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Ferromagnetism in laser deposited anatase Ti1ÀxCoxO2Àd films
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Pulsed laser deposited films of Co-doped anatase TiO2 are examined for Co substitutionality, ferromag-
netism, transport, magnetotransport, and optical properties. Our results show limited solubility~up to;2%! of
Co in the as-grown films and formation of Co clusters thereafter. For the Ti0.93Co0.07O22d sample, which
exhibits a Curie temperature (TC) over 1180 K, we find the presence of 20–50 nm Co clusters as well as a
small concentration of Co incorporated into the remaining matrix. After being subjected to the high-
temperature anneal during the first magnetization measurement, the very same sample shows aTC;650 K and
almost full matrix incorporation of Co. ThisTC is close to that of as-grown Ti0.99Co0.01O22d sample~;700 K!.
The transport, magnetotransport, and optical studies also reveal interesting effects of the matrix incorporation
of Co. These results are indicative of an intrinsic Ti12xCoxO22d diluted magnetic semiconductor withTC of
about 650–700 K.
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INTRODUCTION

Diluted magnetic semiconductors~DMS’s! have attracted
considerable recent attention1 because of their potential fo
novel applications~combining magnetics, electronics, an
photonics! in the rapidly evolving area of spintronics
Equally important is the fundamental issue of the origin a
the nature of ferromagnetism in these low carrier den
semiconductor systems. While carrier induced interaction
tween the magnetic atoms~e.g., Mn, Co! is suggested as th
important ingredient underlying ferromagnetism in the DM
the precise mechanism is still controversial and is being
tively debated in the literature.2

Recent work in this area has focused mostly on Mn-do
III-V compound semiconductors, e.g., Ga12xMnxAs. Subse-
quently, however, the search has been extended to mate
such as the Mn-doped group-IV semiconductors~e.g.,
MnxGe12x) and various oxide systems in view of the ric
property space the oxides have to offer. In the oxide fam
DMS ferromagnetism was reported in Co-doped ZnO
magnetoresistance and magnetic circular dichro
measurements.3,4 Uedaet al.5 reported a Curie temperatur
(TC) as high as 300 K in some of their Zn12xCoxO films,
although the reproducibility was less than 10%, with m
samples exhibiting spin-glass behavior, raising questi
about the intrinsic nature of ferromagnetism in Zn12xCoxO.
Recently, Matsumotoet al.6 reported occurrence of ferro
magnetism above room temperature in Co-doped ana
0163-1829/2003/67~11!/115211~6!/$20.00 67 1152
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TiO2 , which generated great interest in the condensed-ma
community, creating interesting multifunctional possibilitie
for materials design and exploration using oxide based
romagnetic semiconductor materials. Some significant
vantages of ferromagnetic Co:TiO2 are:~i! its reported high-
temperature ferromagnetism which makes it particula
attractive from a technological perspective,~ii ! the relative
ease of materials synthesis and processing, and~iii ! the elec-
tronic nature of the carrier system~in the Mn-doped III-V
DMS systems the carriers are holes making it problem
for actual applications!.

Anatase TiO2 is a wide band-gap semiconductor with e
cellent optical transmission in the visible and near-infrar
regions, a high refractive index, a high dielectric consta
and useful photocatalysis properties. It has been show
have a very shallow donor level, highn-type mobility, and a
large thermopower. Then-type carriers~i.e., electrons! in
TiO2 result from oxygen vacancies, which provide tunabil
to its properties. The few studies6,7 performed on anatas
Ti12xCoxO2 thus far suggest the following:~i! Co is soluble
in anatase TiO2 at least up tox50.08– 0.1, with no obvious
indication of clustering;~ii ! TC is well above 400 K;~iii ! the
oxidation state of Co is 21; and~iv! the films exhibit a large
magnetoresistance at very low temperatures and high fie
Unfortunately, however, there is neither a clear determina
of TC for the system, nor a specific model which could be
out a significantly highTC . This has lead to suggestion
speculations about Co clustering and the very interest in
©2003 The American Physical Society11-1
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and similar systems hinges on the resolution of these mat
In this paper, we examine pulsed laser deposited h

quality films of Co-doped anatase TiO2 for their various
physical properties. For the Ti0.93Co0.07O22d sample grown
by pulsed laser deposition~PLD!, which shows a highTC of
over 1180 K, we do find evidence of several 20–50-nm
clusters, with a small concentration of dilutely dispersed
in the matrix. However, upon high-temperature treatment
find almost full incorporation of Co and aTC;650 K. In
fact, the low doped (Ti0.99Co0.01O22d) system shows aTC
;700 K in the as-grown state itself. These results indic
that Co located on ordered lattice sites in TiO2 leads to aTC
of 650–700 K, showing this to be one of the highestTC
DMS systems.

