by defects or extrinsic sources.4,13–15

In previous work, we observed ferromagnetism and AHE
at room temperature in anatase Co:TiO2 thin films grown
under oxygen poor conditions.6 In the same material, con-
duction in a metallic impurity band was demonstrated,11 con-
sistent with a mechanism of ferromagnetic exchange interac-
tion between localized moments via this donor impurity
band.16 Evidence was also found for the Kondo effect due to
the resonant interaction of conduction electrons with local
Co magnetic moments.11 However, the strong coupling be-
tween carriers and a local moment in the Kondo regime
causes screening and no long range ferromagnetic order.17

For weaker coupling ferromagnetic order can arise through a
long range interaction mediated by polarized conduction
electrons.17 A combined observation of ferromagnetism and
Kondo effect in Co:TiO2 indicates a possible inhomoge-
neous distribution of Co.

To investigate this conjecture, we present a combined
soft x-ray absorption spectroscopy �XAS�, x-ray magnetic
circular dichroism �XMCD�, and energy filtered transmission
electron microscopy �EF-TEM� study of anatase TiO2 with
a low Co concentration of 1.4 at. %. We examine films
grown under oxygen rich �10−3 mbar� and oxygen poor �9
�10−5 mbar� conditions having different magnetic proper-
ties at room temperature, i.e., paramagnetic and ferromag-
netic, respectively. The XAS and XMCD data reveals the
coexistence of ionic Co2+ and metallic Co in both type of
films. The presence of Co heterogeneity was confirmed by
EF-TEM.

Epitaxial thin films of anatase Co:TiO2 �1.4 at. %� were
grown by pulsed laser deposition on TiO2-terminated SrTiO3
substrates under oxygen rich �10−3 mbar, film thickness 45
nm� and oxygen poor �9�10−5 mbar, film thickness 10 nm�
conditions. More details on growth, transport, and magnetic
properties have been presented previously.6,11 For compari-
son, a 2 nm thick reference Co metal thin film was fabricated
with a capping layer of 3 nm thick Al. The XAS and XMCD
measurements, both at the Co L2,3 edge, were performed at
beam line I1011 of MAX-laboratory in Lund, Sweden, which
uses a circular polarized undulator, providing 60% left and
right handed circular polarization. All spectra were measured
at room temperature in total electron yield mode, with a
probing depth of about 10 nm. The XMCD spectra were
obtained at a fixed photon helicity and an angle of incidence
of 45° with respect to the sample normal. To reverse the
sample magnetization, an in situ magnetic field was applied
colinear with the x-ray beam �for Co:TiO2 samples� or in the
film plane �Co metal reference sample�.

The top panel of Fig. 1 shows XMCD spectra �blue
lines� of oxygen rich �10−3 mbar� and oxygen poor films
�9�10−5 mbar�, obtained by subtracting XAS measure-
ments �black and red� performed with circularly polarized
light for opposite magnetization directions. The XMCD
spectrum of the oxygen rich sample, which shows paramag-
netism as concluded previously from magnetometry,11 was
measured under application of a small magnetic field ��0.08
T�. The sample grown under oxygen poor conditions is fer-
romagnetic and was measured in remanence at zero magnetic
field, after application of a �0.5 T field. A clear XMCD
signal is observed for both films. It is larger by about a factor
of 1.7 for the oxygen poor film. Additional XMCD measure-
ments were performed on a reference Co metal thin film,
shown in the bottom panel together with the normalized
XMCD data for the Co:TiO2 films. Also shown is the simu-
lated XMCD spectrum of Co2+ ions in CoO, obtained with
the same parameters as described below for the simulated
XAS spectrum. Strikingly, the XMCD spectra of both the
Co:TiO2 films are very similar to the featureless Co-metal
spectrum, which suggests that the magnetic moments arise
from the presence of metallic Co in the Co:TiO2. However,
it should be noted that the data does not allow us to conclude
that all magnetic moments arise from metallic Co. The spec-a�Electronic mail: ron.jansen@el.utwente.nl.
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tra can, within the accuracy of the measurement, also be
described reasonably by metallic Co plus a contribution to
the magnetism from Co-ions of up to 30%. This would pro-
duce an XMCD spectrum with a weak multiplet structure
that is hard to distinguish from the XMCD spectrum of pure
Co metal.

Figure 2 shows Co L2,3 edge XAS spectra obtained with
linearly polarized x-rays. Also shown is a calculated spec-
trum for Co2+ ions, obtained by ligand field multiplet �LFM�
calculations as developed by Thole and co-workers, based on
Cowan’s atomic multiplet code and Butler’s group theoreti-
cal code.18 The LFM calculation was performed for Co2+

ions �3d7� in a cubic crystal field �Oh symmetry� with
10Dq=1.1 eV, corresponding to a high-spin state. The
Hartree–Fock Slater integrals were scaled to 75% of their
atomic values to account for solid state effects. The overall
good agreement in the energy position of multiplet features
�except for a small shift of the two central peaks B and C�
between the calculated multiplet spectrum and the experi-
mental spectra shows that both samples contain substitu-
tional Co2+. However, a distinct difference between the two
XAS spectra is that the multiplet features are much more
pronounced for the oxygen-rich grown Co:TiO2 thin film.
The spectrum with suppressed multiplet-related fine structure
is quite similar to previously reported Co L2,3 edge XAS
data of rutile Co:TiO2 thin films.19

