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Abstract. The magnetic and electrical properties of Co-implanted single crystalline TiO2 rutile are pre-
sented. For fluences of the order of 10'" cm™2 and implantation energy of 150 keV the maximum atomic
concentration of cobalt is 13 at% at a depth of 65 nm from the surface. The as implanted single crystals
exhibit superparamagnetic behaviour attributed to the formation of nanosized cobalt clusters. After an-
nealing at 1073 K an anisotropic ferromagnetic behaviour emerges with the easy magnetization axis lying
in the (001) plane of rutile. The ferromagnetic behaviour is associated with oriented cobalt aggregates.
Electrical conductivity of the implanted samples annealed in vacuum also exhibits anisotropic behaviour
at low temperatures, but no magnetoresistive effects were detected.

PACS. 75.50.Tt Fine-particle systems; nanocrystalline materials — 61.72.Ww Doping and impurity im-
plantation in other materials — 75.50.Dd Nonmetallic ferromagnetic materials — 75.50.Pp Magnetic semi-

conductors

1 Introduction

The recent discovery of magnetism coexisting with semi-
conductor type conductivity in oxides doped with mag-
netic ions [1] increased the interest in this type of materials
due to their potential importance for spintronics applica-
tions. Cobalt doped TiOs has been extensively studied,
both in anatase and rutile form [2,3], due to the prevalent
ferromagnetic behaviour above room temperature (RT).
Most of the work in these doped oxides has been carried
out on films [4-22]. In these films the observed RT fer-
romagnetic behaviour (FM) varies largely, depending on
the method of fabrication and growth conditions. There
is still a debate regarding the origin of the FM and if it is
possible to have a true diluted magnetic oxide character.
In the case of anatase films, lower concentrations of cobalt
seem to be associated with intrinsic magnetic behaviour
while Co rich clusters appear for higher concentrations of
the dopant [4-8] or films produced under low pressure of
oxygen [4]. Aggregates are reported to be dissolved by an-
nealing treatments [7,9]. For concentration values where
cobalt rich clusters were detected other authors claim to
find intrinsic magnetism [10,11]. Magnetoresistive effects
were observed in films with low Co concentration [7] but
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FM was also reported in insulating films [12,13], indicat-
ing magnetic ordering in the absence of itinerant carriers.
In the case of rutile films, the magnetic behaviour depends
strongly on the oxygen pressure during growth [14] and an-
nealing in vacuum increases FM [15]. Anomalous Hall ef-
fect was reported [16,17]. Clustering was observed to coex-
ist with substitutional cobalt [18,19] and intrinsic FM [20],
and was considered in some films to be the principal source
of the RT-FM [14]. However, reported Magnetic Force
Microscopy (MFM) measurements do not show evidence
for the presence of aggregates [21,22]. The film/substrate
interface seems to favour the nucleation of the aggre-
gates [14,19]. The study of doped single crystalline sam-
ples overcomes the problems of interfaces and of the di-
mensional and induced stress restrictions present in films.
Doping can be carried out using ion implantation. Results
published recently for rutile implanted with cobalt, with
a fluence of 1.5 x 10!7 and 2 x 107 em~2, and an energy of
40 keV, indicate anisotropic ferromagnetism and point to
the possibility of intrinsic ferromagnetism [23-25]. From
the implantation parameters presented by the authors [23]
these results must have been obtained for high concentra-
tions of cobalt (calculated to be in excess of 40 at.% in
the maximum). The implanted concentration of cobalt in
TiO2 depends on the fluence and on the energy of implan-
tation. Using higher implantation energy, 150 keV, and a
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fluence of the same order of magnitude, the dopant con-
centration can be reduced by factors of 2-3. For such a
case, our previous results with maximum implanted con-
centrations of the order of 23 at.% [26] indicate that the
magnetic behaviour is ferromagnetic and that metallic Co
nanosized aggregates are formed. In this work the im-
planted cobalt concentration was further reduced by an-
other factor of ~2 and the structural, electrical and mag-
netic characterization of TiO, rutile implanted crystals
were carried out in order to clarify the origin of the ob-
served magnetic behaviour

