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Fe-doped anatase TiO2 polycrystalline films and powders have been prepared by the sol-gel method.
Air-annealed film shows paramagnetic behavior at room temperature. However, when the film is
further annealed in a vacuum, the ferromagnetic properties are strongly enhanced with the magnetic
moment of 0.42 �B /Fe at 5 kOe. Mössbauer spectrum of air-annealed film at 295 K shows a single
doublet of Fe3+. On the other hand, the absorption spectrum after vacuum annealing exhibits two
doublets, in which one is the same component with air-annealed case and the other is a new doublet
corresponding to Fe2+ state. The temperature dependence of absorption linewidth and quadrupole
splitting for the Fe2+ doublet indicates that Fe2+ ions are not paramagnetic and their magnetic
interaction exists also at 295 K. © 2007 American Institute of Physics. �DOI: 10.1063/1.2710459�

I. INTRODUCTION

Since the theoretical predictions of room temperature
ferromagnetism �RT-FM� in diluted magnetic semiconductor
�DMS� based on the wide band-gap semiconductor,1,2 the
oxide semiconductor materials have been extensively inves-
tigated as the host matrices for spintronic devices. The initial
experimental result3 on the observation of RT-FM in Co-
doped TiO2 has triggered much focus on this field, and many
hopeful reports on high temperature FM have subsequently
appeared in various oxide DMS systems such as ZnO, SnO2,
In2O3, etc.4–7 However, the origin of FM occurring in this
system still remains under controversial discussion. Whereas
a carrier-mediated mechanism is employed to explain the
observation of FM in Fe-doped reduced TiO2 films with
p-type character,8 the occurrence of FM in highly insulating
Co-doped TiO2 films indicates that free charge carriers are
not required for FM ordering.9 In addition, it has been re-
ported that the observed FM is associated with the formation
of magnetic clusters or secondary phases.10

Recently, as the role of oxygen deficiency in the occur-
rence of FM comes into the picture, other considerations
which can account for the observed FM have been required
and suggested. The formation of bound magnetic polaron
�BMP�, where FM coupling is promoted by an electron
trapped in an oxygen vacancy, has been proposed to explain
FM occurring in oxide DMS materials,11 and besides that,
the strong correlations between the enhancement of FM and
the oxygen vacancy or defects have been continually
reported.12–14 In this work, we have investigated the mag-
netic properties of air- and vacuum-annealed Fe-doped TiO2

on atomic scale and suggested that the occurrence of FM
after vacuum annealing is correlated with the Fe valence
states.

II. EXPERIMENT

Anatase Fe-doped TiO2 polycrystalline films and pow-
ders were fabricated by a sol-gel method. The precursor so-
lution was prepared by dissolving titanium butoxide into
mixed solvents �acetic acid:2-methoxyethanol=1:3�. For
doping 57Fe to facilitate Mössbauer measurement, the proper
amount of iron isotope was dissolved in a diluted HNO3 first
and then added into the titanium solution. Anatase films were
grown on thermally oxidized silicon substrate using the spin
coating process. The films were deposited at 4000 rpm for
30 s and pyrolized on a hot plate at 80, 200, and 300 °C for
3 min between each coating repeated to build up the layer
thickness. When the as-prepared films were annealed at
550 °C for 2 h in air, a pure anatase structure was achieved.
After air annealing, the films were postannealed in vacuum
ambience of 10−3 Torr at 500 °C for 4 h. Ti0.97Fe0.03O2 pow-
ders were obtained by drying the precursor solution and heat
treating in the same condition above.

The crystal structure of the samples was examined by
x-ray diffraction �XRD� with Cu K� radiation. Magnetic
properties were characterized by the vibrating sample mag-
netometer �VSM� and Mössbauer spectroscopy. Mössbauer
spectra were recorded using the spectrometer of the electro-
mechanical type with a 57Co source in a rhodium matrix.

III. RESULTS AND DISCUSSION

Since a direct heat treatment of as-prepared films in
vacuum might bring about the different phases other than
titanium dioxide, the as-prepared films were annealed in air
first and further annealed in vacuum ambience. Figure 1
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