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Hall effect in cobalt-doped TiO2Àd
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~Received 15 October 2003; published 17 February 2004!

We report Hall effect measurements on thin films of cobalt-doped TiO22d . Films with a low carrier con-
centration (1018– 1019/cm3) yield a linear behavior in the Hall data while those having a higher carrier con-
centration (1021– 1022/cm3) display anomalous behavior near zero field. In the entire range of carrier concen-
trations, n-type conduction is observed.

DOI: 10.1103/PhysRevB.69.073201 PACS number~s!: 75.50.Pp, 73.50.Jt
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In the field of spintronics, one of the major foci is th
attempt to inject spin-polarized current into existing sem
conductor technology, ultimately at room temperature~RT!.
A possible method is the use of magnetic semiconduct
unfortunately the Curie temperatures (Tc) of these materials
are significantly lower than RT, resulting in little practic
relevance. Another possibility is to take existing semico
ductor materials and dope them with magnetic impuriti
called diluted magnetic semiconductors~DMS!. The idea is
to retain the parent compound’s semiconducting proper
while adding ferromagnetism to the system. Ga12xMnxAs,
the most extensively studied DMS, exhibitsTcs as high as
160 K,1 which, while higher than most, is still too low fo
practical purposes.

Recently, oxide DMS systems have shown ferrom
netism above RT. One promising oxide is Ti12xMxO2 (M
5 magnetic dopant!.2 However, evidence shows that in th
anatase Co:TiO22d system, clustering of cobalt atoms occu
above a certain doping level~2–3%!, and it is believed that
the observed high-temperature ferromagnetism in s
samples is manifested in these clusters.3–5 Under specific
growth and annealing conditions, samples without any ob
ous clusters have also been shown to exhibit ferromagne
with a Tc close to 700 K. However, whether the ferroma
netism in this system is carrier-induced or extrinsic still
mains an unresolved issue. In this context, studies of the
effect, optical magnetic circular dichroism~O-MCD!, and
electric-field effect measurements have been suggested
the clarifying experimental windows. In this work, we repo
our observations on the Hall effect in the Co:TiO22d system.
While our work was in progress, two groups reported
electronic transport properties in oxide DMS system
Toyosakiet al.6 reported an anomalous Hall effect in ruti
Co:TiO22d , and Wanget al.7 found similar effects in rutile
Fe:TiO22d . These results are suggested to imply that
observed ferromagnetism influences the electronic trans
in this material.

We grew thin films of anatase and rutile Ti12xCoxO22d
(x50,0.02) via pulsed laser deposition. The low coba
concentration was chosen such that cobalt clusters woul
less likely to occur. We used stoichiometric ceramic targ
and deposited films through a Hall bar shadow mask o
LaAlO3 substrates~for anatase films! and R-Al2O3 (11̄02)
substrates~for rutile films!. The substrate heater temperatu
was 700 °C and the laser energy density was 1.8 J/cm2 at 3
Hz. Magnetization measurements were made using a q
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tum design SQUID magnetometer and transport meas
ments were made using a quantum design physical prop
measurement system~PPMS!.

Initially, we studied anatase Co:TiO22d films. In order to
obtain the anatase structure, we grew films on LaAlO3 in an
oxygen environment of 1024–1028 Torr. At higher pres-
sures (PO2>1026 Torr), the films grew in~001! anatase
form and showed RT ferromagnetic behavior.4 However, in
Hall measurements, we did not observe an anomalous
effect ~AHE!. At lower pressures, the anatase structure w
compromised and gave x-ray diffraction~XRD! scans differ-
ent from the~001! anatase films. From the peak positions,
appeared to us that the film was rutile TiO2. Hall measure-
ments on this film exhibited a small, nonlinear behavior n
zero field~not shown!. These results prompted further inve
tigation into highly oxygen deficient rutile films.

We used two approaches to increase oxygen vacancie
rutile Co:TiO22d , as the conduction electrons originate fro
these vacancies. Sample 1 was grown in vacuum with a b
pressure of 231028 Torr. Sample 2 was deposited using
5% hydrogen-argon mixture at 1 mTorr of pressure. X-r
diffraction ~XRD!, in Fig. 1, shows that sample 1 grew in th
rutile ~101! structure.7,8 Sample 2 showed similar XRD pat
terns.

