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Investigations on the nature of observed ferromagnetism and possible spin
polarization in Co-doped anatase TiO 2 thin films
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High-quality epitaxial thin films of Co-doped anatase TiO2 ~Co:TiO2) were grown epitaxially on
SrTiO3 ~001! substrates by using pulsed laser deposition with in-situ reflection high-energy electron
diffraction. The oxygen partial pressure,PO2, during the growth was systematically varied. AsPO2

decreased, the growth behavior altered from a two-dimensional layer-by-layer-like growth to a
three-dimensional island-like pattern. Electrical conductivity and saturation magnetization
increased, seemingly consistent with the picture of carrier-induced ferromagnetism. However, we
also found that the spatial distribution of Co ions became highly nonuniform and the chemical state
of Co ions changed from ionic to metallic. All of thesePO2 dependences, even including the
transport and the magnetic properties, can be explained in terms of the formation of cobalt clusters,
whose existence was clearly demonstrated by transmission–electron–microscope studies. Our work
clearly indicates that the cobalt clustering will result in the room-temperature ferromagnetism
observed in our Co:TiO2 films. To check the possible spin polarization of carriers in Co:TiO2 films,
we also fabricated a heterojunction composed of a ferromagnetic Co:TiO2, an insulating SrTiO3,
and a ferromagnetic half-metallic~La,Ba!MnO3 layer. When the magnetic field was varied, we
could not observe any changes in itsI–V characteristic curves, which suggests that there might be
little spin-polarization effect in the anatase Co:TiO2 layer. © 2003 American Institute of Physics.
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I. INTRODUCTION

The continuous attempts to develop next generation
vices equipped with multifunctions are now being extend
to the search for materials that can combine magnetic, e
tronic, and photonic responses.1–9 One example of such ef
forts is to the quest for a ferromagnetic material system
can inject spin-polarized carriers into semiconductors. Fe
magnetic metals and alloys, such as Fe and FeNi, have
found to be inadequate, since spin-polarized carrier injec
was found to be difficult due to resistance mismatch.9 In
attempts to overcome such problems, dilute magnetic se
conductors~DMS!, such as~Ga,Mn!As, have emerged a
good candidate materials.1 Nowadays, numerous material
including ~Cd,Mn!GeP2,5 ~Ga,Mn!N,6 ~Zn,Co!O,7 and
~Ga,Mn!P8 are claimed to have room temperature ferrom
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netism~FM!. In spite of extensive efforts in this spintronic
area, there has been a great deal of controversy, especial
fundamental issues such as the origins and characteristic
the observed FM.3,4

Recently, Matsumotoet al.10,11 reported the occurrenc
of room temperature FM in Co-doped anatase Ti2

~Co:TiO2) films which were grown by combinatorial lase
molecular beam epitaxy~MBE! techniques. This work gen
erated great interest in the DMS community, since it co
open up possibilities to create multifunctional oxides whi
utilize spin-polarized carriers.11–20 Chamberset al.12–14 re-
ported magnetic and structural properties of the Co:Ti2

films grown by the oxygen plasma-assisted MBE a
claimed that the FM should be intrinsic. Parket al.15 also
reported that the polycrystalline Co:TiO2 films grown by re-
active co-sputtering of Co and Ti show ferromagnetic beh
ior at room temperature and claim that the Curie tempera
should be higher than 400 K for samples with a Co cont
of 12%. On the other hand, Shindeet al.17 measured the

hi,
5 © 2003 American Institute of Physics
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ion-channeling spectra and temperature-dependent mag
zation of the Co:TiO2 films grown by the pulsed laser depo
sition, and suggested that the FM arises from coexisting c
tributions of Co metal clusters and that of dispersed mat
incorporated Co. More recently, we investigated t
magnetic and microstructural properties of the anat
Co:TiO2 films grown by laser MBE techniques. We foun
that Co nanoclusters could be formed at certain deposi
conditions resulting in room temperature FM.19