The results described above show that the Co distribu-
tion is heterogeneous, consisting of metallic Co �as seen in
XMCD� and ionic Co2+ �as seen in XAS�. This suggests that

the suppressed XAS multiplet structure is related to a super-
imposed featureless Co metal contribution. To test this, we
subtracted weighted Co-metal spectra �blue lines in Fig. 2�
obtained from the Co-metal reference sample. The difference
spectra after subtraction �red lines in Fig. 2� represent the
Co2+ contributions, and indeed show a more pronounced
multiplet structure. The weight of the subtracted Co-metal
contribution was taken such that, for both samples, the mul-
tiplet features labeled B, C, and D, are all at about the same
height in the difference spectra. Using this criterion, the dif-
ference curves closely mimic the spectral shape of CoO,
which contains Co2+ in an octahedral crystal field of essen-
tially the same strength �1.05�0.05 eV�.20 The weights of
the metallic Co contribution to the total XAS intensity
amount to 60% and 40% �in terms of peak heights� for the
Co:TiO2 films grown under oxygen poor and oxygen rich
conditions, respectively. The stronger suppression of the
Co2+ multiplet structure for the oxygen-poor grown Co:TiO2
sample is thus consistent with the presence of a larger
amount of metallic Co. After the Co metal contribution is
subtracted, the multiplet features �red lines� are not exactly
the same for the two samples. There is some additional
broadening of the multiplet structure for the oxygen-poor
grown film that cannot be explained by the presence of a
metallic Co contribution. This broadening can be due to
variations in the local crystal fields, perhaps due to oxygen
vacancies, or some finite contribution of magnetic coupling
via conduction electrons, for which the XAS spectrum of
Co:TiO2 is not known.

We performed complementary EF-TEM measurements,
which uses specific energy loss peaks of the transmitted elec-
trons to obtain spatial maps of the concentration of a particu-
lar chemical element. Both oxygen rich and oxygen poor
Co:TiO2 samples were studied. Finding the Co metal clus-
ters is by no means an easy task, especially for the paramag-
netic oxygen-rich grown Co:TiO2 thin film, considering that
the superparamagnetic Co particle size is below 10 nm. Not-

775 780 785 790 795 800

Co in CoO (calculated)

Co metal (measured)

Co:TiO
2

(9x10-5 mbar)

Co:TiO
2

(10-3 mbar)

Photon energy (eV)

0

0

0

0

Co:TiO
2

(9x10-5 mbar)

Co:TiO
2

(10-3 mbar)
Y

ie
ld

(a
.u

.)

(b)

(a)

FIG. 1. �Color� �a� Two Co L2,3 edge XAS spectra recorded with circularly
polarized light of helicity anti-parallel �red line, I−� and parallel �black line,
I+� to the magnetization, respectively, for a 45 nm Co:TiO2 film grown at
10−3 mbar oxygen, and a 10 nm Co:TiO2 film grown at 9�10−5 mbar
oxygen. Also shown �in blue� is the resulting L2,3 edge XMCD, obtained as
the difference �I−−I+�. �b� Magnified L2,3 edge XMCD, displayed together
with the XMCD of a 2 nm thick reference Co metal film, and the simulated
XMCD spectrum of Co2+ in CoO. The four spectra are normalized to obtain
the same peak amplitude around 778 eV.
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FIG. 2. �Color� Black lines: experimental XAS data of a 45 nm Co:TiO2

film grown at 10−3 mbar oxygen, a 10 nm film grown at 9�10−5 mbar
oxygen, and the simulated spectrum of Co2+ ions. Red lines: difference
spectra with a much clearer fine structure obtained by subtraction of a
weighted metallic Co contribution �blue lines� from the measured XAS
spectra, as described in the text.
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withstanding, for the Co:TiO2 thin film grown under oxygen
rich conditions, tiny regions of enhanced Co concentration
near the surface were observed �Fig. 3�a��. In contrast, for
the Co:TiO2 thin film grown under oxygen poor conditions,
relatively large Co-rich clusters emanating from the
substrate/film interface and spanning the full film thickness
�Fig. 3�c�� were easily spotted using EF-TEM. These find-
ings confirm the conclusions from the x-ray measurements
that the Co distribution is inhomogeneous.

The Co distribution is heterogeneous for Co:TiO2 films
grown under oxygen rich as well as oxygen poor conditions,
and more so for the latter. The presence of substitutional
Co2+ can be correlated with the earlier observation of impu-
rity band conduction and Kondo behavior,11 whereas metallic
Co contributes to the ferromagnetism and AHE.6 Based on
the XAS spectra, approximately half of the 1.4% Co is me-
tallic. Assuming a magnetic moment of 1.7 Bohr magneton
per Co metal atom, the corresponding magnetization is 3.2
kA/m. This is consistent with the previously measured6,11

remanent magnetization of 2 to 4 kA/m, but smaller than the
saturation magnetization �6–8 kA/m�. However, the magne-
tometry data was obtained on thicker films �200 nm�. Also,
the fraction of metallic Co content derived from the XAS
spectra refers to the XAS signal amplitude. Converting this
to an atomic fraction needs to take the probing depth and a
possible inhomogeneous depth profile of the metal/ion ratio

into account. We stress that the XMCD data do not rule out a
finite contribution of magnetism from ionic Co. Hence, our
data, while suggestive of an extrinsic origin, does not estab-
lish the complete absence of ferromagnetism and AHE aris-
ing from the coupling of Co2+ ions by the conduction elec-
trons.
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FIG. 3. �Color� EF-TEM images of a 45 nm Co:TiO2 film grown at
10−3 mbar oxygen ��a� and �b�� and a 45 nm Co:TiO2 film grown at 9
�10−5 mbar oxygen ��c� and �d��. Images �a� and �c� represent maps of the
concentration of elemental Co �in red�, while �b� and �d� are maps for Ti
�in green�.
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