Both films display a relatively high conductivity (r300 K
52.53 mV cm and 13.4 mV cm for sample 1 and sample 2
respectively!, shown in Fig. 2. As the temperature decreas
the resistivity of sample 2 increases in an activated man

FIG. 1. XRD scan of sample 1. The scan for sample 2 is nea
identical. The peaks labeled ‘‘S’’ are substrate peaks.
©2004 The American Physical Society01-1
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whereas sample 1 shows an elbow near 140 K. Similar
havior was observed by Toyosakiet al.6 and Wanget al.7 for
their films in which an AHE was observed. The resistivity
sample 1 is not an expected result due to the elbow, whe
sample 2 displays a temperature dependence similar to
TiO22d . The temperature behavior of sample 1, howev
matches more closely with the Magne´li phase of this materia
(TinO2n21).9 This different phase of Ti-O orders in the ruti
structure of TiO22d , so XRD scans may not be able to di
ferentiate between the Magne´li phases and the rutile TiO2
phase. We also grew an undoped film in the same manne
sample 1. The resistivity of this sample has a tempera
dependence similar to sample 1. Therefore, the tempera
behavior of the resistivity of our TiO22d films is influenced
by the oxygen deficiency rather than the magnetic dop
~cobalt!.

The Hall effect arises from the Lorentz force deflecti
charges moving in a perpendicularly oriented magnetic fie
This establishes an electric field transverse to the curr
Typically this effect is linear in field. However, in magnet
materials, the magnetic moment associated with the at
gives rise to an additive term in the Hall equation,10,11

rxy5
Ey

Jx
5R0B1RAm0MS , ~1!

whererxy is the Hall resistivity,Ey is the electric field per-
pendicular to the current and magnetic field,Jx is the current
density,R0 is the ordinary Hall coefficient,RA is the anoma-
lous Hall coefficient,m0 is the permeability of free space
andMS is the field-dependent spontaneous magnetizatio
the material. This anomalous Hall term is conventionally
tributed to asymmetric scattering processes involving a s
orbit interaction between the conduction electrons and
magnetic moments in the material. At low magnetic fiel
the behavior ofrxy is dominated by the field dependence
MS . Once the material’s magnetization is saturated, therxy
field dependence is linear and due to the ordinary Hall eff
In many materials,RA shows a strong temperature depe
dence, which usually correlates with the electrical resistiv

FIG. 2. Resistivity curves for sample 1, sample 2, and an
doped film.
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The field dependence ofrxy for sample 1 is shown in Fig
3, measured at 300 K and 200 K. The data were obtained
a simple subtraction in order to eliminate any magnetic-fi
effects which are an even function of field, i.e., magneto
sistance ~MR! „rxy5

1
2 @rxy(H

1)2rxy(H
2)#…. The inset

shows the data before MR subtraction. These data sho
sharp increase inrxy at low fields and a linear behavior a
higher fields, as expected for ferromagnetic materials. T
magnetic hysteresis loop for sample 1, measured with
field perpendicular to the film plane, is shown in Fig. 4~a!.
For comparison, the Hall data is expanded and replotted
Fig. 4~b!. The field at which the magnetization saturate
(;0.1 T) coincides well with the low-field behavior of th
Hall data. Therefore, the rapid increase inrxy at low field
can be interpreted as an AHE. It is important to note that
negative slope of the high-field Hall data indicatesn-type
carriers. This is in contrast with earlier reports,6,7 but is ex-
pected for TiO22d . The negative slope at high fields gives a
effective carrier concentration of 3.360.231022/cm3 at 300
K and 3.5660.0231022/cm3 at 200 K. The Hall data for
sample 2 are shown in Fig. 5. The inset shows the data a

-

FIG. 3. Hall resistivity for sample 1. Closed symbols are tak
at 300 K and open symbols are taken at 200 K. The respec
resistivities are 2.54 mV cm and 3.22 mV cm.

