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Atomic-scale studies of cobalt distribution in Co–TiO2 anatase thin films:
Processing, microstructure, and the origin of ferromagnetism
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Using high-resolution, aberration-corrected, scanning transmission electron microscopy and
electron-energy-loss spectroscopy we show that in films of single-phase anatase Co:TiO2, the Co
distribution and magnetic properties are strongly dependent both on the overall crystalline quality
and postgrowth vacuum annealing process. The Co:TiO2 films are coherent, epitaxial anatase with
no secondary phases or metallic Co. Films of lower crystalline quality reveal a relatively
homogeneous Co concentration, while films of higher crystalline quality show a tendency for Co
enrichment near the surface region, around grain boundaries, and the substrate interface. Both
uniform and nonuniform samples show a notable enhancement in the saturation magnetization with
annealing, while the coercive field is considerably higher in the samples with uniform Co
distribution. These experiments confirm that films of single-phase anatase Co:TiO2 with both
uniform and nonuniform Co distributions exhibit room-temperature ferromagnetism in the
insulating ground state, while the compositional uniformity and film microstructure play a role in
the bulk magnetic properties of the material and the mechanisms for ferromagnetic ordering.
© 2006 American Institute of Physics. �DOI: 10.1063/1.2170068�
The technological promises of spintronics1–3 have led to
a push in research of materials suitable for room-temperature
�RT� device applications. Even though transition-metal-
doped oxides have emerged as possible dilute magnetic
semiconductor �DMS� materials for spintronics,4–8 many
questions remain regarding the origin of their ferromag-
netism �FM� and its correlation to semiconducting proper-
ties. With the discovery of RTFM in Co-doped anatase
TiO2,4 this material has been at the forefront of material
research for a RT DMS, and reports on both Co- and Cr-
doped anatase TiO2 thin films have shown that they can be
both highly insulating and FM at room temperature,9–11 in
conflict with the model of carrier-mediated-type exchange
exhibited by Mn:GaAs.3 These results show that transition-
metal-doped oxides such as Co:TiO2 may, in fact, be re-
ferred to as dilute magnetic dielectrics,9,12 and their ferro-
magnetism may have alternative explainations.13 Previously,
high magnetic moments in anatase Co:TiO2 have been at-
tributed to the presence of nanoscale regions of highly Co-
enriched anatase;7,14 however, we have recently reported
strong FM even in films with uniform Co distribution in the
anatase lattice.9 In this paper we confirm that we can synthe-
size films of anatase TiO2 with a homogeneous Co distribu-
tion that are intrinsically FM at RT, and with suitable pro-
cessing conditions, we can control the Co distribution to be
uniform or nonuniform. Both uniform and nonuniform films
exhibit RTFM without the presence of secondary phases,
while the bulk magnetic properties can be directly correlated
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to differences in compositional uniformity and film micro-
structure. The detailed chemical analysis and magnetic mea-
surements suggest that in uniform and nonuniform Co-
distributed anatase films, the origins of FM may be from
differing mechanisms.

The details of the growth of our Co-doped anatase TiO2

thin films by rf magnetron sputter deposition are described in
previous work.9 Here, we investigate films with 3.5 at. % Co
grown on LaAlO3 �100� �LAO� substrates of two different
qualities: films grown on a higher-quality substrate �LAO
with a physical surface roughness of �2 Å� to be called
“sample A,” and those grown on a lower-quality substrate
�LAO with a roughness of �5 Å�, which are identical to
those discussed previously,9 to be called “sample B.” After
growth, all films were also vacuum annealed at �10−5 Torr
for 1 h at 450 °C. X-ray-diffraction �XRD� techniques were
used for analyzing the crystal structure/quality of the
samples. We have performed a detailed atomic to micron
scale study using high-resolution, aberration-corrected, scan-
ning transmission electron microscopy �STEM� and electron-
energy-loss spectroscopy �EELS� to map the Co distribution
as a function of annealing and crystalline quality. Compara-
tive studies on a superconducting quantum interference de-
vice magnetometer showed corresponding differences in
magnetic properties.

