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Abstract

Single crystals of TiO2 rutile were implanted with high fluences of Co and Ni ions, aiming at the understanding of the

role of these ions in the magnetic properties of the doped oxide. Magnetization and electrical resistivity results as a

function of temperature and magnetic field are presented and correlated with information obtained by Rutherford

backscattering spectrometry measurements in the same samples.

r 2005 Elsevier B.V. All rights reserved.
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TiO2 is a very stable oxide used in a large range
of technological applications. The possibility of
being a suitable material for spintronics was
opened when Co doped TiO2 anatase thin films
were reported to be ferromagnetic semiconductors
at room temperature [1]. Since then, TiO2 doped
with cobalt has been extensively studied, mainly in
thin film configuration, both in anatase and rutile
forms. In this work, we study cobalt doped and
- see front matter r 2005 Elsevier B.V. All rights reserve
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nickel doped rutile in order to understand the
influence of the magnetic dopant.
Co and Ni ions were introduced into {1 0 0}

rutile single crystals using ion implantation tech-
nique with an energy of 150 keV and fluences of
2� 1017 cm�2. The as-implanted samples were
analyzed by Rutherford backscattering spectro-
metry (RBS) to access the depth distribution of the
implanted ions. To characterize the magnetic
behavior of the samples, magnetization measure-
ments were carried out as a function of tempera-
ture, between 4 and 400K, under magnetic fields
up to 5.5 T, using a SQUID magnetometer.
Electrical resistivity was also measured between
d.

www.elsevier.com/locate/jmmm


ARTICLE IN PRESS

0 50 100 150 200 250 300
0.00

0.05

0.10

0.15

0.20

0 50 100 150 200 250 300 350 400
0.00

0.02

0.04

0.06

0.08

ZFC
FC

T / K 

TB = 50  

T / K 

H = 50 Oe 

H = 50 Oe

m
 p

er
 N

i i
on

 / 
� B

m
 p

er
 C

o 
io

n 
/ �

B

ZFC
FC

(a)

(b)

Fig. 1. ZFC and FC magnetic moment versus temperature for

the as-implanted samples: (a) Ni, (b) Co. The results were

subtracted for the unimplanted region contribution. The solid

line in (a) is the result of the theoretical fit.
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10 and 300K using a standard 4-point probe
technique.
The RBS results show that the maximum local

concentrations of dopant ions and the thick-
nesses of the implanted regions are 27 at% and
130 nm for Ni, and 23 at% and 105 nm for Co,
respectively.
Zero field cooled (ZFC) and field cooled (FC)

magnetization curves for the as-implanted samples
were measured in a field of 5mT. Since the
implanted layer corresponds to a very small
fraction of the samples volume (o0.02%), the
contribution of the unimplanted rutile was sub-
tracted in order to isolate the behavior of the
implanted region. To do so, unimplanted crystals
were also characterized. The experimental results
show that the magnetic behavior of those unim-
planted crystals can be described by a Van Vleck
paramagnetic component (the value of the mea-
sured susceptibility agrees with published results
[2]), added with a small ferromagnetic component
attributed to impurities.
The results for the magnetic moment of the as-

implanted samples, already corrected for the
contribution of the unimplanted volume, are
presented in Fig. 1. These results are similar to
those obtained for nickel and cobalt implanted
MgO, with local atomic concentrations of the
order of 15 at% [3], and suggest the existence of
metallic aggregates. The formation of cobalt
aggregates was also reported in reduced cobalt
doped rutile films [4].
In nickel-implanted samples, the behavior can

be indexed as superparamagnetic, indicating that
the size of the aggregates is in the range of a few
nanometers. This is confirmed by the presence of a
maximum in the ZFC magnetic moment, indicat-
ing a blocking at a temperature TB ¼ 50K, and by
the fact that, above this maximum, the dependence
can be described by a Curie–Weiss law, with ionic
magnetic moments of the order of 100 mB, a value
too high for individual ions.
Accordingly, the magnetic moment scales with