2 Experimental details

TiO2 single crystalline plates cleaved in (100) orientation
were implanted with Co, with fluences of 1 x 107 cm™2, at
150 keV implantation energy. Subsequent annealing treat-
ments were carried out at 1073 K, for 1 h, in order to pro-
mote lattice recovery and rearrangement of the implanted
ions. Some single crystals were annealed in vacuum, while
others were annealed in air to study the influence of the
reducing or oxidizing character of the atmosphere. Ruther-
ford backscattering spectrometry (RBS), and RBS in com-
bination with the channelling effect (RBS-C), performed
with a 2 MeV 4*Het beam, were used to follow the depth
profiles of the implanted species, the recovery behaviour
of the host lattice after the annealing treatments and the
possible formation of new compounds. The backscattered
particles were detected at 140° and close to 180° with two
silicon solid state detectors of 13 keV and 16 keV energy
resolution, respectively. X-ray diffraction was performed
with a high resolution double crystal diffractometer, in a
0—20 geometry. To characterize the magnetic behaviour of
the samples, magnetic moment measurements were carried
out using a Quantum Design MPMS magnetometer, for
applied magnetic fields up to 5.5 T and temperatures be-
tween 2 K and 400 K. The magnetic moment as a function
of temperature was measured in increasing temperature
after cooling the samples from the highest temperature
in zero field (zero field cooled — ZFC) or in the measure-
ment field (field cooled — FC). For all implanted samples,
two experimental geometries were used, with the external
magnetic field parallel either to [010] or to [001] directions
of rutile. In all cases, the magnetic moment results are
interpreted as the sum of two independent contributions:
a paramagnetic component assigned to the unimplanted
TiO2 and the contribution of the Co implanted region.
The electrical conductivity of the implanted surface was
measured as a function of temperature for both [010] and
[001] directions, using a standard four-point method with
in-line contacts. Magnetoresistance was also measured in
the same geometries for applied magnetic fields up to 16 T.

TiO5 rutile is a Van Vleck paramagnet. A careful char-
acterization of the unimplanted single crystals, allowed
us to determine an average magnetic susceptibility of
7.8 x 10719 m3/kg, similar along [010] and [001]. Since,
in each case, the implanted depth corresponds to a very
small fraction of the total sample volume (significantly
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Fig. 1. RBS-C spectra for as-implanted sample: randomly ori-
ented beam direction (squares) and [100] axial beam direction
(solid line). The sections marked I, IT and I1I correspond to con-
tributions of the implanted cobalt and Ti implanted region, Ti
in the implanted region and Ti in the bulk unimplanted region
respectively.

less than 0.1%), the paramagnetic moment of the unim-
planted region, essentially that of the bulk single crystal, is
calculated using the measured susceptibility and the total
mass. This contribution is always a major part of the mea-
sured experimental magnetic moment and is subtracted in
the experimental results to isolate the contribution of the
implanted region.

3 Experimental results
3.1 As implanted samples

The RBS-C technique was used to extract the implanta-
tion profiles, the damage induced in TiO5 host and the
correlation of the implanted ions positions with the lat-
tice sites. RBS spectra taken at a random and aligned
incidence are presented in Figure 1.

Due to the similarity of Ti and Co masses, the RBS
signal of cobalt is superimposed and mixed to some ex-
tent with the titanium contribution. In order to extract
the Co depth profiles, spectra were obtained for different
incidence angles and compared against theoretical simu-
lations. The depth distributions were obtained from the
theoretically generated spectra that better described the
experimental data. This procedure allowed the conclusion
that all samples have similar profiles, with maximum con-
centration of 13 at% at a depth of 65 nm from the sur-
face. Under alignment conditions of the analyzing beam
with the crystalline directions of the rutile single crystal,
the ions get steered by the long range periodic potential
of the lattice structure, and the RBS yield is dramatically
reduced. This reduction in scattering yield is larger the
better the crystalline quality of the steering host lattice.
The high yield of the aligned spectra in the implanted re-
gion (II) versus unimplanted bulk region (III) indicates
a strong dechannelling of the host rutile due to a highly
damaged implanted region.
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Fig. 2. ZFC-FC magnetic moment curves for as-implanted
sample: (a) H || [010]; (b)H || [001].