EXPERIMENT

Thin films of Ti12xCoxO22d with x50, 0.01, 0.02, 0.04,
0.07, and 0.15 were deposited on SrTiO3 ~001! and LaAlO3
~001! substrates by PLD, using sintered targets synthes
by the standard solid-state route. The substrate tempera
laser energy density, and pulse repetition rate were kep
700 °C, 1.8 J/cm2, and 10 Hz, respectively. Significant room
temperature magnetization was found for films deposited
an oxygen pressure in the range between 131025 and 1
31024 Torr. Most results reported here are for 2000-Å-thi
films deposited at a pressure of 2 – 431025 Torr. However,
for TC measurement using vibrating sample magnetom
~VSM!, thicker films ~1–6 mm! had to be used in order t
obtain good signal-to-noise ratio. We carefully ensured t
the thick samples had the same magnetic, structural,
electrical properties as the thin films used in the other exp
ments. X-ray diffraction~XRD! and ion channeling tech
niques~with 1.5-MeV He1 ions! were employed for struc
tural characterization. The hysteresis loops a
magnetization were obtained using a superconducting q
tum interference device~SQUID! magnetometer at tempera
tures from 5 to 350 K. The standard four-terminal geome
was used to obtain the electrical resistivity~r!. The micro-
scopic analysis was performed using a JEOL 2010F 200
field emission scanning transmission electron microsc
~STEM!. This microscope is capable of generating a 0.14-
probe size forZ-contrast imaging and electron-energy-lo
spectroscopy~EELS!.8 The advantage of the STEM analys
over conventional transmission electron microscopy~TEM!
is that it provides a direct image of compositional variatio
and the spectroscopy allows valence states to be identifi

RESULTS AND DISCUSSION

Figure 1~a! shows a representativeu22u XRD pattern
corresponding to a Ti0.93Co0.07O22d film on SrTiO3 ~001!.
The Co concentration~7 at. %! used in this case is the sam
as that used by Matsumotoet al.6 and Chamberset al.7 The
film peaks can be clearly identified with the~001! planes of
the anatase phase. The width of the XRD rocking cu
~shown in the inset! for these films is;0.3°, which is com-
parable with that of the single-crystal substrate~0.2°! as well
as a pure TiO2 film ~0.3°!. However, the intensity of the film
11521
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peaks is substantially lower than that for a pure anatase T2
film deposited under the same condition, which sugge
presence of matrix disorder. In Fig. 1~b! we show the hyster-
esis loops at 300 and 5 K for this case. In the inset of F
1~b! is shown the 300-K hysteresis loop on the expand
scale. This confirms the room-temperature ferromagnetism
the system as observed by Matsumotoet al.6

The ion backscattering channeling data for pure ana
TiO2 and the Ti0.93Co0.07O22d films are summarized in Fig
2. The observed minimum yieldxmin of ;5% for channeling
in pure TiO2 reflects very high crystalline quality of the un
doped film @Fig. 2~a!#, thereby indicating optimum growth
conditions for TiO2 . The channeling for Ti in the
Ti0.93Co0.07O22d film @Fig. 2~b!#, however, is relatively poor
(xmin;25%). Also, the channeling in the Co contribution
the spectrum@Fig. 2~c!# is almost~i.e., within the accuracy of
about 20% of the analysis procedure! absent. This was fur-
ther confirmed by performing the Rutherford-backscatter
spectrometry~RBS! channeling study at higher ion energy
3.05 MeV, which clearly separates out the Co signal;
result being shown in Fig. 2~d!. These observations sugge
three possibilities: Co interstitials~either isolated or in the
form of agglomerates!, structurally incoherent clusters o
Co-Ti-O complex, or Co metal nanoclusters.9 We note that
these possibilities inflict a negative distortive influence
the surrounding TiO2 , which is consistent with the reduce
x-ray-diffraction peak intensity.