H=T above TB, the dependence being well fitted
with a Langevin function (Fig. 2). The saturated
magnetic moment is found to be 0.2 mB/Ni
ion, indicating that 33% of the implanted ions
are in aggregates, assuming the same saturation
magnetization as in the bulk metal. From both
the temperature and field dependence results,
assuming a log-normal distribution of magnetic
moments, an average diameter of 8 nm (corre-
sponding to an average magnetic moment of
17000 mB) and an anisotropy constant of 1.8�
104 Jm�3 are deduced. The standard deviation
obtained for the log-normal distribution is s ¼ 1:1.
The anisotropy constant value is higher than
the corresponding metal bulk value Keff

ðFCCNiÞ ¼ �K1=12 ¼ 1� 104 Jm�3. This is ex-
pected since the anisotropy constants generally
increase for smaller nanoparticles, due to surface
contribution.
For the cobalt implanted TiO2 rutile, ass-

uming a similar behavior, the evolution of the
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Fig. 2. Magnetic moment per nickel ion versus applied field

divided by temperature for temperatures between 100 and

300K for the sample implanted with 150 keV Ni. The results

were subtracted for the unimplanted region. The solid line is the

fitted Langevin behavior assuming a log-normal distribution of

magnetic moments.
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Fig. 3. Electrical resistivity as a function of T�1=4 for the as-

implanted samples evidencing the variable range hopping

behavior above 100K. The inset presents the variation in the

whole range of temperatures.
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magnetization indicates a blocking temperature at
or above 380K. The fact that ZFC and FC results
join at 380K indicates that the TB value should
not be far. Below this temperature, the MðHÞ

curves exhibit a saturated magnetic moment of
0.75 mB/Co ion, constant up to 300K, while the
coercive field decreases markedly with tempera-
ture. This behavior is characteristic of the existence
of nanosized aggregates. The same analysis as in
nickel allows concluding that a fraction of about
43% of the implanted cobalt is in aggregate form.
Since the anisotropy constant cannot be accessed
due to the high value of the blocking temperature,
the Co bulk anisotropy constants are used to
estimate an upper limit for the particle average
volume, V . Using KeffV ¼ 30kBTB and Keff ¼

�K1=12 ¼ 2� 104 Jm�3, in the case of FCC
cobalt, or Keff ¼ �K1 ¼ 2:5� 105 Jm�3 in the
case of HCP cobalt, the limiting values for the
particle diameters are 25 (FCC Co) and 11 nm
(HCP Co), respectively.
The electrical resistance, R, was measured as a

function of temperature to characterize the elec-
trical behavior of the implanted regions. The
electrical resistivity, r, was determined using
r ¼ R � pt=ln 2, where t is the thickness of the
implanted region (Fig. 3). Although the RBS
results indicate that the implanted region is highly
amorphized the obtained electrical resistivity
cannot be explained as due to implantation defects
alone. The values obtained at room temperature
for the electrical resistivity of cobalt and nickel
doped samples are 5� 10�3 and 2� 10�2Ocm,
respectively. These values are lower than the ones
obtained for rutile implanted with noble gases
at high fluences, 1.6 and 3.3Ocm for Xe and
Ar, respectively (notice that the electric conductiv-
ity of TiO2 saturates with ion fluence in these
cases) [5]. The resistivity values in our systems are
attributed then to the combination of implantation
induced defects and the presence of the magnetic
ions.
As seen from the inset in Fig. 3, the whole

temperature dependence cannot be described by a
single mechanism. Above 100K, the logarithm of
r is linear in T�1=4, indicating that transport
occurs by variable range hopping. This model
describes a thermally activated transport through
localized electronic states with a disordered
distribution. In our samples, the localization of
electronic states is a consequence of the large
amorphization induced during implantation. For
temperatures lower than 100K, the ionization of
impurities is a dominant mechanism.
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To study the possible magnetoresistive effects,
electrical resistivity was also measured under
applied magnetic field up to 5.5 T. No signifi-
cant differences could be detected between the
measurements performed with and without ap-
plied magnetic field, in the whole range of
temperatures.
In conclusion, we showed that after ion

implantation nanometer sized magnetic Co and
Ni particles are formed in rutile. In the case
of cobalt, the ordered magnetic behavior is
exhibited up to temperatures above room
temperature. In both cases, the implanted ions
do not induce any magnetoresistive effects in
rutile. The detailed characterization of the so-
formed aggregates and the study of their stability
and evolution under thermal treatments are in
progress.
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