From high-angle XRD all films were found to be single-
phase anatase �004� oriented on the closely lattice-matched
LAO substrates with no evidence of secondary phases. The
full width at half maximum �FWHM� in 2-theta �2�FWHM� of
the anatase �004� peak was used to calculate the grain size

15
from the Scherrer equation: 120 Å for sample A and 100 Å
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for sample B. With annealing, the crystal size increased to
165 and 125 Å, respectively. The measurements of the
FWHM in theta ��FWHM� from the XRD rocking curve scan
indicated a well-oriented �004� anatase structure in both
samples, with little to no change after annealing.

The STEM and EELS results were obtained at the
ORNL using the VG Microscope HB501UX operated at
100 kV with a Nion aberration corrector. The high resolution
of the 501 gives a beam size of 1 Å and an energy resolution
of 0.5 eV, where the EELS can be performed with atomic
resolution, limited only by the size of the probe.16,17 Low-
loss �LL� EELS spectrum images �SIs� were used to map the
Co distribution in the film by using a 10 eV window at the
Co M2,3 edge at 60 eV. A Hartree-Slater cross section was
used for the Co M2,3 edge analysis, and the Co areal density
map was normalized by a thickness map calculated from the
zero-loss peak. Core-loss �CL� SIs were also taken on a num-
ber of locations throughout the samples. With the core-loss
spectra the Co, Ti, and O areal densities and the Co/Ti ratios
were calculated from the Co and Ti L edges �at 779 and
456 eV, respectively, using hydrogenic cross sections includ-
ing corrections for white lines� and the O K edge �at 532 eV,
using a Hartree-Slater cross section�. All films �samples A
and B, as-deposited and annealed� were single-phase anatase
TiO2 with Co dissolved in the lattice. This was determined
from high-resolution imaging and analysis of the energy-loss
near-edge structure �ELNES� of the Co ions.18

As-deposited Co–TiO2 films. A number of EELS SIs
taken at a range of magnifications confirmed that the Co
distribution is homogeneous within ±3 at. % throughout all
the areas of the as-deposited sample B. From LL SIs, regions
near the surface and substrate show a slight increase ��1.2

FIG. 1. �Color online� HAADF image of a surface region of the annealed
sample B Co–TiO2 film, with an inset of the three-dimensional Co/Ti ratio
map calculated from the EELS core-loss spectrum image.
� bulk content� in Co but there were no truly Co-rich re-
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gions. The Co distribution in the as-deposited sample A was
strikingly different from sample B. The CL and LL maps
show Co-enriched anatase regions near the surface with up to
4� that of the bulk �corresponding to 12 at. % Co�, and
some evidence for enrichment in close proximity to grain-
boundary regions and the substrate interface. However, it is
worth noting that the Co-enriched surface regions of sample
A are within the top 20 nm of the 95 nm anatase film thick-
ness, there are no surface islands of Co-enriched anatase, and
no evidence of secondary phases.

Annealed Co–TiO2 films: Sample B showed no signifi-
cant change in Co distribution with annealing. The results
from the LL maps indicate a slight increase in Co content
near the surface and substrate interface of up to 1.5� that of
the bulk. The CL maps give a mean Co/Ti value of
0.03±0.03 across the entire film thickness and up to 0.07
near the substrate interface. Figure 1 demonstrates a high
angle annular dark field �HAADF� image of the annealed
sample B, where the CL SIs were taken from the boxed area,
and the corresponding calculated Co/Ti ratios are plotted in
three dimensions. The effect of annealing in sample A, how-
ever, was easily noticeable and markedly different from
sample B, as seen by the LL and CL maps. The LL maps
reveal a strong Co enrichment near the surface, up to 7� the
bulk. On average, the Co content tends to be higher in the
top 20 nm of the film �averaging about 3–7 at. % Co� and
lower in the bulk �less than 1 at. % Co�, similar to as-
deposited sample A. This Co enrichment in the 20 nm top
surface layer can easily be seen in the LL Co areal density
map of a region near the film surface shown in Fig. 2. Again,

FIG. 2. �Color online� HAADF image of the annealed sample A Co–TiO2

film, with an inset of the cobalt areal density map calculated from the EELS
low-loss spectrum image. The Co M edge areal density has been normalized
by the film thickness. Inset: M-H loops at 300 K of annealed sample A
�solid line� and annealed sample B �dashed line� Co:TiO2 films. �The dia-
magnetic contribution from the LAO substrate has been subtracted from the
experimental data.�
the mapping also showed some enrichment near the substrate
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interface and grain-boundary regions. It is important to note
again that from the high-resolution imaging and ELNES
analysis, these Co- rich regions were all still coherent ana-
tase, with no secondary phases.