The magnetic moment dependence with temperature
is displayed in Figure 2 and is characterized by the exis-
tence of a blocking temperature of 50 K above which the
single crystals behave paramagnetically with huge mag-
netic moments. A simple Curie-Weiss fit results in a mag-
netic moment per implanted ion of the order of 100up,
a value that is too high to be assigned to an individual
ion. This result indicates that the implanted samples are
superparamagnetic, which is explained by the formation
of Co rich nanosized aggregates behaving as magnetic sin-
gle domains. This conclusion is supported by the scaling
of the magnetic moment with H/T above 50 K (inset in
Fig. 2a). The field dependence of the magnetic moment
was measured in the two main non equivalent in-plane
axial directions, [010] and [001], at 100 K and the data
is presented in Figure 3. A saturation moment of 0.6up
per implanted ion was determined for both directions.
However, the initial slopes of the magnetization curves
are clearly different, indicating that the nanosized aggre-
gates display anisotropic behaviour, with an anisotropy
that is related to the crystalline structure of rutile. This
effect is also evident in the temperature dependence re-
sults, m(T"), shown in Figure 2. The conclusion is that the
[001] direction of the rutile structure is a hard magneti-
zation direction when compared to the direction parallel
to [010]. A fit to the magnetic results using a log-normal
volume distribution of metallic aggregates [29] and assum-
ing uniaxial anisotropy gives an average magnetic moment
per aggregate of 12000up with an anisotropy constant
of 2.3 x 10> Jm™3. If these aggregates are considered of
metallic cobalt, then they include 35% of the implanted
cobalt and are characterized by an average diameter of
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Fig. 3. Magnetic moment versus applied field at 100 K, in
both axial directions for as-implanted sample.
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Fig. 4. Comparison between electrical resistance behaviour of
as-implanted samples measured along both axial directions of
rutile.

5.3 nm. Below the blocking temperature, hysteresis exists
and coercive fields of 13 mT and 2.5 mT were determined
at 10 K for applied fields parallel to the [010] and [001]
TiOs directions, respectively.

To characterize the electric transport the electrical re-
sistance was measured as a function of temperature. In
agreement with previous results [26] the electrical resis-
tivity exhibits 3D variable range hopping behaviour above
100 K (Fig. 4). Cousidering that both implanted Co ions
and induced vacancies and interstitials act as impurities
in the rutile gap, the behaviour of the electrical resistiv-
ity can be explained as due to an activated mobility of
the carriers resulting from the disorder induced by im-
plantation. The low electrical resistivity values at room
temperature cannot be explained as an effect of implan-
tation disorder alone [27] indicating that the implanted
cobalt must play a significant role. As seen in Figure 4,
only for temperatures below 90 K, the electrical resistiv-
ity exhibits anisotropic behaviour, increasing much faster
along the [010] than along [001] direction, with decreasing
temperature. Independently of the mechanism that deter-
mines the temperature dependence in this region, whether
it is influenced by the ionization of impurities or involves
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Fig. 5. RBS-C spectra taken in [100]-aligned (black line) and
random (open squares) directions: (a) as-implanted; (b) an-
nealed in vacuum; and (c) annealed in air. The grey lines show
the implanted Co profiles extracted from the data. Clearly, the
lattice recovery is accompanied by segregation of Co in-place
(i.e. around the depth of maximum Co concentration, marked
by the dashed line across the plot), or towards the surface, de-
pending on the annealing environment, vacuum annealing or
annealing in air, respectively.

different variable range hopping paths, this result indi-
cates that the mobility of the majority carriers is reduced
in the [010] direction and that the electronic transport is
strongly correlated with the rutile structure.

