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Microstructure, ferromagnetism, and magnetic transport of Ti1−xCoxO2
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TiO2-based magnetic semiconductors with high Co doping concentrations �Ti1−xCoxO2� were
synthesized under thermal nonequilibrium condition by sputtering machine. Microstructure and
composition analysis by transmission electron microscopy, x-ray photoelectron spectroscopy, and
electron energy-loss spectroscopy indicated that Co element was incorporated into TiO2 to form
Ti1−xCoxO2 compound. The direct evidence for the compositional inhomogeneity of the Ti1−xCoxO2

compound was given. Room temperature ferromagnetism with high magnetization was obtained,
which could be attributed to the intrinsic properties of the amorphous magnetic semiconductor. The
electrical transport in a low temperature range was explained by spin-dependent Efros’s variable
range hopping, and correspondingly an exponential function of the magnetoresistance versus T−1/2

was found. © 2006 American Institute of Physics. �DOI: 10.1063/1.2204758�
I. INTRODUCTION

Since the room temperature ferromagnetism was found
in Co-doped TiO2 �Ref. 1� magnetic semiconductor, mag-
netic semiconductors have been extensively studied2–12 for
their great importance in spintronics devices. For the
TiO2-based room temperature magnetic semiconductors,
some researchers believed that the ferromagnetism originates
from the Co metal clusters3,5,6,11 embedded in TiO2, but now
most researchers tend to believe that the ferromagnetism is
the intrinsic property of Ti1−xCoxO2 magnetic
semiconductors.1,2,4,7,12 However, the origin of the weak fer-
romagnetism at room temperature is still an open question.
Moreover, in these investigations, the Co doping concentra-
tions in TiO2 were usually limited to a few percents,1–8 and
the observed saturation magnetization was very small.

The magnetoresistance of magnetic semiconductors was
also of great importance for spintronics devices. Recently, a
large magnetoresistance was found in the inhomogeneous
Zn1−xCoxO1−v magnetic semiconductor at room
temperature10 although the magnetoresistance usually ap-
pears at very low temperature1,4,8 for low doping concentra-
tion in magnetic semiconductors. In the system with strong
chemical inhomogeneity on the subnanometer scale, such as
Zn1−xCoxO1−v �v=vacancy� inhomogeneous compound mag-

a�
Electronic mail: tianqin@mail.sdu.edu.cn

0021-8979/2006/99�12�/123903/5/$23.00 99, 12390

Downloaded 27 Jun 2006 to 202.194.32.3. Redistribution subject to 
netic semiconductor10 of high Co concentration, there are
many defects such as the doped Co atoms, O vacancies, and
Zn interstitials if the ZnO was regarded as a host material.
This compositional inhomogeneity will produce strong local
potential and lead to Anderson localization of the carriers
near the Fermi level, which will significantly influence the
electrical transport and magnetoresistance. However, the
electrical transport and the magnetoresistance in the inhomo-
geneous magnetic semiconductors are still less known.

The intrinsic chemical inhomogeneity in the form of
“clustered states”13–15 has been regarded as a common fea-
ture of magnetic semiconductors, colossal magnetoresistance
manganites,16 and high temperature superconducting cu-
prates. The special chemical inhomogeneity has been found
in Mn-doped Ge ferromagnetic semiconductors,17 which
show Mn-rich and Mn-depleted phases, rather than in metal-
lic Mn clusters. On the other hand, using the first-principles
density-functional approaches, impurity distributions and
magnetic properties of Co-doped anatase TiO2 were
investigated.18 From the total energies calculated for various
possible configurations, Co atoms were found to prefer the
nonuniform doping mode with short Co–Co distances. This
nonuniform distribution furthermore is crucial for the ferro-
magnetic ordering observed in Ti1−xCoxO2, whereas the an-

tiferromagnetic state prevails in uniformly doped cases in-
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vestigated �x=0.0625�. But to date no direct experimental
evidence on the compositional inhomogeneity of the oxide-
based semiconductors has been given.