FIG. 4. ~a! Magnetic hysteresis loop at 300 K for sample 1.~b!
Expanded view of the Hall resistivity for sample 1 at 300 K.
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MR subtraction. A small but noticeable effect can be se
around zero field. However, if we subtract the ordinary H
component from the data~determined from high fields!, a
clear effect can be seen near the origin~Fig. 6!. As in sample
1, sample 2 displaysn-type behavior. The effective carrie
concentration is 8.060.131021/cm3 at 300 K and 1.837
60.00531021/cm3 at 200 K.

The rather large carrier concentration observed in th
highly reduced samples raises some questions. It is kn
that oxygen vacancies contribute shallow donor states
TiO22d . A pure rutile film of TiO22d , grown by the same
method as sample 1, gave a carrier concentration of 3
60.0231022/cm3 at RT, consistent with the cobalt-dope
samples. This observed carrier density would then sug
the presence of approximately one oxygen vacancy for ev
unit cell (d;0.5). This large carrier density, along with th
resistivity behavior, suggests that Magne´li phases are presen
in films made using our growth conditions.

Our Hall measurements give clear evidence for an AHE
the heavily oxygen reduced samples. Is this effect intrinsi
the material, or is it a result of cobalt nanoclusters? First,
low-field data change behavior at nearly the same point
the magnetization of the sample saturates. The magn
saturation in our films occurs at a field that is significan
lower than that for cobalt metal films (H;1.5–2 T). Sec-
ond, since the resistivities of each sample remain nearly
same for the two temperatures measured, we expect the
to remain relatively constant~in magnitude! for each sample,
as is suggested by our measurements. While it is temptin
argue that the encouraging observation of the AHE in
cobalt doped TiO22d systemclearly testifies to its carrier-
induced or intrinsic ferromagnetic character, other mater

*Electronic address: sublime@glue.umd.edu
1D. Chiba, K. Takamura, F. Matsukura, and H. Ohno, Appl. Ph

Lett. 82, 3020~2003!.
2Y. Matsumoto, M. Murakami, T. Shono, T. Hasegawa, T. Fuk

FIG. 5. Hall resistivity for sample 2 at 300 K~closed symbols!
and 200 K~open symbols!. The resistivities are 13.4 mV cm and
57.2 mV cm, respectively.
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related possibilities cannot be completely ruled out at t
stage. Specifically, the question of cobalt clustering still l
gers in view of the absence of a clear theoretical negatio
the occurrence of the AHE for such cases. The structural
chemical microstructures formed in samples prepared un
highly reduced conditions could be quite complex, especia
in view of the known occurrence of Magne´li phases in the
oxygen-reduced Ti-O system. Indeed, our preliminary tra
mission electron microscopy~TEM! observations on highly
reduced samples show the presence of some;10 nm clus-
ters at the interface. Kimet al.5 have also observed coba
nanoclusters in their anatase Co:TiO22d films when the
samples are grown in a low-pressure oxygen environm
(1027 Torr). We propose to perform detailed studies on o
samples to examine the relative proportion of dissolved
clustered cobalt to determine how the AHE could be int
preted in these terms.

In summation, we have investigated electronic transp
measurements in the Ti0.98Co0.02O22d DMS system. All films
displayedn-type behavior and an increase in carrier conc
tration with an increase in oxygen vacancies, which are
pected behaviors in the parent compound TiO22d . We have
found that, among several films grown at different oxyg
pressures and on different substrates, only the rutile fi
displaying high carrier concentrations exhibited an AHE.
spite of the observation of an AHE, it may be premature
conclude that ferromagnetism in Co:TiO22d is intrinsic.

The author would like to thank V. N. Kulkarni and H
Zheng for fruitful discussions. This work was supported
NSF under MRSEC Grant No. DMR-00-80008, and DARP
Spin-S~Grant No. N000140210962! programs.
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FIG. 6. Hall resistivity for sample 2 in which the normal Ha
contribution is subtracted from the data. Closed symbols are ta
at 300 K and open symbols are taken at 200 K.
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