X-ray diffraction shows the presence of TiOy grains
aligned with (101) plane parallel to the surface, while no
evidence is found for the presence of metallic Co. This re-
sult can be explained by the small size of the aggregates
and indicates that no definite orientation relationship with
the host matrix is detected. Consistently, no channelling
occurs in the implanted region in any of the major crys-
tallographic directions.

3.2 Annealed samples

To recover the structure of rutile and induce rearrange-
ment of the implanted cobalt, the samples were subjected
to annealing treatments at 1073 K. The influence of re-
ducing or oxidizing character of the annealing atmosphere
was studied comparing samples annealed in vacuum with
samples annealed in air under the same conditions. For
samples annealed in vacuum, RBS results show that coa-
lescence of the Co ions around the depth of maximum con-
centration was promoted, while in the samples annealed
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Fig. 6. XRD spectra for (a) as implanted sample; (b) annealed
in vacuum at 1073 K; and (c) annealed in air at the same
temperature.
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Fig. 7. Angular scans in the three principal axial directions
for sample annealed in vacuum.

in air, the Co ions segregate to the surface (Fig. 5). It
must be noted that the damage induced by the implanta-
tion procedure was significantly removed upon the thermal
treatment in all cases, as the RBS aligned yields become
significantly lower than for the as-implanted crystals.

In the case of vacuum annealed samples, the (101)
TiO grains almost disappear and metallic hcp Co is de-
tected by X-ray diffraction (cf. Fig. 6), showing two dif-
ferent orientations parallel to the surface. To follow the
accommodation of the cobalt ions in the oxide structure,
RBS-C angular scans were performed trough the three
principal rutile directions [100], [110] and [111] (Fig. 7).
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Fig. 8. ZFC-FC magnetic moment curves measured along the
magnetic field in both directions for vacuum annealed sample.
(a) H || [010); (b) H || [001].

The results show different channelling yields for the Co
ions, indicating some orientation relationship with the
structure of the rutile lattice. The Co structures formed
in the host rutile lattice must have preferential orientation
along the [100] direction, since there is a clear correlated
reduction of RBS-C yields along this direction.

For these samples, the magnetic moment results indi-
cate that the magnetic behaviour becomes ferromagnetic
like up to 350 K maintaining the strong anisotropic char-
acter correlated with the rutile structure (Figs. 8 and 9).
A saturation moment of 1.2 per Co ion was determined
in both directions, indicating an increased amount of Co
in metallic aggregates as compared to the non annealed
samples. Considering metallic cobalt aggregates and the
same approximation as in the as implanted samples the
average diameter of the aggregates is found to be 13 nm if
the same anisotropy constant is considered or 8 nm if this
constant is also allowed to vary increasing to a value of
4 x 10° Jm~3. Both these average diameters are obtained
considering the temperature dependence of the magnetic
moment only, since the high value of the blocking tem-
perature does not allow the characterization of the super-
paramagnetic regime.

From both field and temperature dependence results
the hard magnetization direction is still parallel to the
[001] axis of rutile, after annealing. To test if part of the
ferromagnetic behaviour could be associated with the in-
crease of oxygen vacancies in reduced rutile, unimplanted
crystals annealed in the same conditions were character-
ized. The crystals behave essentially as Van Vleck para-
magnets with an increase of the rutile susceptibility value
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Fig. 10. Hysteresis loops taken at different temperatures in the
hard and easy magnetization in-planar directions for vacuum
annealed sample.

by a factor around 10% and do not exhibit ferromagnetic
behaviour.

