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Abstract

The microstructural properties of secondary phase particles formed in epitaxial CoxTi1�xO2 anatase thin films grown

on (0 0 1)LaAlO3 by a reactive RF magnetron co-sputter deposition are examined. These films exhibit ferromagnetic

behavior in magnetization measurements, showing a M–H loop at room temperature with a saturation magnetization

on the order of 0.7mB /Co. X-ray photoemission spectrometry indicates that the Co cations are in the Co2+ valence

state. Cross-section electron microscopy reveals that a significant fraction of the cobalt segregates into Co–Ti–O

secondary phase particles. Selected area electron diffraction shows that the secondary phase particles are cobalt-rich

anatase. While the cobalt is concentrated in the segregated particles, local energy dispersive spectrometry indicates some

Co throughout the film.

r 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, there has emerged considerable
interest in the development of electronics based on
the spin of electrons. One approach to realizing
novel spin-based electronic devices involves the
exploitation of spin-polarized electron distribu-
tions in dilute magnetic semiconductor (DMS)
e front matter r 2005 Elsevier B.V. All rights reserve

ysb.2005.08.036

ng author.

ss: dnort@mse.ufl.edu (D.P. Norton).
materials. In most semiconductors doped with
transition metals, the magnetic behavior, if any, is
observed at temperatures well below room tem-
perature [1–4]. Among the conventional semicon-
ductors, (Ga, Mn)As exhibits the highest Curie
temperature (Tc), on the order of 110K [5,6]. In
recent years, it has been reported that cobalt-
doped semiconducting anatase (TiO2) is ferromag-
netic at room temperature [7]. This may provide
for the development of spin-based DMS electro-
nics that operate at room temperature if the
d.
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ferromagnetic spin moments are present in the free
electron distribution.

Ferromagnetic thin films of CoxTi1�xO2, epi-
taxially stabilized in the anatase structure, have
previously been realized on SrTiO3(0 0 1) and
LaAlO3(0 0 1) by pulsed laser deposition (PLD),
oxygen plasma-assisted molecular-beam epitaxy
(OPA-MBE), and reactive sputter deposition
[7–13]. In films grown by each technique, second-
ary phase Co–Ti–O particles have been reported.
The ferromagnetic properties appear to originate
from Co substitution on the Ti site in some films,
from cobalt metal precipitates in others. From
diffraction studies, nanoparticles in a continuous
anatase matrix have been observed that are
crystalline rutile, anatase, or metallic cobalt
[10–12]. For films grown by MBE, the sponta-
neous magnetic moment per Co atom derived
from the saturated magnetization was 0.6 mB. This
value is 2 times higher than that reported for films
deposited by pulsed-laser deposition [7]. Spectro-
scopic studies on the MBE-grown TiO2 thin films
suggests that the cobalt exists in the Co2+

oxidation which is consistent with ferromagnetism
originating from Co substitution on the Ti site.
However, studies of Co-doped TiO2 films depos-
ited by pulsed laser deposition suggest that the
formation of Co nanoclusters may be responsible
for the ferromagnetic properties [8]. For pulsed-
laser deposited material, Shinde et al. [11] reported
clusters across the entire surface of the films that
showed a Co signal only with no oxygen or
titanium peaks. Previously, we reported on the
transport and magnetic properties of undoped and
cobalt-doped semiconducting transparent anatase
TiO2 thin films epitaxially grown by reactive
sputtering deposition employing water vapor
[13,14]. The cobalt-doped films were shown to be
ferromagnetic, but with segregated oxide precipi-
tates. It remains an open question as to the origin
of ferromagnetism in these materials, as well as the
probable role that the specific processing technique
plays in yielding these results.