FIG. 1. ~a! The u22u XRD spectrum for a Ti0.93Co0.07O22d

film on SrTiO3 ~001!. Peaks labeled ‘‘S’’ correspond to substrat
The inset shows the XRD rocking curve of the same film.~b! Mag-
netization~M! as a function of field~H! for a Ti0.93Co0.07O22d film.
The 300-K hysteresis loop is shown on the expanded scale in
inset.
1-2
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FERROMAGNETISM IN LASER DEPOSITED ANATASE . . . PHYSICAL REVIEW B 67, 115211 ~2003!
In Fig. 3 we show the results of magnetization measu
ments for the Ti0.93Co0.07O22d films. The SQUID data ob-
tained for 5–350 K show that the saturation magnetizatio
almost constant over this temperature range, in comp
agreement with the previous reports.6,7 The saturation mag
netic moment in our films is, however, found to b
;1.4mB /Co, which is higher as compared with that of Ma
sumotoet al.6 We note that our oxygen pressure during dep
sition was higher than that employed by Matsumotoet al.6

Chamberset al.7 used oxygen-plasma-assisted molecul
beam epitaxy to grow CoxTi12xO2 films at low growth rate
and oxygen-rich conditions, which could possibly lead to
different state of the sample. Interestingly, however, th
magnetization (;1.26mB /Co) is comparable to ours. A
nearly constant magnetization over the 5–350-K range

FIG. 2. ~a! The 1.5-MeV He1 Rutherford backscattering~RBS!
random and channeled spectra for a pure TiO2 film on LaAlO3

~001!. ~b! The 1.5-MeV He1 RBS random and channeled spec
for a Ti0.93Co0.07O22d film. ~c! The Ti and Co contributions ob
tained by subtraction of the substrate La contribution from the sp
tra of ~b!. ~d! The 3.05-MeV He1 RBS random and channele
spectra for the film of~b!. The use of higher energy clearly sep
rates out the Ti and Co contributions. The sharp peak seen
channel 160 corresponds to the resonant scattering from oxyg

FIG. 3. The M-T data for a Ti0.93Co0.07O22d film. The inset
shows the hysteresis loops obtained under ZFC and FC condit
11521
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also observed for other dopant concentrations between 1
15% Co, indicating that theTC for all such films is well
above 350 K.

We employed VSM to obtain theTC . Figure 3 also shows
these magnetization data measured in pure argon ambie
to 1200 K. A clear transition is seen near 1180 K, which
remarkably high and close to theTC of pure Co metal. This
strongly suggests the presence of Co metal clusters in
film, which we establish by STEM and EELS, as discuss
below. We also like to point out that the hysteresis loo
measured at low temperature under zero-field-cooled~ZFC!
and field cooled~FC! conditions~shown in the inset! did not
exhibit any significant relative shift, implying the absence
any antiferromagnetic skin layer such as CoO and the at
dant exchange-coupling effects. We further note that
magnetization as a function of temperature as measure
VSM is not characteristic of a typical ferromagnet and sho
some structure, especially around 700–800 K.

In Fig. 4 we summarize the key STEM results from t
Ti0.93Co0.07O22d sample. Several clusters having size
20–50 nm can be immediately seen in the cross-sectio
image shown in Fig. 4~a!. EELS data@Fig. 4~b!# acquired
from each cluster confirm a large concentration of Co
these clusters. There are some Ti and O signals in four of
clusters, but we believe this to be due to an overlaying of
Co cluster on the TiO2 bulk. This is confirmed by the EELS
spectrum from the cluster indexed ‘‘5,’’ which is on the ed
of the specimen and not on top of any TiO2 layers. This
cluster shows a Co signal with no oxygen or titanium pea
There is a weak Co signal away from the clusters, indicat
the presence of some Co in the bulk of the TiO2 matrix.
From the STEM images we cannot see any signatures
interstitials ~i.e., no large strain fields in the images!, sug-
gesting the possibility of a small quantity of Co occupyin
either substitutional sites or the natural Ti vacancy sites
anatase~anatase has alternate Ti removed from Ti2O2 ma-
trix!. In other words, the images suggest that some Co
sides in the actual lattice columns and not between. We

c-

ar
.

s.