Hysteresis loops at different temperatures were ob-
tained for both directions [010] and [001] and are presented
in Figure 10. The dependence of the coercive field with
temperature for the [010] direction supports the conclu-
sion that the magnetic behaviour is associated with nano-
sized aggregates. From the coercive field values measured
with the magnetic field applied along the easy magneti-
zation direction, [010], assuming uniaxial anisotropy and
the saturation magnetization of cobalt, an anisotropy con-
stant of 2x 10° Jm ™3 and a blocking temperature of 450 K



258

were deduced using

He = Keg/poMsar(1 — (T/T5)"°) (1)
Keg, Mgyt and Tp corresponding to the effective mag-
netic anisotropy constant, the cobalt saturation magne-
tization and the blocking temperature, respectively [28].
These values agree with the parameters obtained from the
ZFC magnetic moment fit using a log-normal volume dis-
tribution of aggregates. The value of the anisotropy con-
stant is of the same order of magnitude as in metallic
cobalt (K1 = 7 x 10° Jm~2 at temperatures lower than
200 K, decreasing to 2x 10% Jm~3 at 400 K) and indicates
that the surface anisotropy is not the major contribution
for the magnetic anisotropy of the aggregates. The orien-
tation of the aggregates is nevertheless determined by the
rutile structure since RBS/channelling indicates coherence
between the Co positions and the lattice along the [100]
axis.

The electrical resistivity of the implanted crystals after
annealing are presented in Figure 11. The results obtained
along [010] are characteristic of a doped semiconductor be-
haviour, displaying a strong decrease at low temperatures,
associated with the ionization of impurities followed by a
non-linear increase at higher temperatures due to the tem-
perature dependence of mobility. The general behaviour
along the [001] direction is similar, but the electrical re-
sistivity increases almost linearly above 100 K. Since it is
known that rutile becomes a semiconductor as a conse-
quence of reduction, unimplanted crystals were annealed
in the same conditions and the electrical resistance mea-
sured along the same directions with exactly the same
distance between contact points. The results are shown in
Figure 11 and indicate that in fact rutile has a semicon-
ductor like behaviour displaying anisotropy in the electric
conduction. Nevertheless, for the implanted samples, the
electrical resistance is lower and the anisotropy increases.

To study the effect of the magnetic field in the elec-
tronic transport, resistance was measured along the same
directions in an applied magnetic field up to 16 T. No
magnetoresistive effects were detected in either of the two
directions (Fig. 12).

In the case of samples annealed in air, major differ-
ences were detected as compared to samples annealed in
vacuum. The RBS results indicate that cobalt diffuses to
the surface while X-ray diffraction shows no indication
of the presence of metallic cobalt. Instead, there are two
X-ray diffracted lines at 26 values of 59.7° and 60.4° that
may be associated with a cobalt rich oxide formed at the
surface (cf. inset in Fig. 6). A decrease in the number of
(101) TiO4 grains is also detected. The samples become es-
sentially paramagnetic, the saturation magnetization de-
creasing to 0.03up per Co ion (Fig. 13), and the electrical
resistance of the implanted layer increases above the ex-
perimental limit of our system and thus it could not be
measured. Since cobalt diffused to the surface which be-
comes non conducting, consistently with Co being in a non
metallic state, a Co rich compound, probably an oxide, is
assumed to be formed.
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Fig. 12. Electrical resistance in applied magnetic field for Co
implanted samples measured with the contacts aligned in the
two directions referred in the text: open symbols [010], full
symbols [001]. No differences can be detected between the re-
sistance values measured in zero applied magnetic field or in
applied magnetic fields up to 16 T.

4 Discussion and conclusions

The experimental results indicate that nanosized Co clus-
ters are formed directly by the ion implantation of cobalt
into rutile. The size of these aggregates depends on the lo-
cal implanted concentration. In fact, in earlier work with
23 at.% local concentration, precipitates were found to
have an average diameter of 11 nm [26], while in the
present case for a local concentration of 13 at.% an av-
erage diameter of 5.3 nm is found. The metallic cobalt
aggregates are oriented in the rutile structure and display
magnetic anisotropy with the easy magnetization axis be-
ing in the basal plane of rutile.
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Fig. 13. Magnetic moment versus applied field for air annealed
sample measured in both [010] and [001] directions. The in-
set illustrates the magnetic moment temperature dependence
measured at 5 mT.

Annealing in vacuum induces growth of these precipi-
tates in the implanted region that display anisotropic fer-
romagnetic like behaviour.

