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In this paper, we report the transport properties of Cr-doped Ti2O3 thin films. The thin films were
grown ona-Al2O3 s012d substrates by pulsed-laser deposition. X-ray diffraction and transmission
electron microscopy results show that the films are single corundum phase. All ofsCrxTi1−xd2O3

show semiconducting behavior. Without doping, pure Ti2O3 thin films show positive
magnetoresistancesMRd of 23% at 2 K. The MR behavior changed dramatically after doping with
Cr. SamplesCr0.1Ti0.9d2O3 shows MR=−360% at 2 K. All of the Cr-doped films are ferromagnetic
up to room temperature. ©2005 American Institute of Physics. fDOI: 10.1063/1.1852855g

I. INTRODUCTION

Recently, we have reported the magnetic and transport
properties of Fe-, Mn-, and Cr-doped reduced-rutile
TinO2n−1.

1–4 Following the study, we have investigated Cr-
doped Ti2O3 thin films. The microstructure, transport and
magnetic properties of Cr-doped Ti2O3 thin films are re-
ported in this paper.

Ti2O3 has a corundumsa-Al2O3d structure.5–8 Below
200 °C, Ti2O3 is a nonmagnetic semiconductor with an en-
ergy gapsEG,0.1 eVd between the top ofa1g band and the
bottom ofeg bands of the 3d electrons.9–14 The electrons in
the conduction band are much heavier than the holes in the
valence band, and the material exhibits positive Hall coeffi-
cient sp typed.

Previous study reported that between Cr2O3 and CrTiO3

the sesquioxides form a homogeneous corundum-type solid
solution. In sCrxTi1−xd2O3s0.5,x,1d the Cr2O3-type anti-
ferromagneticsAFd structure is found with the Ti3+ ion act-
ing as a simple diluent. Electron-spin resonancesESRd gives
a signal width=1600 G andg=2.00 for both x=0.9 and
1.0.15

II. EXPERIMENTS

sCrxTi1−xd2O3 sx=0, 0.04, 0.06, and 0.10d thin films were
grown ona-Al2O3 s012d substrates by pulsed-laser deposi-
tion sPLDd. Prescribed amounts of high-purity TiO2 and Cr
powders were mixed, cold pressed, and sintered to make
CrxTi1−xO2 ceramic targets. The films were prepared in
vacuum of 2310−6 torr at substrate temperatures of
800–1000 K. The pulsed excimer laser uses KrFsl
=248 nmd and produces a laser beam with an intensity of
1–2 J/cm2 and a repetition rate of 4 Hz. The deposition rate
is between 0.3 and 0.5 Å/s, and the film thickness varies
from 150 to 300 nm. The crystalline structure was investi-
gated by x-ray diffractionsXRDd with CuKa radiation and
transmission electron microscopysTEMd. The magnetic
properties were studied with a superconducting quantum in-

terference devicesSQUIDd magnetometer. The transport
properties were measured with a physical property measure-
ment systemsPPMSd from Quantum Design.

III. RESULTS AND DISCUSSION

The results of XRD and TEM show that single phase
epitaxial sCrxTi1−xd2O3 films were formed by ablating the
CrxTi1−xO2 targets and reduction during the deposition. Fig-

adElectronic mail: jtang@uno.edu

FIG. 1. sad XRD patterns forsCrxTi1−xd2O3 sx=0, 0.04, 0.06, and 0.10d
films. Only the reflections from thes012d family of corundum phase are
observed.sbd The peak position of thes012d reflection ofsCrxTi1−xd2O3 films
shifts to higher angles with increasing Cr concentrationx. Inset shows thed
s012d values that decrease linearly with the Cr concentration.
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ure 1sad shows the XRD patterns ofsCrxTi1−xd2O3 sx=0,
0.04, 0.06, and 0.1d films grown ona-Al2O3. Only the re-
flections from thes012d family of corundum phase are ob-
served. Figure 1sbd shows XRD peaks for thes012d reflection
of the sCrxTi1−xd2O3 films with different Cr concentration.
For sCr0.04Ti0.96d2O3, the s012d peak shifts to a higher angle
relative to thes012d peak of Ti2O3, which indicates the de-
crease in the lattice parameters ofsCrxTi1−xd2O3. This shift is
further enhanced with increasing Cr content, as shown in the
patterns forsCr0.06Ti0.94d2O3 and sCr0.10Ti0.90d2O3. The Cr
content dependency of theR-axis lattice constantsfd s012d
valueg is shown in the inset of Fig. 1sbd. It is observed that
the value ofd s012d decreases linearly as the Cr concentra-
tion increases, which indicates that the Cr ions gradually
substitute for the Ti ions in the films without changing the
corundum structure.

Transport measurements with PPMS show that the films
exhibit a semiconducting behavior—increasing resistivity
with decreasing temperature. The carriers arep type for both
doped and undoped films. The Hall effect of the films was
measured with a four-probe method at room temperature. A
carrier density of 1.231021 cm3 was estimated for
sCr0.06Ti0.94d2O3 from the Hall-effect measurements. All
films do not exhibit anomalous Hall effect at room tempera-
ture. It is underway to measure the Hall effect at higher and
lower temperatures, trying to observe the anomalous Hall
effect at various temperatures.