Magnetic hysteresis loops �M vs H� at 300 K show that
the as-deposited sample B �uniform� is weakly FM with a
saturation magnetization, MS, of 0.15�B/Co atom and a co-
ercivity, HC, of 100 Oe, while the films are highly insulating.
With annealing magnetic properties are significantly en-
hanced with an increase in MS to �0.65�B/Co atom, HC to
350 Oe, and remanence �MR /MS� to 0.60 �inset of Fig. 2�,
while the sample remains highly insulating with the resistiv-
ity at least �106 � cm. Meanwhile, the as-deposited sample
A �nonuniform� does not exibit RTFM, but under the same
annealing conditions, becomes FM with MS�0.7�B/Co
atom, HC�150 Oe, and MR /MS�0.17 �inset of Fig. 2�, and
remains highly insulating.

The experimental results reveal a number of interesting
points. First, the evidence of RTFM in both uniform and
nonuniform annealed films of single-phase anatase Co:TiO2

proves that a FM insulating ground state can exist for differ-
ent levels of magnetic dopant uniformity. In addition, the
annealing process is required for activation of FM in both
uniform and nonuniformly doped films. In the case of uni-
form Co distribution �B�, the activation of FM is most likely
related to the creation and diffusion of oxygen vacancies
�VO’s�.9 For films with a nonuniform Co distribution �A�, the
activation correlates with both the migration of Co ions and
possible creation/diffusion of VO’s in the anatase lattice. An-
other key observation is the absence of RTFM in the as-
deposited sample A �with some anatase regions �12 at. %
Co�, where we see that the formation of Co-enriched anatase
regions alone does not provide the necessary conditions for
RTFM. Most interestingly, we notice that while the MS val-
ues of annealed samples A and B are relatively close in
value, the films with a homogeneous Co distribution �B�
have considerably higher coercivities and remanence. We at-
tribute the latter to the different magnetization reversal pro-
cesses due to microstructural defects and local variations in
composition. The increased number of structural defects
�grain boundaries and stacking faults� in sample B may also
act as nucleation sites for Co-VO defect formation during the
postgrowth annealing.19 One must also consider the effects
of differing levels of Co uniformity on the possible mecha-
nisms for FM ordering in the films. In highly Co-enriched
regions, which can exist locally in inhomogeneous samples
�see Ref. 7 and sample A in the present work�, the average
distance between Co ions is relatively small �approximately
few angstroms�. Meanwhile, in homogeneous solutions
�Refs. 9 and 12 and sample B in this work� with a random
Co dopant distribution, the probability of finding Co ions
with Co next-nearest neighbors would be lower ��30% �.
We see that both cases result in FM and insulating films,
demonstrating that either the mechanism for FM ordering is
correlated with Co–Co distances and is different in uniform
versus nonuniformly doped films, or if the mechanism is the
same, then the FM ground state does not require a majority
of Co dopants to be situated in Co–O–Co configurations.

Although the experimental evidence of the activation of
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RTFM in both uniform and nonuniformly doped films leaves
us with many questions regarding the origin of FM, the main
result of our experiment is that anatase Co:TiO2 films with
both inhomogeneous and homogeneous Co distributions can
exhibit RTFM in the insulating ground state, where the bulk
magnetic properties are affected by the film microstructure
and compositional uniformity.

The detailed EELS compositional analysis of single-
phase anatase Co:TiO2 has shown that there is a strong cor-
relation between the processing and microstructure of the
films to the Co distribution and the bulk magnetic properties.
Results demonstrate that films with both uniform and non-
uniform Co distributions exhibit room-temperature ferro-
magnetism in the insulating ground state, which is activated
by a postgrowth vacuum annealing process. The microstruc-
ture and magnetic dopant uniformity strongly influence the
bulk magnetic properties, magnetization reversal processes,
and mechanism for magnetic ordering.
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