FIG. 4. ~a! Cross-section STEM dark field image of
Ti0.93Co0.07O22d film. ~b! EELS data recorded for the cluster re
gions marked in STEM image.~c! High-resolution plan view image
of a region away from the clusters.
1-3
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S. R. SHINDEet al. PHYSICAL REVIEW B 67, 115211 ~2003!
obtained high-resolution plan-view images@Fig. 4~c!# of the
regions away from the clusters. TheZ-contrast images are
rather uniform and no strain fields are apparent which co
suggest interstitials. Some bright spots are encounte
which could suggest the incorporation of a highZ element
such as Co, although further analysis is required to ve
that these bright spots are not caused by surface inhom
neities. All the STEM data thus show the presence of
clustering in the film as well as incorporation of a sm
fraction of Co in the remaining TiO2 matrix.

It is now useful to consolidate the emerging picture o
portion of Co being incorporated and the remaining be
clustered in the as-grown films by the study of lattice rela
ation effects as a function of Co concentration. In Fig. 5
show the evolution of the~004! lattice parameter as a func
tion of Co concentration. It is clearly seen that the latt
parameter shows a concentration dependent relaxation a
concentrations up to about 1.5–2% and a saturation beha
at higher concentrations, suggesting clustering of excess
The intensity of the main~004! reflection of the anatas
phase as a function of Co concentration~inset! also implies
that Co incorporates well into the matrix at low~,;2%!
concentration, but forms clusters at higher concentratio
under our growth conditions.

In order to explore whether the high-temperature VS
measurement causes any changes in the state of the sa
we remeasured the same sample of Fig. 3 up to high t
peratures. The corresponding data are shown in Fig. 6~a!.
Remarkably, a clear magnetic transition is observed wit
TC near;650 K, and there is hardly any magnetic mome
at higher temperature. The room-temperature moment in
remeasured~and therefore annealed! sample is found to be
close to that in the as-grown sample within experimen
accuracy. This shows that most of the Co is still present
is in the ferromagnetic state even after the high-tempera
treatment. No additional peaks are observed in the X
spectrum of the high-temperature treated film and the T2

FIG. 5. The~004! lattice spacing as a function of Co concentr
tion for films deposited at two different pressures. The filled cir
and open square correspond to the annealed Ti0.93Co0.07O22d films.
The dashed curve is a guide to the eye. The inset shows norma
intensity of the anatase~004! XRD peak as a function of Co con
centration.
11521
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peak intensity is seen to increase after the heat treatm
These observations suggest uniformly incorporated Co in
anneal-induced structurally improved matrix with aTC of
;650 K. Interestingly this is near the temperature of;700 K
at which a peculiar structure is seen in the magnetization
the as-grown film. This implies that the high-temperatu
treatment has led to an almost complete matrix incorpora
of Co. Our ion backscattering channeling data@inset of Fig.
6~a!# confirm this, with the minimum yield of Co in the
annealed case found to be;3065%, as against almost n
channeling for the as-deposited case. The STEM im
shown in Fig. 6~b! also corroborates this with no indicatio
of Co metal clusters. The EELS analysis, however, indica
that the concentration of the incorporated Co was not enti
uniform across the film. Further work is being done to e
plore whether this is due to incomplete annealing or is
intrinsic feature. Finally, It is interesting to point out that th
lattice parameter value for the annealed samples~Fig. 5,
shown as filled circle and open square! falls on the same
dashed curve, which represents the concentration de
dence of lattice parameter below the saturation regime. T
further supports that after high-temperature treatment e
7% Co gets matrix incorporated with the corresponding
tice relaxation.

