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Abstract
Effects of oxygen vacancies on the magnetic properties of anatase Fe-doped TiO2 compound have been investigated. The air-annealed
sample shows a small magnetic moment at room temperature, whereas the magnetic moment at same temperature is strongly enhanced
for the sample post-annealed in vacuum ambience. Mössbauer spectra of air-annealed sample show that the magnetically ordered sextet
and paramagnetic doublet coexist in all temperature ranges (4.2–295 K), where all Fe ions are not metallic but in the +3 state
substituting for Ti. After vacuum annealing, an additional doublet appeared with large quadrupole splitting, which is consistent with
Fe2+ state. This result suggests that the enhancement of magnetic moment after vacuum annealing is attributable to the moment by the
spin–orbit coupling of Fe2+ ions.
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With the initial report of room temperature ferromagnetism in anatase Co-doped TiO2 [1], the oxide diluted magnetic
semiconductors (DMS) have been extensively studied for the
development of spintronic devices. Recently, as the roles of
oxygen vacancies or defects have been embossed in oxide
DMS [2–4], the appearance of new consideration that can
account for the ferromagnetism has been required and
suggested. Grifﬁn et al. observed the ferromagnetic properties in insulating Co-doped TiO2 annealed in ultrahigh
vacuum, suggesting that free charge carriers are not required
for ferromagnetic ordering [5]. Coey et al. proposed the
F-center exchange model where ferromagnetic coupling is
promoted by an electron trapped in an oxygen vacancy [2].
In this work, we have investigated effects of oxygen vacancies
on the magnetic properties of anatase Fe-doped TiO2 by
comparing the sample secondly post-annealed in vacuum
ambience with the ﬁrst air-annealed one.
Anatase Ti0.9957Fe0.01O2 compounds were fabricated
by a sol–gel process. Weighed amounts of titanium but
Corresponding author. Tel.: +82 2 910 4752; fax: +82 2 910 5170.

E-mail address: cskim@phys.kookmin.ac.kr (C.S. Kim).
0304-8853/$ - see front matter r 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jmmm.2006.10.778

oxide were dissolved in mixed solvents [acetic acid:
2methoxyethanol ¼ 1:3] ﬁrst and iron isotope ( 57Fe)
dissolved in diluted HNO3 was added into the titanium
solution. The solution was reﬂuxed at 80 1C and then dried
at 200 1C in an oven. The dried mixtures were ground and
annealed at 550 1C for 2 h in air. For creating oxygen
vacancies, the sample was post-annealed under vacuum
ambience about 103 Torr at 500 1C for 4 h.
X-ray diffraction patterns of Ti0.9957Fe0.01O2 compounds before and after the vacuum-annealing process
showed a pure anatase single phase, and the crystal
structure was determined to be a tetragonal structure with
a space group I41/amd. In both patterns above, one could
not ﬁnd any different peak positions of Fe or Fe–O systems
other than anatase dioxide within the instrumental resolution limit. The lattice constants a0 and c0, and the resultant
unit-cell volume of the present anatase samples are found
to be close to the ones of TiO2 with its lattice constants
a0 ¼ 3.7859 Å and c0 ¼ 9.5201 Å obtained by the same
fabrication process.
The magnetization curves of air- and vacuumannealed Ti0.9957Fe0.01O2 compound were measured as