The magnetoresistancesMR=sRH−R0d /RH3100%d
was measured with magnetic field perpendicular to the film
plane for Ti2O3 and sCrxTi1−xd2O3 at various temperatures
and the results are shown in Fig. 2. The MR at 2 K for Ti2O3

reaches +23% at 140 kOe, as Fig. 2sad shows. This large
positive MR is in agreement with previous data and is ex-
plained with a two-band model where both electrons and
holes participate in the transport.16

Figure 2sbd shows MR for x=0.04 samples, at lower
field, the MR is negative, while positive MR dominates in
high fields at 2 K. Positive MR was observed at 6 and 10 K
for x=0.04 films. Inset of Fig. 2sbd shows the thermo-
oscillation of magnetoresistance. With 14-T constant mag-
netic fields, the temperature sweep caused two peaks in the
magnetoresistance at about 7 and 84 K. Such peaks in the
magnetoresistance were observed in Hg1−xMnxTe.17 The
strong temperature dependence of the energies at which the
Landau levels occur suggests that at a constant magnetic
field sthat provides the Landau quantizationd, the temperature
sweep will cause the crossing of various Landau levels with
the Fermi energy, if the carrier concentration in a sample is
properly chosen. These crossings will then lead to successive
peaks in the magnetoresistance of the sample as a function of
temperature.18

The MR is negative and takes a giant value of −107%
and −365% at 2 K in 140 kOe forx=0.06 and 0.10, respec-
tively, as shown in Figs. 2scd and 2sdd. The magnitude of the

FIG. 2. MR curves for Ti2O3 sad, sCr0.04Ti0.96d2O3 sbd, sCr0.06Ti0.94d2O3 scd, and sCr0.10Ti0.90d2O3 films sdd. Inset of sbd shows the thermo-oscillation of
magnetoresistance. Inset ofscd shows the small positive MR at 10 K for thex=0.06.
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negative MR ofsCr0.06Ti0.94d2O3 andsCr0.10Ti0.90d2O3 in high
magnetic field decreases with increasing temperature. The
inset of Fig. 2scd shows the low-field region of the MR curve
for x=0.06. At 10 K, the MR forx=0.06 is positive inH
,5 kOe, reaching the maximum around 2 kOe, and turns
to negative as the magnetic field goes above 5 kOe.
Similar MR behavior in low fields was observed in
sGa0.947Mn0.053dAs thin films and the small positive magne-
toresistance disappeared when magnetic field was applied
parallel to the sample plane.19 While in our samplex=0.06,
the small positive magnetoresistance in lower field was
found in field orientations both perpendicular and parallel to
the film plane.

In order to understand the magnetoresistance, we have
studied the magnetic properties of the films. The results from
SQUID measurements show that all of the Cr-doped films
are ferromagnetic up to 400 K. Figure 3 shows magnetic
hysteresis loops forsCr0.06Ti0.94d2O3 at 2 and 300 K. The
saturation momentMs at 2 K is 0.5, 0.91, and 0.87mB/Cr for
x=0.04, 0.06, and 0.10, respectively.Ms initially increases
with x then decreases slightly upon further increase of Cr
doping. The room-temperature saturation moments are
smaller, e.g.,Ms=0.2mB/Cr for x=0.06. Its coercivity is
50 Oe at 300 K as compared to 350 Oe at 2 K. The magne-
tization of sCr0.06Ti0.94d2O3 film at 2 K does not reach satu-
ration at 50 kOe. TheM-H curve consists of two compo-
nents. One is a ferromagnetic part which corresponds to the
lower field hysteresis loop and the other is the paramagnetic
component.

To discuss the giant negative magnetoresistance for the
x=0.06 and 0.1 film, one possible explanation is based on
polaron theory. The bound magnetic polaronsBMPd is the
characteristic collective state of diluted magnetic semicon-
ductors. An exchange interaction of localized carriers with
magnetic ions leads to the formation of bound magnetic
polarons.20–24A bound polaron consists of the localized car-
rier and surrounding cloud of Cr spins polarized viap-d
exchange interaction. Without magnetic field, the magnetic
polarons have to move through the sea of Cr more or less
randomly oriented spins. Their motion involves flipping
many Cr spins, making the polarons massive and immobile.
With increasing magnetic field, all Cr spins are gradually

aligned to the direction of the applied magnetic field, in-
creasing the mobility of the carriers. The negative magne-
toresistance is attributed to smearing of the polaronic cloud
with increasing magnetic field,25 corresponding to the slowly
increasing part of magnetization in the high-field region
shown in Fig. 3.

IV. CONCLUSIONS

The experimental results show that Cr ions systemati-
cally substituted for the Ti ions insCrxTi1−xd2O3 films. The
sCr0.10Ti0.9d2O3 films show a negative giant magnetoresis-
tance as large as −365% at 2 K, while the undoped film
shows a positive giant magnetoresistance of +23%. The Cr-
doped samples exhibit ferromagnetism up to 400 K. They
are p-type semiconductors with a carrier density of about
1.231021 cm3 for the x=0.06 sample.
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