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Magnetic and electronic properties of reduced rutile titanium dioxide (TiO2-δ) thin films doped by Mn have

been investigated. The present sol-gel-grown semiconducting TiO2-δ:Mn films exhibit a ferromagnetic behavior

at room temperature for a limited range of Mn content. The Mn-doped films have p-type electrical conductiv-

ity with the carrier concentration near 1019 cm−3. The observed room-temperature ferromagnetism is believed

to be intrinsic but not related to free carriers such as holes. Oxygen vacancies are likely to contribute to the

room-temperature ferromagnetism−trapped carriers in oxygen vacancies can mediate a ferromagnetic cou-

pling between neighboring Mn3+ ions. The energy band-gap change due to the Mn doping measured by spec-

troscopic ellipsometry exhibits a red-shift compared to that of the undoped sample at low Mn content. It is

explainable in terms of strong spin-exchange interactions between Mn ion and the carrier.
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1. Introduction

Oxide semiconductors have been paid a great deal of

attention since the discovery of room-temperature ferro-

magnetism in Co-doped TiO2 thin films with anatase

structure [1]. Such ferromagnetic semiconductors with

Curie temperature higher than room temperature are

desirable for realizing spintronics. It is necessary to have

materials that show both ferromagnetism and semi-

conducting properties for exploiting spins as information

carriers. So far, numerous experimental and theoretical

investigations have been performed on magnetic proper-

ties and the related structural and electronic properties of

transition-metal-doped TiO2 and the films doped by V, Cr,

Fe, and Ni have also been found to exhibit room-temper-

ature ferromagnetism [2-5].

However, despite the intensive research on such TiO2-

based magnetic oxides, the interpretations for the observ-

ed ferromagnetic properties have often been controversial,

e.g., on whether the exhibited ferromagnetism is intrinsic

or not [6, 7]. The spintronic applications require that

ferromagnetism in semiconductors needs to be intrinsic,

that is, not from magnetic clusters of the doped transition-

metal impurities. Also, several recent studies showed that

the observed ferromagnetism tends to depend on methods

and conditions used in the sample preparation. Thus, no

consensus on the proper origin for the room-temperature

ferromagnetism in such oxide semiconductors has yet

been reached.

In this work, rutile TiO2-δ thin films (of oxygen defici-

ency δ) doped by Mn have been grown by a sol-gel

method and their physical properties investigated by X-

ray diffraction (XRD), vibrating sample magnetometry

(VSM), Hall effect, and spectroscopic ellipsometry (SE)

measurements. The present reduced rutile TiO2-δ films

exhibit ferromagnetism at room temperature for some

range of Mn doping. Change of the magnetic properties

of the oxides related to their electronic properties is

examined. Possible physical mechanism for the observed

ferromagnetic properties of the TiO2-δ:Mn films is

discussed.

2. Experimental

Rutile TiO2 thin films were deposited on Al2O3(0001)

substrates by a sol-gel method employing spin-coating

process. The precursor solution was prepared by dissolv-

ing titanium butoxide, Ti[O(CH2)3CH3]4, into solvent at

70oC. The solvent consists of a mixture of 2-methoxy-

ethanol and monoethanolamine. Mn doping was achieved*Corresponding author: Tel: +82-2-450-3085, 
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