In this article, we will provide more detailed physic
properties and characterizations of Co:TiO2 films grown un-
der various oxygen partial pressures (PO2. Namely, we will
show that electrical resistivity, magnetic properties, chem
states, and compositional inhomogeneities can be system
cally varied depending onPO2. All of the observedPO2 de-
pendences in our films can be explained by the formation
the Co nanoclusters in our epitaxial TiO2 films. In addition,
we will also present results on a multilayer junction co
posed of ferromagnetic La0.9Ba0.1MnO3 ~LBMO!, insulating
SrTiO3 ~STO!, and ferromagnetic Ti0.93Co0.07O2 layers. In
some cases doping magnetic impurity atoms into the se
conductor matrix can result in the formation of ferroma
netic nanoclusters as well as the incorporation of a sm
fraction of these in the surrounding matrix to generate intr
sic DMS properties.17,21 In this case, although the magnet
moment mostly comes from the ferromagnetic clusters,
riers in the matrix can be spin polarized.21 However, our
junction does not showed any magnetic field depende
indicating that there should be little spin polarization of c
riers in the anatase Co:TiO2 layer of our multilayer junction.

II. EXPERIMENTS

Thin Ti0.96Co0.04O2 ~Co:TiO2) films in the anatase phas
were deposited on SrTiO3 ~001! substrates using the pulse
laser deposition method within situ reflection high-energy
electron diffraction~RHEED!, which is known as the lase
MBE.22 A sintered polycrystalline Ti0.96Co0.04O2 target was
ablated by a KrF excimer laser~wavelength, 248 nm! with a
fluence of 1.5 J/cm2 at 2 Hz. The substrate temperature w
maintained at 600 °C.PO2 was varied from 1.031025 to
1.031027 Torr. The growth rate was controlled to be e
tremely slow, less than 0.2 nm/min, which was reported to
necessary to reduce the Co inhomogeneity.13 Thicknesses of
the films used in this study were around 75 nm.

The Co:TiO2/STO/LBMO multilayer junction was also
prepared by the conventional pulsed laser deposition me
to check the spin polarization of charge carriers of Co:TiO2.
All three layers were depositedin situ with the substrate
temperature of 600 °C and atPO2 of 1.031024 Torr. The
relatively highPO2 was adapted to maintain proper oxyg
stoichiometry of LBMO and STO during thein situ deposi-
tion. The growth rate was also controlled to be 1 nm/m
which is much higher than that of the laser MBE.~With the
high deposition rate, we found that the ferromagne
Co:TiO2 films can be formed at higherPO2 than in the laser
MBE case.!

Numerous characterization techniques were used to
vestigate the structural, electrical, magnetic, and chem
Downloaded 14 May 2003 to 147.46.24.28. Redistribution subject to AI
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properties of the films. Structural properties were analyz
by high-resolution and conventional x-ray diffraction~XRD!.
For micro-structural analysis, cross-sectional transmiss
electron microscopy~XTEM! and energy-dispersive spec
troscopy ~EDS! were used. Electrical conductivities wer
measured with the conventional four-probe method. M
netic properties were measured by a superconducting q
tum interference device~SQUID! magnetometer. CoK-shell
x-ray absorption near-edge fine structure~XANES! was used
to measure chemical states of the dopant using the sync
tron source of the Pohang Accelerator Laboratory. De
profiles of secondary ion mass spectrometry~SIMS! and Au-
ger electron spectroscopy~AES! were also used to characte
ize the distribution of Co along the direction perpendicular
the film surface.

III. RESULTS AND DISCUSSION

A. Ferromagnetism of Co:TiO 2 films

1. Growth of high-quality epitaxial anatase
Co :TiO 2 film

The Co:TiO2 films grown at an oxygen pressure of 1
31025 Torr showed excellent structural properties. A
shown in Fig. 1~a!, the XRD pattern of the film shows only
~00l! peaks of the anatase phase. A rocking curve of
~004! peak revealed a full width at half-maximum~FWHM!
of 0.66°, which is similar to the value reported by Muraka
et al.23 X-ray reflectivity measurements were also perform
with a high-resolution x-ray diffraction system. As shown
Fig. 1~b!, its x-ray reflectivity curve showed oscillation
coming from the parallelism of the film surface and the film

FIG. 1. ~a! The XRD pattern and~b! the x-ray reflectivity curve of
Ti0.96Co0.04O2 film grown at PO251.031025 Torr at 600 °C on SrTiO3
~001! substrate. The inset showsin situ RHEED patterns of the film.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp



w
m

et

b

e
o

ay
a
w
im
ig

r
a

th
rv
e

ou
ity

l

.
ie

re.
ge

iO

aky

y
eas-
rn.