Comparing various experimental results from different
research groups, it is easy to find that the magnetic and elec-
tric transport properties of magnetic semiconductors doped
with transitional metal elements are very sensitive to the con-
centration, distribution, and valence of the transitional metal
elements, which were associated with the synthesis methods
and postprocesses.2 We believe that different synthesis meth-
ods and postprocesses will result in different compositions
and microstructures, which finally determine the electronic
and magnetic properties. Therefore, various magnetic prop-
erties observed by different groups may have different ori-
gins. This means that both intrinsic and extrinsic origins are
possible even for the same material system, depending on the
composition and microstructure. Therefore, a systematic
study on the synthesis, microstructure, magnetism, and mag-
netic transport is necessary for the magnetic semiconductors.

In this paper, we reported Ti1−xCoxO2 magnetic semicon-
ductor of high Co doping concentration. This material is in
an amorphous state in contrast with the common single crys-
tal or polycrystal. Direct evidence on the compositional in-
homogeneity was given. More interestingly, this material
shows a high magnetization, spin-dependent Efros’s variable
range hopping, and large magnetoresistance.

II. EXPERIMENTS

Ti1−xCoxO2 amorphous magnetic semiconductor films
were prepared on glass substrates by alternately sputtering
very thin Co and TiO2 layers for 60 periods at room tem-
perature, i.e., the nominal structure is
�Co 0.6 nm/TiO2 0.5–2 nm��60, which forms Ti1−xCoxO2

in the Ar and background O2 gas due to atomic interdiffu-
sion. Finally 2 nm TiO2 was deposited as protective layer.

The microstructures of Ti1−xCoxO2 films were observed
in cross-section view by transmission electron microscopy
�TEM� equipped with energy dispersive x-ray spectroscopy
�EDS�. The magnetic properties were measured by a super-
conducting quantum interference device �SQUID� system
from 5 K to room temperature. The electrical transport and
the magnetoresistance were measured in Van der Pauw con-
figuration by a physical property measurement system
�PPMS�. For both magnetism and magnetoresistance mea-
surements, the magnetic field is applied in the film plane.
Although the samples with various Ti1−xCoxO2 compositions
were prepared, here we mainly reported the experimental
results of Ti0.24Co0.76O2 sample due to the similarity in
physical properties for these samples.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 1�a� is a low magnification TEM micrograph of
the as-deposited film in cross-section view. The weak and
uniform contrast indicates that the composition of the sample
is nearly uniform on a large scale. The quantitative analysis
of EDS shows about 24 at. % Ti and 76 at. % Co within the
film. The high-resolution TEM image �Fig. 1�b�� also shows

a weak and uniform contrast without well defined grain
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boundaries and clear crystalline. It is clear that the
Ti0.24Co0.76O2 film is in an amorphous state. The inset in Fig.
1�a� is the corresponding electron diffraction pattern, which
exhibits a diffuse ring, indicating an amorphous structure.

Figure 1�c� is the corresponding elemental mapping im-
age of Co taken in the same place of Fig. 1�b�. In order to
show the compositional inhomogeneity, the mapping image
of Co was obtained by choosing a proper contrast so that the
bright points or very small areas in the image only show the
Co-rich areas. It can be clearly seen that the distribution of
Co atoms is inhomogeneous on the subnanometer scale.
However, there is no any pure Co metal cluster within the
whole films. By contrast, after the films were annealed at
300 °C, many Co crystalline particles were formed and
could be seen clearly �not shown�.

In order to further check if there exist pure Co clusters in
the as-deposited samples, x-ray photoelectron spectroscopy
�XPS� experiments were carried out in a vacuum chamber.
The samples were loaded into a MICROLAB MK II x-ray
photoelectron spectroscopy system. A Mg K� line at
1253.6 eV was used with the x-ray source run at 14.5 kV. An
energy analyzer was operated at a constant pass energy of
50 eV, which resulted in an energy resolution of about
0.6 eV. Since XPS is mainly sensitive to the sample surface,
the sample was etched by Ar+ in the vacuum chamber of
XPS for several times to get the XPS signals from different
deepness of the sample. We got the same XPS results at
different deepnesses of the sample. Figure 1�d� shows the
XPS of the Co element in Ti0.24Co0.76O2 film. In Fig. 1�d�,
the energy difference between Co 2p3/2 and Co 2p1/2 is
15.35 eV, which excludes the possibility of the formation of
Co metal clusters because the energy difference for Co metal
clusters is 15.05 eV �Ref. 19� �we obtained 15.00 eV for the
Co film�. However, since the energy resolution of the XPS is
not high enough for the present experiments, it is hard to
make more detailed analysis.