The suggestion of a potentially intrinsic DMS withTC
;650 K encouraged us to also examine the high-tempera
magnetization of a low doped material, name
Ti0.99Co0.01O22d , wherein,a priori, clustering effects can be

ed

FIG. 6. ~a! TheM-T data for the film of Fig. 3 remeasured afte
high-temperature treatment during the first measurement. The
random~line! and channeled~circles! spectra after subtraction o
the substrate La contribution for the annealed Ti0.93Co0.07O22d film
are shown in the inset. For comparison the channeled spec
~squares! for the as-grown film is also shown.~b! Cross-section
STEM dark field image of the Ti0.93Co0.07O22d film after annealing.
1-4
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FERROMAGNETISM IN LASER DEPOSITED ANATASE . . . PHYSICAL REVIEW B 67, 115211 ~2003!
expected to be far weaker even in the as-grown state.
recall from Fig. 5 that at such low Co concentrations cle
lattice relaxation was observed implying Co incorporati
into the matrix without Co metal cluster formation. The co
responding magnetization data@Fig. 7~a!# indeed establish
the existence of a transition near 700 K, even for the
grown film. The XRD data~inset of Fig. 5! for this low
doped sample shows an intensity almost comparable to
of undoped anatase TiO2 film. The STEM results@Figs. 7~b!
and~c!# show no indication of the presence of any Co me
clusters.

In Fig. 8 we compare the transport and magnetotrans
data for the undoped and Ti0.99Co0.01O22d films. Comparison
of the resistivity dependence on temperature@Fig. 8~a!# for
these two films brings out that the influence of incorpora
Co on the transport in anatase is quite significant. The H
effect measurements shown-type conduction in both films
with estimated carrier concentrations of;1.431018 and
;2.131018/ cm3, respectively, at 300 K. Conduction in an
tase TiO2 has been suggested to be due to the presenc
oxygen vacancies whereby states are introduced just be
the conduction band.10 These states are depopulated at onl
few K as reflected by an upturn in the resistivity at lo
temperature for the undoped film. The conduction at te
perature above a few K is basically bandlike. The chang

FIG. 7. ~a! The M-T data for the Ti0.99Co0.01O22d film. ~b! and
~c! Cross-section STEM dark field images of Ti0.99Co0.01O22d as-
grown film.
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this nature of resistivity of pure anatase TiO2 caused by Co
incorporation can occur by its connection to vacancy po
lation via its need to satisfy its valence (Co21) as well as its
contribution to magnetic scattering. Increase in resistivity
spite of an increase in carrier concentration implies drop
mobility due to magnetic or strain scattering effects. T
effect of magnetic contribution of Co to transport is ev
denced more clearly in the low-temperature magnetore
tance data„MR, defined as@R(H)-R(0)#/R(0), where
R(H) and R(0) are the resistance values with and witho
applied magnetic field, respectively… shown in Fig. 8~b!. The
MR is positive and is significant only at very low temper
tures which correspond to conditions representing par
ionization of shallow donar states, generally attributed
oxygen vacancies. It shows an approximately quadratic
pendence on applied field. While the MR in undoped film
3 K in a field of 8 T is about 6%, it is as high as 23% for th
Ti0.99Co0.01O22d film and 40% for the Ti0.98Co0.02O22d under
comparable conditions. For higher Co concentrations the
also shows saturation due to clustering of excess Co in
as-grown state, as discussed earlier. Based on the unders
ing that the oxygen vacancy related states lie close to
bottom of the conduction band, the observed large lo
temperature positive MR in the Ti0.99Co0.01O22d film can be
attributed to Zeeman splitting of this band of states throu
their coupling to Co spin. Since the lower split band will b
occupied the MR should be positive, as seen. This fea
also highlights the significance of the combined role of t
magnetic atom and a defect state~vacancy! in controlling the
physical and possibly the magnetic properties.

FIG. 8. ~a! Resistivity as a function of temperature for TiO2 and
Ti0.99Co0.01O22d films. ~b! The magnetoresistance as a function
magnetic field for TiO2 and Ti12xCoxO22d films.
1-5
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Finally, in Fig. 9 we compare the optical data on the u
doped and 2% Co-doped anatase TiO2 films. The absorption
edge shows a clear blueshift signifying the influence of
corporated Co on the electronic states. Such shifts have
found in diluted magnetic semiconductor systems.11,12 More
detailed work on the optical conductivity as a function of C
concentration with and without annealing is now in progre
and will be reported separately.

CONCLUSION

Pulsed laser deposited films of Co-doped anatase TiO2 are
shown to exhibit ferromagnetism at high temperature in
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†Also at the Department of Materials Science and Nuclear En
neering. Electronic address: ogale@squid.umd.edu

‡Condensed Matter Theory Center.
§On leave from Indian Institute of Technology, Kanpur, India.
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