d

e

-
in-
the

ther
ted
all-

e

er

6127J. Appl. Phys., Vol. 93, No. 10, 15 May 2003 Kim et al.
substrate interface. From the period of the oscillations,
could calculate the thickness of the film to be about 75 n
The in situ RHEED pattern of the film, displayed in the ins
of Fig. 1~b!, shows a clear streaky pattern of the 134
reconstruction.24

The Co:TiO2 thin films grown atPO2 of 1.031025 Torr
are of high quality and do not seem to contain observa
segregation of impurity phases under XTEM. Figure 2~a!
shows the TEM image of the Co:TiO2 thin film grown at
1.031025 Torr. It clearly shows corrugations from th
atomic arrangements of the film and the substrate with
any sign of segregation of impurity phases. Figure 2~b!
shows a magnified negatively printed image, which displ
a very sharp interface between the film and the substr
There is no sign of segregation of impurity phases do
to an atomic scale in this magnified image. These TEM
ages suggest that our films were epitaxially grown with h
quality.

2. Effects of variation of oxygen partial pressure

Generally speaking, magnetic properties of DMS a
known to be strongly dependent on carrier density. They
thought to have a close relationship with the origins of
magnetic exchange interaction that provides the obse
ferromagnetic ordering in the DMS. Therefore, it has be
considered important to systematically fabricate numer
DMS films, which have a large variation of carrier dens
~and/or electrical conductivity! without significantly altering
other structural properties,25 and to investigate their physica
properties. For the anatase TiO2 films, their electrical con-
ductivities are known to come from oxygen vacancies26

Therefore, we tried to change their electrical conductivit
by varyingPO2 during growth.

FIG. 2. ~a! A high-resolution XTEM picture of the Ti0.96Co0.04O2 film grown
at a PO251.031025 Torr. ~b! Magnified negative image of the sam
sample.
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We found that the anatase TiO2 films could be grown
epitaxially under a wide range of oxygen partial pressu
Interestingly, we found an interesting growth mode chan
depending onPO2: namely, the film growth mode will
change from two-dimensional~2D! layer-by-layerlike
growth to three-dimensional~3D! island growth. Figure 3
shows the final RHEED patterns of the anatase Co:T2

films grown at four different values ofPO2. As PO2 de-
creases, the patterns change from two-dimensional stre
ones to three-dimensional spotty ones. As shown in Fig. 3~a!,
the film grown at 1.031025 Torr shows a clear streak
RHEED pattern, suggesting a smooth surface. With decr
ing PO2, faint spots start to appear along the streaky patte
For the film grown at 1.031027 Torr, its RHEED pattern
shows only spots, as in Fig. 3~d!, which is known to repre-
sent a rough surface with three-dimensional~3D! island
growth. The rough surfaces of the films with 3D-islan
growth were also confirmed by atomic force microscopy.

The variation inPO2 during growth seems to affect th
lattice constants of the films along thec-axis, as shown in
Fig. 4. The film with PO2 of 1.031024 Torr has ac-axis
lattice constant corresponding to the bulk value. AsPO2 de-
creases to 1.031025 Torr, the lattice constant starts to in
crease initially. This expansion can be explained by the
troduction of oxygen vacancies that is known to expand
lattice constant. Further decrease ofPO2 starts to cause the
c-axis lattice constant to decrease. This behavior is ra
difficult to understand precisely. However, it should be no
that the lattice constant could be relaxed due to the sm

FIG. 3. Thein situ RHEED patterns of the films which were grown und
various oxygen partial pressures,PO251.031025 Torr, 3.331026 Torr,
3.331025 Torr, and 1.031027 Torr for ~a!, ~b!, ~c!, and~d!, respectively.

FIG. 4. The variation of lattice constants of the Ti0.96Co0.04O2 films along
their c axis vsPO2 at which they were grown.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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angle grain boundary formation in the 3D-island growth
gime. The FWHM of the anatase TiO2 ~004! peak in the
rocking curve also increased to 0.86° atPO251.031027

Torr, compared to a value of 0.66° for the film grown
1.031025 Torr. This indicates that the film grown at lowe
PO2 has a wider mosaic spread, which is consistent with
change of thec-axis lattice constant.