The chemical states of Co element were further explored
by electron energy-loss spectroscopy �EELS� on FEI’s trans-
mission electron microscopy Tecnai F30. Figures 1�e� and
1�f� show L3 and L2 edges in an EEL spectrum of the sample,
which were recorded in image mode. The white line ratio
�the intensity ratio of L3 /L2� was used to qualitatively mea-
sure the chemical states of transition metal atoms. The white
line ratio varies from 3.6 to 3.7 for different detecting re-
gions, which corresponds to the compositional inhomogene-
ity in the sample. It was reported that the white line ratios for
Co element in Co52Al20O28 and Co36Al22O42 oxides are 3.6
and 3.7, respectively.20 This means that the chemical valence
of Co element in the Ti0.24Co0.76O2 film is close to those
observed in the Co52Al20O28 and Co36Al22O42 oxides. By
contrast, for pure Co thin films prepared by vacuum deposi-
tion, the white line ratio is only 3.3.20 Therefore, the present
Ti0.24Co0.76O2 sample should be regarded as an inhomoge-
neous compound, excluding the existence of the pure Co
clusters.

Figure 2�a� shows hysteresis loops measured at 5 and
290 K, respectively, and the inset shows the details of the
M-H loop measured in the low field region at 290 K. The

ferromagnetism is clearly shown by the coercivity, rema-
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nence, and low saturation field. Figure 2�b� shows the tem-
perature dependence of the net saturation magnetization of
the sample, the substrate signals, and the total signals mea-
sured in 3�104 Oe magnetic field. In Fig. 2�b�, the net satu-
ration magnetization of the sample reduces very slowly with
increasing temperature from 5 to 290 K, indicating that the
Curie temperature is above 290 K. The magnetization of
Ti0.24Co0.76O2 is 524 emu/cm3 �1.29�B /Co� at 5 K and
503 emu/cm3 �1.24�B /Co� at 290 K.

As for the origin of the ferromagnetism, it can be ex-
plained as intrinsic ferromagnetism. In the amorphous
Ti0.24Co0.76O2 magnetic semiconductor with chemical com-
position inhomogeneity, there are many defects such as the
doped Co atoms, O vacancies, and Ti interstitials as com-

FIG. 1. �a� A low magnification micrograph of the as-deposited sample and t
and �c� the corresponding elemental mapping of Co. �d� XPS of Co 2p3/2 a
pared with the crystalline TiO2 host material. The defect lev-
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els can supply s, p carrier electrons and lead to the spin-spin
exchange interaction between the s, p carrier electrons and
localized d electrons of Co. There also exist direct d-d ex-
changes interaction between the neighbor Co atoms due to
the high Co concentration. Therefore, in this system, local
Co atoms may establish local ferromagnetic structure and
even long ranged ferromagnetic structure through sp-d inter-
action and direct d-d exchange interaction between the
neighbor Co atoms.

Figures 3�a� and 3�b� show the dependence of the sheet
resistance R and the magnetoresistance �MR� ratio on the
magnetic field, measured at 5 and 290 K, respectively. The
MR ratio is defined as MR�H ,T�= ��R�Hs ,T�
−R�H ,T�� /R�Hs ,T���100% where R�H ,T� is the resistance

rresponding electron diffraction pattern in the inset. �b� The HRTEM image
2p1/2 peaks. ��e� and �f�� EELS of Ti0.24Co0.76O2 films.
he co
nd Co
at field H and temperature T and R�Hs ,T� is the resistance at
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the maximum field Hs �Hs=5�104 Oe in our experiments�.
The Ti0.24Co0.76O2 samples show a large negative magne-
toresistance at a relatively small field in the temperature
range from 5 to 290 K, such as 12.5% at 5 K for the MR
peak and 4.6% at 290 K. Similar negative magnetoresistance
was also observed when the applied field is perpendicular to
the film plane, such as 12.0% at 5 K and 4.5% at 290 K. The
R-H curves in Fig. 3�a� show an obvious magnetic hysteresis
behavior, which corresponds to the magnetic hysteresis of
the M-H loop in Fig. 2�a�. This implies that the negative
magnetoresistance observed in Fig. 3 is related to spin-
dependent effects of ferromagnetic materials.

