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Ferromagnetic properties of anatase
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The effects of Fe doping on the magnetic and electron
been investigated. Anatase Ti1−xFexO2−� films exhibi
for a certain range of Fe doping. Conversion ele
indicate that Fe2+ and Fe3+ ions coexist in the Fe-dop
The contribution of possible Fe3O4 clusters to the ob
The Ti1−xFexO2−� films exhibit a p-type character b
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ferromagnetism turns out to be independent of the hole co
in the Ti1−xFexO2−� films can be explained in terms of a
neighboring Fe3+ ions via an electron trapped in oxygen v
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I. INTRODUCTION

Semiconducting oxides such as ZnO, SnO2, and TiO2

have been under considerable attention recently due to their
room-temperature ferromagnetism achieved by doping 3d
transition-metal elements. These ferromagnetic oxides have
been found to exhibit higher Curie temperatures �TC� than
those obtained from existing nonoxide III-V and II-VI semi-
conductors such as GaAs and CdTe with TC well below
room temperature.

Since the discovery of ferromagnetism at room tempera-
ture in Co-doped anatase TiO2,1 numerous experimental and
theoretical investigations have been performed on the mag-
netic properties and the related structural and electronic
properties of transition-metal-doped TiO2. Recently, V-, Cr-,
Fe-, and Ni-doped TiO2 have also been found to exhibit fer-
romagnetism at room temperature.2–5

However, despite the remarkable attention on
TiO2-based magnetic oxides, the experimental results on the
oxides reported by different research groups have frequently
been controversial on the origin of the exhibited magnetic
properties. Thus the magnetic origin of the room-temperature
ferromagnetism in these oxides has not been clearly under-
stood at the moment.

In the present work, the magnetic and electronic proper-
ties of TiO2−� thin films doped by Fe have been investigated
by x-ray diffraction �XRD�, vibrating sample magnetometry
�VSM�, Hall effect, and conversion electron Mössbauer
spectroscopy �CEMS� measurements. Large magnetic mo-
ments were observed at room temperature from the present
Fe-doped anatase TiO2−� films. The change of the magnetic
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roperties of reduced TiO2−� thin films have
rromagnetic behavior at room temperature

n Mössbauer spectroscopy measurements
lms, substituting the octahedral Ti4+ sites.

ed ferromagnetism is not likely to happen.
all effect measurements but the observed
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direct ferromagnetic coupling between two
acancy nearby. © 2006 American Institute

properties of the oxides related to the electronic properties is
examined. The origin of the observed ferromagnetic proper-
ties of the magnetic oxides is discussed.

II. EXPERIMENT

Anatase TiO2 thin films were deposited on Al2O3�0001�
substrates by a sol-gel method employing a spin-coating pro-
cess. The precursor solution was prepared by dissolving tita-
nium butoxide, Ti�O�CH2�3CH3�4, into 2-methoxyethanol at
70 °C. Fe doping was achieved by dissolving Fe powder
together with titanium butoxide in the solvent. The amount
of doping is denoted as the fraction �at. % � of number of
impurity atoms to the sum of those of Ti and impurity atoms
in the precursor solution.

The precursor solution was stirred at 70 °C for 2 h to
increase its homogeneity. The substrates were spin coated by
the precursor solution with 3000 rpm for 20 s to make pre-
cursor films that were then preheated in the air at 300 °C for
5 min after each deposition in order to remove the organic
substance. This process was repeated for increasing the film
thickness. Prior to the film deposition the substrates were
cleaned by acetone followed by methanol in ultrasonic bath.
After the spin-coating process, the precursor films were an-
nealed at 600 °C for 4 h in an evacuated chamber with a
pressure of about 10−3 Torr. Such oxygen-deficient anneal-
ing has been proven to be efficient for creating oxygen va-
cancies, leading to an increase of the electrical conductivity.

The crystalline quality of the deposited films was inves-
tigated by XRD in �-2� geometry using Cu K� radiation.
The transport properties were investigated by Hall effect
measurements, performed in the van der Pauw configuration
under a magnetic field of 0.5 T. Magnetization measure-
ments on the films were made with a Lake-Shore 7300 vi-
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