Figure 5 shows that most films showed resistivity curv
which have a metallic behavior near room temperature
an insulating response at low temperature. AsPO2 is re-
duced, resistivity values are drastically lowered. The red
tion in resistivity ~or the increase in conductivity! might
originate from the oxygen vacancies. With the cation in
41 state, TiO2 is a well-known band insulator without elec
trons in the 3D band.26 The oxygen vacancy could introduc
two additional electrons in the Ti ion and they could mo
freely from one Ti ion to another, changing the band insu
tor into a metal. It is interesting to see that the resista
curve of the film grown at 1.031027 Torr is quite different
from those of other films, suggesting the possible format
of severe inhomogeneity in this sample.

Most of our films exhibit ferromagnetic properties
room temperature. Figure 6 shows magnetization vs m
netic field curves measured by SQUID at 300 K. Most film
show clear ferromagnetic hysteresis loops at room temp
ture, except for the one that was grown atPO2 of 1.0
31024 Torr. Magnetic properties of Co:TiO2 films show a
systematic change withPO2. As PO2 decreases, the satura
tion magnetic moment increases.

B. Discussion on the origin of observed room
temperature FM

1. Possibility of intrinsic effects

As we observed already,PO2 can result in systematic
variation of the transport and magnetic properties. Figu
7~a! and 7~b! show the room temperature values of dc res
tivity ( rdc) and saturation magnetization (MS), respectively.

FIG. 5. Resistivity vs. temperature curves for the Ti0.96Co0.04O2 films grown
at variousPO2. The data for the films grown at 1.031027, 3.331027,
1.031026, 3.331026, 1.031025, and 1.031024 Torr are shown as the
solid, dashed, dashed–dotted, dotted, short dotted, and dashed–do
dotted curves, respectively.
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As PO2 decreases,rdc decreases andMS increases. Assum
ing that more oxygen vacancies can be generated at lo
PO2, the systematic behavior ofrdc and MS could be ex-
plained by the carrier-induced FM mechanism; namely,
more carriers are induced at lowerPO2, the magnetic inter-
action becomes stronger and results in FM. According to
Zener model,27 which explains the exchange interaction b
tween the magnetic impurity atoms in DMS as mediated
free charge carriers, the increase in charge carrier density
enhance the magnetic ordering.

However, there are some important behaviors wh
should be taken into consideration before drawing conc
sions based on the carrier-induced FM mechanism. As sh
in Fig. 7~b!, with decreasingPO2, MS gradually increases
but approaches the value of bulk cobalt~1.7mB). Addition-
ally, the magnetization versus temperature data, shown in
inset of Fig. 6, show that FM persists up to 750 K. In pa
ticular, for the film grown atPO251.031027 Torr, the mag-
netization does not decrease much with temperature. N

ed–

FIG. 6. Magnetization vs. magnetic field curves at 300 K for t
Ti0.96Co0.04O2 thin films under variousPO2. The data for the films grown a
1.031027, 3.331027, 1.031026, 3.331026, 1.031025, and 1.031024

Torr are shown as the solid, dashed, dashed–dotted, dotted, short dotte
dashed–dotted–dotted curves, respectively. The inset shows temperatu
pendence of the normalized magnetization for the films grown atPO2 of
1.031027 Torr ~the squares! and 1.031025 Torr ~the triangles!.

FIG. 7. ~a! Dependence of the value of resistivity of the films at 300 K
PO2. ~b! Dependence of the saturation magnetization,MS, of the
Ti0.96Co0.04O2 thin films on PO2. The dotted line corresponds to the bu
value of cobalt metal.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp



ig
to

e
C

ffe
s
su
a
-
g

e
as
In
la

rs
n
e

e
ns

ri

s

th

e-
o

g

th

at

ow
o
ated

n
.
a
of

r in
rall
s
en-

ed
EM
e
of

dis-

6129J. Appl. Phys., Vol. 93, No. 10, 15 May 2003 Kim et al.
that the Curie temperature of metal Co is 1404 K. This h
lower bound of the Curie temperature is rather difficult
explain in terms of the carrier-induced FM.