Figure 4�a� shows the R-T curves �sheet resistance R and
temperature T� at HS=5�104 Oe field and without field �the
initial demagnetized state�, and Fig. 4�b� shows the corre-
sponding ln R-T−1/2 relation. It is clear that the sheet resis-
tance monotonously increases with decreasing temperature.
This is a typical feature of the electrical transport of semi-
conducting materials. More interestingly, the linear relation-
ship between ln R and T-1/2 was found in a low temperature
range below 80 K for the two curves, i.e.,

ln R�H,T� = A�H� + B�H�/T1/2 �1�

FIG. 2. �a� Hysteresis loops measured at 5 and 290 K, respectively. The
inset is the low field hysteresis loop measured at 290 K. �b� The temperature
dependence of the net saturation magnetization of the sample, the substrate
signals, and the total signals measured in 3�104 Oe field.
or
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R�H,T� = R0�H�exp��T0�H�/T�1/2� , �2�

where A�H� and B�H� are two coefficients which correspond
to the intersection and slope of the extrapolated lines, respec-
tively. In Eq. �2�, R0�H�=exp�A�H�� and T0�H�= �B�H��2.
From the linear fitting, we get A�0�=9.527 08�ln�ohm�� and
B�0�=5.003 34�K1/2� for the R-T curve without field, and
A�HS�=9.480 11�ln�ohm�� and B�HS�=4.880 27�K1/2� for R
-T curve at HS=5�104 Oe.

According to the definition of MR and Eq. �2�, we can
obtain the expression of MR when the field is swept from the
initial demagnetized state to HS=5�104 Oe,

MR = 1 − C0 exp�D0/T1/2� , �3�

where C0=exp�A�0�−A�HS��=exp�0.046 97�=1.0481 and
D0=B�0�−B�Hs�=0.123 07 K1/2. Figure 4�c� shows the tem-
perature dependence of the experimental MR ratio and the
theoretical results of Eq. �3�. The negative MR decreases
very quickly with increasing temperature in a low tempera-
ture range, and the experimental results and theoretical fitting
are in very good agreement. In high temperature range above
80 K, the MR decreases very slowly with increasing tem-
perature, but Eqs. �2� and �3� do not work in this temperature
range.

It is well known that in the disordered, inhomogeneous,
or amorphous systems, R�exp��T0 /T�1/2� relation is called
Efros’s variable range hopping resistance.21 However, the
mechanism of the large negative magnetoresistance in the
variable range hoping region is still less known. We believe
that it can be explained as the spin-dependent variable range
hopping.22,23 In the Ti0.24Co0.76O2 magnetic semiconductor
system, there are strong spin-spin exchange interactions
among the carrier spins and the local spins in addition to

FIG. 3. Dependence of the sheet resistance R and the MR ratio on the
magnetic filed measured at 5 K �a� and 290 K �b�, respectively.
electron-electron Coulomb interaction. In the magnetic field,
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the spins tend to align parallel, and the spin-spin exchange
energy becomes small. As a result, the variable range hop-
ping electrons have a less resistance, showing spin-
dependent variable range hopping and large negative magne-
toresistance.

IV. CONCLUSIONS

In summary, Ti0.24Co0.76O2 inhomogeneous amorphous
magnetic semiconductors were synthesized. Microstructure
and composition analysis indicated that Co element was in-

FIG. 4. �a� Temperature dependence of the sheet resistance R. �b� The
ln R-T−1/2 relation. �c� Temperature dependence of the MR ratio and the
theoretical calculation according to Eq. �3�.
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corporated into TiO2 to form Ti1−xCoxO2 compound. The
direct evidence for the compositional inhomogeneity of the
Ti1−xCoxO2 compound was given. The room temperature fer-
romagnetism with high magnetization was obtained. The
magnetic transport shows the spin-dependent Efros’s vari-
able range hopping behavior in the low temperature range
below 80 K. Correspondingly, the exponential function of
the magnetoresistance versus T−1/2 was deduced.
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