Annealing in air promotes the segregation of cobalt to
the surface of rutile. This result indicates that the aggre-
gates are not stable under an oxidizing atmosphere and
points to a major role of the oxygen vacancies in stabiliz-
ing the aggregates in reduced rutile. One possible mech-
anism is the accommodation of vacancies at the interface
between the aggregates and the TiOs host, consistent with
the fact that the magnetic anisotropy constant is close to
the bulk cobalt value and has a small contribution of the
surface. Removal of the oxygen vacancies in an oxidizing
environment prevents the stability of the aggregates and
pushes Co out of the rutile structure.

The magnetic aggregates were identified by XRD
analysis as hcp cobalt having two different orientations:
(002)co || (100),utize and (100)co || (100),44i0e. Consid-
ering that the aggregates are hcp and the direction of
easy magnetization is parallel to the c-axis of hep Co,
we can correlate the orientation of these clusters with the
rutile directions. As the easy direction of magnetization
was detected parallel to the [010] direction of rutile sin-
gle crystals, the Co clusters must have the c axis aligned
parallel to this rutile direction, consistently with the XRD
observation of aggregates with (100)co || (100),4tie. The
existence of a second orientation (002) in XRD can then
be explained by the equivalence between [100] and [010]
directions of rutile, that implies the existence of Co clus-
ters with the c-axis parallel to the [100] direction of rutile
and then (001)co || (100),yutize. Both orientations are con-
sistent with having the easy axis direction of hcp cobalt
normal to the [001] direction of rutile and explain why this
direction is a hard direction of magnetization.

The electrical behaviour of the samples is strongly de-
termined by the reduction of rutile. For reduced rutile,
published results indicate that one of the major carrier
sources is the presence of T1i interstitials that become ion-
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Fig. 14. Electrical resistance deduced for the implanted layer
contribution using the model described in the text.

ized above about 4 K [30]. The electrical resistance of the
unimplanted crystals is explained in the same way: elec-
trical transport occurs in two conduction bands separated
by a gap of the order of 40 meV, the contribution of the
upper band, more anisotropic, coming into play around
100 K. To understand the role of the cobalt implanted
layer and since the resistance is measured in the narrow
implanted region laying above a reduced rutile, a model
was assumed where the resistance of the implanted sam-
ples is considered as resulting from the parallel transport
between the implanted surface layer and the underneath
reduced rutile.

Considering the experimental results for the unim-
planted samples as accounting for the resistance of re-
duced rutile, the implanted layer contribution was ex-
tracted using 1/Rimp = 1/R — 1/Runimpi- These results
are plotted in Figure 14. Clearly the electrical transport is
anisotropic and related with the rutile lattice. Results in-
dicate that the electrical resistance follows the same trends
as the one of reduced rutile implying that conduction pro-
ceeds through the bands of rutile with a larger number of
carriers. The change of behaviour at 100 K is associated
with the enhanced conduction in the upper band, that also
explains the increase in anisotropy. Implantation of cobalt
increases conductance and the ionization energies of the
carriers in the implanted sample extends to higher values
than the ones in reduced rutile, since the low tempera-
ture activated regime shifts to higher temperatures. The
question remains if the implanted cobalt acts as a source
of carriers or if the increase in conductivity is simply re-
lated with an increased concentration of oxygen vacancies
around the aggregates.

The absence of magnetoresistive effects indicates that
there are no polarization effects of the charge carriers in-
duced by the presence of cobalt ions.

This work is partially supported by the Portuguese foundation
FCT through the Ph.D. grant (BD/8907/2002) to J.V. Pinto.
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Note added in proof

After the submission of the present work, the authors
learned that results of spin polarization were published
for TiO, rutile implanted with 1.5 x 10" em™2 and im-
plantation energy of 40 keV [A. Nefedov, N. Akdogan,
H. Zabel, R.I. Khaibulin, L.R. Tagirov, Appl. Phys. Lett.

89,

182509 (2006)]. Spin polarization of oxygen associated

with the presence of the implanted cobalt is reported for
samples with implanted concentrations higher than the
ones reported in this paper.
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