In the anatase TiO2 films, which are in a metastabl
phase, the effects of inhomogeneous distribution of the
atoms should be carefully considered. There are three di
ent phases of TiO2: rutile, anatase, and brookite. The mo
stable phase is rutile and they are used as optics and
strates in single crystalline form. Although the anatase ph
is difficult to make in a bulk form, it is sufficiently meta
stable to be grown in thin film form on lattice matchin
substrates, such as SrTiO3 and LaAlO3.23 Since the anatas
phase is not thermodynamically stable, defects can be e
formed with a slight change in the film growth conditions.
addition, the Co ions are known to diffuse easily at a re
tively low temperature, such as 400 °C.20 Therefore, the pos-
sibility of formation of Co and/or Co-intermetallic cluste
inside anatase TiO2 film should be considered carefully i
the case of oxide films grown at relatively high temperatur

2. Evidence for cobalt nanoclustering

One of the critical issues pertaining to the Co-dop
TiO2 films is the chemical state of the Co ions. If the Co io
can exist as segregated metal clusters, we can explain
observed magnetism without recourse to the DMS desc
tions. In Fig. 8, we show XANES spectra of the CoK-shell
of films grown underPO2 of 1.031025 and 1.031027 Torr.
In the spectrum of the film grown withPO2 of 1.031025

Torr, there is a sharp peak at around 20 eV that indicate
12 formal oxidation state for the Co ions.14 However, for
film grown under lowerPO2, its XANES spectrum is very
similar to that of the Co metal. This indicates that, inside
film grown under the lowPO2, the Co ions do not exist in an
oxidized state, but in the bulk metallic state.

It is also found that the distribution of the Co ions d
pends strongly on the growth condition. The depth profile
SIMS shows inhomogeneous distribution of Co, and chan
with PO2. As shown in Figs. 9~a! and 9~b!, the distributions
of Sr and Ti ions are almost the same regardless of
growth condition, respectively. However, Fig. 9~c! shows
that in the films grown at lowPO2, the Co ions are located
mostly at the interface between the film and the substr

FIG. 8. CoK-edge XANES for the Ti0.96Co0.04O2 thin films. Normalized Co
K-edge absorption vs. effective photon energy (E-E0) curves for the films
grown at PO251.031027 Torr ~the dotted line! and 1.031025 Torr ~the
dashed line!. The solid line is obtained from a reference of Co metal.E0

corresponds to 7708.8 eV.
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The depth profiles of AES, which are not shown here, sh
similar results to those of SIMS. The high density of the C
ions near the interface suggests that they could be segreg
to form clusters.

The XTEM image in Fig. 10 shows that the film grow
underPO2 of 1.031027 Torr has clusters of impurity phase
The clusters are distributed throughout the film but with
higher density at the interface. The observed distribution
clusters coincides with the SIMS result, shown in Fig. 9~c!.
The clusters located near or at the interface were large
diameter than those in the middle of the film and the ove
average diameter is 11.766.0 nm. The density of the cluster
is much higher at the interface, which can work as prefer
tial nucleation sites due to its instability.

To identify the chemical composition of the observ
clusters, we applied the EDS mapping technique. The T
image in Fig. 11~a! shows clusters formed in the interfac
region. The apparent horizontal dark line, in the middle

FIG. 9. ~a! Depth profile of SIMS of the Ti0.96Co0.04O2 thin films grown at
PO251.031027 ~squares!, 3.331027 ~circles!, and 1.031025 Torr ~tri-
angles! for elemental Sr. Same data for elemental Ti, Co, and H are
played in~b!, ~c!, and~d!, respectively.

FIG. 10. An XTEM picture of the Ti0.96Co0.04O2 film grown at PO251.0
31027 Torr.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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the Fig. 11~a!, comes from the strain field induced by th
lattice mismatch between the film and the substrate. With
EDS mapping, we can identify the distribution of a give
element in Fig. 11~a!. A mapping of elemental Ti, shown in
Fig. 11~c!, indicates that Ti is distributed throughout the im
age but with a higher density in the film than in the substra
We can also see that the interface between high and
density of Ti coincides with that of the film and the substra
In the case of the distribution of Sr, shown in Fig. 11~d!, we
can only see a dark area with some background noise in
film side and bright spots in the substrate side. This resu
readily expected from the fact that Sr can be found only
the substrate. The Co mapping, in Fig. 11~b!, shows that the
positions of bright spots exactly coincide with those of t
clusters, shown in Fig. 11~a!. From this observation we ca
conclude that the nanoclusters are mainly composed of