In this paper, the crystalline structure and
composition of the secondary phase particles for
Co-doped TiO2 (CoxTi1�xO2) epitaxial thin films
grown by reactive co-sputter deposition are
examined.
2. Experimental procedures

CoxTi1�xO2 anatase films were epitaxially
grown by reactive RF magnetron co-sputter
deposition with cation sputtering targets of Ti
(99.995%) and Co(99.95%). Water vapor (H2O)
was employed as the oxidant to facilitate the
formation of carriers via the creation of oxygen
vacancies. The total pressure during growth was
fixed at 15mTorr, whereas the water vapor
pressure was varied from 10�4 and 10�2 Torr. A
water vapor pressure of P(H2O) ¼ 10�3 Torr was
found to be optimal in realizing oxygen deficiency
and semiconductor transport behavior. A sub-
strate temperature during the deposition of 6501C
resulted in the growth of highly crystalline
epitaxial Co-doped TiO2 thin films in the anatase
phase. The growth rate was on the order of 2 nm/
min.
The macroscopic crystalline structure of the Co-

doped TiO2 films was characterized by X-ray
diffraction (XRD) with a Cu Ka radiation source.
Quantitative analysis of chemical composition was
performed by electron probe microanalysis
(EPMA). In order to extract information regard-
ing chemical states of the element, X-ray photo-
electron spectroscopy (XPS) has been used with
Al-Ka radiation (hn ¼ 1486.6 eV). Surface mor-
phology and chemical mapping were examined by
field emission scanning electron microscopy (FES-
EM) and transmission electron microscopy (TEM)
equipped with energy dispersive spectrometry.
Room temperature magnetization was measured
by a quantum design superconducting quantum
interference device (SQUID) magnetometer. The
film and secondary particle microstructure and
crystal structure was determined with a JEOL 2010
transmission electron microscopy and selected
area electron diffraction.
3. Results and discussion

Cobalt-doped epitaxial anatase films deposited
at a growth temperature of 650 1C and water vapor
pressure at 10�3 Torr exhibited crystalline quality
similar to that seen in previous work on undoped
films. The films are near single phase epitaxial
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anatase with a small amount of secondary rutile
phase evident in the diffraction data. From in-
plane and out-of-plane X-ray diffraction measure-
ment, the anatase lattice parameters were
a ¼ 3.790 Å and c ¼ 9.495 Å. Typical magnetiza-
tion properties for the Co-doped films are shown
via the M–H plots shown in Fig. 1. For the Co-
doped TiO2 samples, hysteresis loops are observed
at room temperature for film grown at 650 1C with
water vapor as an oxidant. Both the total
magnetization and calculated magnetization per
Co cation are plotted. These results are consistent
with both the MBE and PLD results reported
elsewhere [7,9]. The magnetic moment was rela-
tively low (0.25 mB per Co ion) at saturation. XPS
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Fig. 1. An M–H curve for CoxTi1�xO2 (x ¼ 0.07, 0.02) thin

films on LaAlO3(0 0 1) taken at room temperature. Magnetic

field was applied parallel to the film surface. (a) Magnetization

(emu) vs. Magnetic field (H, G), (b) Magnetization(mB/Co
atom) vs. Magnetic field (H, G).
results are consistent with the Co existing in the
+2 formal oxidation state. Backscattered electron
images obtained by FESEM and Auger electron
spectroscopy show that the sample surface is
decorated with segregated nanoclusters. The re-
sults are reported elsewhere [13]. Results from
AES indicate that the Co dopant is principally
located in the segregated areas, with significantly
less Co located in the film region between the
nanoclusters.

In order to investigate the crystal structure of
the segregated nanoclusters, high-resolution trans-
mission electron microscopy (HRTEM) was used.
Cross-section TEM images for a 7 at% Co-doped
TiO2 film are shown in Figs. 2 and 3. Several
segregated nanoclusters were observed in the
cross-sectional images. Fig. 3(b) shows an enlarged
HRTEM image of segregated particles. Note that
the segregated particles do not necessarily nucleate
200 nm
(a)

(b)
20 nm

Fig. 2. A cross-sectional HRTEM image (a) and an enlarged

image (b) taken from a Co0.07Ti0.93O2 thin film.



ARTICLE IN PRESS

B.-S. Jeong et al. / Physica B 370 (2005) 46–51 49
at the substrate surface, but rather within the
continuous anatase film. Similar nanoparticles
have been reported for Co-doped TiO2 films
grown on LaAlO3(0 0 1) by MBE [15]. Bright-field
images and corresponding selected-area diffraction
patterns (SADPs) for Co-doped TiO2 films grown
by reactive sputter deposition are shown in Figs.
3–5. The diffraction patterns are taken from the
designated areas of the film cross-section. In
particular, SADPs in Fig. 4 were taken from the
LaAlO3(0 0 1) substrate (region 1), (Co, Ti)O2 thin
film (region 2), and interface between LaA-
lO3(0 0 1) substrate and (Co, Ti)O2 thin films
(region 3). The epitaxial relationship is seen to be
(0 0 1)LaAlO3 // (0 0 1)anatase and [0 0 1]LaAlO3//
[0 0 1]anatase. These results are consistent with
four-circle XRD measurements taken on the same
(a)