A high resolution XTEM image of a particle located
the interface region is shown in Fig. 12~a!. On the left-hand
side of the image, a circularly shaped particle or the seg
gation of impurity phase can be seen. Below the bound
that meets the bottom of the particle, STO substrate can
seen with its lattice fringes. Above the boundary, epitax
TiO2 ~or Co:TiO2) film surrounds the particle. At the top o
the circular particle, Moire´ fringes are clearly visible, sug
gesting that two crystals overlap. Moreover, the particle
found to be single crystalline. Under a higher magnificati
the circular cluster is found to have lattice fringes with
spacing of 1.92 Å, which is equivalent to the spacing b
tween the (101̄1) planes of the bulk Co. Figure 12~b! shows
mosaic spreads in the film with the nanoclusters. The spre
come from the lattice distortion by the clusters. This c
explain the relaxation of the lattice constants along thec axis
and the large FWHM value of the~004! peak for the anatas
TiO2 films grown under lowPO2. We can conclude that th
observed inhomogeneities in the Co:TiO2 films grown under
PO2 of 1.031027 Torr are mainly due to the formation o
single-crystalline Co clusters.

The observed ferromagnetism of our Co:TiO2 films and
its dependence on the variation ofPO2 during the growth,
shown in Fig. 7~b!, can be easily understood in terms of t
formation of the Co nanoclusters. Under lowPO2, the cobalt

FIG. 11. ~a! An XTEM picture and~b! the corresponding EDS mapping o
elemental Co for the film grown at 1.031027 Torr. Mapping of Ti and Sr are
shown in~c! and ~d!, respectively. It can be easily seen that Co-rich na
clusters were formed.
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oxide is less stable than TiO2 from a thermodynamic point o
view. The oxygen vacancies induced by lowPO2 will help
the diffusion of the Co atoms, resulting in the formation
the nanoclusters. As the number of Co clusters increases
saturation magnetization will become larger. Although o
TEM and XMCD work suggests that the nanoclusters sho
be mainly composed of Co, the cluster formation of other
intermetallic compounds is not completely ruled out. A
shown in Fig. 7~a!, the value of saturation magnetization fo
the film grown atPO2 of 1.031027 Torr is somewhat larger
than that of bulk Co metal, which might be related to t
formation of Co intermetallic compounds.

It should be noted that there still remains the possibi
of ferromagnetism originated from intrinsic DMS effect
the Co-doped TiO2 anatase films.10–16Our work just demon-
strates that room-temperature ferromagnetism should be
served when Co nanoclusters are formed inside the T2

films. In order to verify that the ferromagnetic properti
observed in the Co-doped TiO2 films are intrinsic, one
should clearly demonstrate that the films have certain ph
cal properties, such as anomalous Hall effects and/or x
magnetic circular dichroism, which cannot be explained s
ply by the Co clustering.28 To the best of our knowledge, n
such properties have been observed up to this point.

C. Properties of a Co:TiO 2 Õinsulator ÕFM-metal junction

To utilize DMS materials in practical spintronics app
cations, such as a spin injector, it is necessary for the car

-

FIG. 12. ~a! A high-resolution XTEM picture of the film with nanocluster
near the film/substrate interface.~b! Magnified picture at the film/substrate
interface showing mosaic spread of the film due to formation of cluster
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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to have a spin polarization. Although the observed magn
moments in the Co-doped TiO2 films mainly originate from
the Co nanoclusters, it might still be possible for the fer
magnetic particles to polarize the carriers inside the T2

matrix. To investigate such a possibility, we construc
a multilayer junction composed of ferromagne
Ti0.93Co0.07O2, insulating SrTiO3, and ferromagnetic
La0.9Ba0.1MnO3 ~LBMO! metallic layers. LBMO is known
to be a half-metal whose carriers are 100% polarized wit
particular direction of spin.29 At first, the LBMO film with a
thickness of 15 nm was deposited on the STO substrate
the STO film with 30 nm thickness was deposited as
insulating barrier. Then, the Co:TiO2 layer was deposited on
top of them with a thickness of 500 nm.

Figure 13 shows the magnetic hysteresis curve of
multilayer junction measured at 10 K. This curve clea
shows that both top and bottom layers become ferrom
netic. With increasing magnetic field, there are rapid
creases of magnetic moment around 30 and 60 Oe. Sim
behavior can be observed in the field-decreasing run. T
intriguing magnetic hysteresis curve can be explained
alignment of the ferromagnetic layers. Namely, 30 and 60
correspond to values of the coercive fields of the LBMO a
the Co:TiO2 layers, respectively. As the magnetic field i
creases, the two ferromagnetic layers initially exhibit an
tiparallel alignment, schematically drawn as the configu
tion ~2! of Fig. 13. With a field larger than 60 Oe, they ma
a parallel alignment, shown as the configuration~3!.

Figure 14~a! shows a schematic diagram
measure the magnetic-field-dependentI–V curves of the
LBMO/STO/Co:TiO2 multilayer junction, which can be in
terpreted as ap1 – i –n1 diode. Note that the LBMO is wel
known to be a half-metal which has a 100% spin polari
tion. If there is a significant spin polarization in the ferr
magnetic Co:TiO2 layer, the tunneling currents between t
layers should depend strongly on the directions of the m
netic moment. Figure 14~b! shows theI–V characteristics of
the multilayer junction at 10 K at five different configura
tions, marked from~1! to ~5! in Fig. 13. It is clear that there
is little magnetic field dependence in theI–V curves. To see
this more clearly, we plot the difference of theI–V charac-
teristic curves for the configurations~4! and ~5! in the inset

FIG. 13. Magnetic hysteresis curve of Ti0.93Co0.07O2/SrTiO3/
La0.9Ba0.1MnO3 multilayer measured at 10 K. Insets show the configurat
of each layer’s direction of magnetization under corresponding applied m
netic fields.
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of Fig. 14~b!. It shows that there is almost no differenc
except for a small amount of noise. In the negative b
region, theI–V curves show the Zener tunneling behavior.
the positive bias tunneling, the current seems to flow vi
leakage current, showing a usual diffusion current behav
If there is spin polarization in carriers in Co:TiO2, TMR
phenomena should be expected in this structure. We can
pect that the current flows in the configurations~3! and~1,5!
should have smaller resistance than those in the config
tions ~2! and ~4!. If the interfaces between the layers a
clean, the observed weak magnetic field dependence of
I–V curves suggests that the carriers in the Co:TiO2 layers
should have no~or very little! spin polarization.

The magnetic properties of the thick Co:TiO2 film in the
multilayer junction seems to be quite different from those
the film at PO2 grown at the similar conditions by the lase
MBE. Namely, the film grown atPO2 of 1.031024 Torr by
PLD has significant magnetization~i.e., about a half of the
full magnetic moment of the metal Co!, in contrast to the
negligible magnetic moment of its counterpart, shown in F
7~b!. However, it should be noted that the deposition con
tions of these two films were quite different. Chambe
et al.13 showed that the Co inhomogeneity could occur a
high deposition rate due to the high mobility of Co ions a
claimed that a very slow deposition rate should be essen
to grow homogeneous layer. Note that the deposition rat
our PLD growth is by a factor of 5 higher than that of th
MBE grown samples. It is not clear at this moment wheth
the larger magnetic moment signal for the PLD grow
sample come from clustering or other origins. It should
tested in a future. Even if the magnetic signal in the PL

g-

FIG. 14. Schematic diagram showing the configuration for measuringI–V
curve of the multilayer junction.~b! I–V curves of the junction under the
magnetic fields corresponding to four configurations shown in Fig. 13.
curves coincide and cannot be distinguished from others. The inset sh
the difference between the curve under magnetic field at~1,5! and that at~4!.
This curve shows that there is no difference between the two curves ex
for a small amount of noise.
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grown sample comes from some intriguing physical orig
the little magnetic field dependence of theI–V curves in our
heterostructure seems to cast some doubts on usefulne
Co:TiO2 film for applications of spin-polarized injectio
devices.

IV. SUMMARY

In summary, we grew high-quality anatase Ti0.96Co0.04O2

films at various oxygen partial pressures. As the pressure
decreased, the growth behavior changed from a t
dimensional layer-by-layer-like growth to a thre
dimensional island one, resulting in a rougher surface an
wider mosaic spread. The saturation magnetization also
came increased. To identify the origin of such magnetizat
changes, we performed extensive investigations, includ
chemical status, special distribution, electrical distributio
and microstructural analysis. We found that the change
the magnetic properties were closely related with the mic
structural changes, which were due to the formation of co
nanoclusters. Although the possibility of other intrinsic o
gins cannot be completely ruled out, this work strongly su
gests that the formation of Co clusters should comprise
main origin for the observed ferromagnetism, at least in
films. To check the possibility of spin polarization of carrie
we made a La0.9Ba0.1MnO3/SrTiO3/Co:TiO2 multilayer
junction. However, theI–V characteristics of this hetero
junction do not show any dependence on magnetic field,
dicating that the spin of carriers in our heterostructure co
not be polarized.
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