(b)
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Fig. 3. A cross-sectional HRTEM image of a Co0.07Ti0.93O2

thin films (a) and a magnified image for surface segregration of

a Co0.07Ti0.93O2 thin films (b): Region 1 (LaAlO3(0 0 1)

substrate), region 2 ((Co, Ti)O2 thin film, region 3 (interface

between LaAlO3(0 0 1) substrate and (Co, Ti)O2 thin films),

region 4 (segregated particles on the surface of films).
samples. Most interesting is the selected area
electron diffraction patterns of the secondary
particles. Fig. 5 shows a SADP taken from region
4 in Fig. 3(b) for the Co0.07Ti0.93O2 thin film,
corresponding to a segregated particle. The
selected area electron diffraction pattern from the
particle is consistent with the anatase crystal
structure.
Note that, from the thermodynamic point of

view, cobalt oxide is less stable than TiO2 at low
water vapor pressures for the growth temperatures
considered.
Fig. 6 shows a HRTEM image taken from a

segregated particle. Again the lattice spacing is
consistent with the anatase phase. Local area EDS
was performed on cross sections containing the
secondary phase particles. The data shown in Fig. 7
acquired from each cluster confirms a large concen-
tration of Co in these clusters. These segregated
particles show a stronger Co signal than the area of
TiO2 film between the particles. In addition, as
shown in Fig. 7, the intensity of the Ti peak decreases
at the same position that the Co peak increases,
indicating that these segregated nanoclusters contains
Ti, and that the Ti signal is not simply intensity from
adjacent regions. We also measured EDS on several
different areas between the segregated particles.
(a)

(c)

(b)
1

3

2

Fig. 4. Selected-area diffraction patterns (SADPs) taken from a

Co0.07Ti0.93O2 thin films in Fig. 3 for (a) region 1, (b) region 2

and (c) region 3.
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Fig. 5. Selected-area diffraction patterns (SADPs) taken from

the secondary phase particle (region 4) in the Co0.07Ti0.93O2

thin films in Fig. 3.

5 nm
5 nm

Fig. 6. A lattice image taken from a Co0.07Ti0.93O2 thin film.
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Fig. 7. HRTEM image taken from secondary phase particle

and EDS data for Co0.07Ti0.93O2 film.
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There were weak Co signals away from the clusters,
indicating the presence of Co inside the TiO2 film
matrix. Fig. 8 shows chemical mapping data taken
with EDS from Co0.07Ti0.93O2 anatase thin films. Ti
was roughly uniform throughout the entire cross-
section area. The Co peak is clearly higher in
intensity in the particle as compared to the remainder
of the film. The oxygen peak was observed over the
entire film area. While the segregation of Co into Co-
rich TiO2 precipitates is consistent with that observed
in MBE-grown films, this is in contrast to work
reported for insulating films sputter deposited with
Ar from a ceramic (Ti,Co)O2 target [16]. The
differences in segregated microstructure may origi-
nate from the use of water vapor as the oxidizing
species, as well as the use of metal source targets.
Both of these conditions would tend to yield oxygen-
deficient films similar to those grown by MBE from
metal sources.

In conclusion, the crystal structure and compo-
sition of segregated particles in Co-doped TiO2

films grown by reactive sputter deposition were
examined. The secondary particles are found to be
Co-enriched TiO2 anatase. EDS mapping, line
scan and AES results show higher Co intensity on
these particles than that of the rest of the films.
Therefore, from these results and SADPs data, we
confirm that the segregated particles observed on
the surface of Co0.07Ti0.93O2 thin films are Co-
enriched anatase. Similar results have been re-
ported for films grown by MBE at slow growth
rates [12], in which highly Co-enriched anatase
nanoclusters are observed on the surface of the
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Fig. 8. EDS data for Co0.07Ti0.93O2 film.

B.-S. Jeong et al. / Physica B 370 (2005) 46–51 51
films. From our SADPs results, neither metallic
Co nor Co oxide clusters are observed in the films.
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