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Crystalline Co nanocomposites in the rutile TiO2 were synthesized by 180 keV Co ion beam
implantation at temperature of 623 K with the fluence of 4×1016 cm−2 . The structural
and magnetic properties of samples with different thermal treatment were characterized by
synchrotron radiation X-ray diffraction (SR-XRD), high resolution transmission electron microscopy (HRTEM), Rutherford backscattering/channeling and the superconducting quantum interference device magnetometer. The SR-XRD results reveal the formation of hcp
and fcc phases of Co clusters, and the SR-XRD and HRTEM show that Co nanocrystals
(NCs) have been formed in TiO2 after ion implantation. With increasing of annealing temperature, the transition of hcp to fcc Co is observed, and the Co NCs sizes were increased
with increasing post-annealing temperature. At annealing temperature 1073 K, the lattice
damaged is significantly removed compared with the virgin sample. The Co NCs forming
inside TiO2 are the major contribution of the measured ferromagnetism.
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and (ii) what is the effect of post-annealing on the magnetic and structural properties of Co-implanted TiO2 .

I. INTRODUCTION

Nanocrystal (NC) assembly has been an important
topic in nanotechnology [1−4]. Recently, it has drawn
a great deal of interest in the incorporation of magnetic
nanocrystals into insulator and semiconductor materials to form nanocomposites, which shows interesting
transport, electric, and magnetoelectric properties [5,
6]. However, to optimize these functionalities, a systematic investment of structural, magnetic properties and
thermal stability of these NCs is needed [6]. Many techniques have been developed for the synthesis of NCs.
Among them, ion implantation followed by annealling
is a promising methods for developing such NCs, because of good controlling of the concentration and size
of the precipitates [7].

II. EXPERIMENTS

Commercial rutile TiO2 (110) single crystals were
implanted with Co+ at 623 K with a fluence of
4×1016 cm−2 . The implanted energy is 180 keV, which
resulted in a projected range of 90±33 nm and a maximum atomic concentration of about 5.7% (the Transport of Ions in Matter (TRIM) code [8]). Post-annealing
was performed in a high-vacuum furnace at temperatures ranging from 823 K to 1073 K for 15 min. All
samples were investigated using RBS/C spectrometry,
SR-XRD, SQUID magnetometer. The HRTEM investigation was performed using a Philips CM 200 electron
microscope with an acceleration voltage of 200 kV, only
one sample of Co implanted TiO2 at annealing temperature 1073 K is investigated. The magnetic moment of
the virgin sample (TiO2 ) is measured by SQUID, therefore this background was subtracted in the magnetic
data evaluation. The RBS/C spectra were performed
with a collimated 1.7 MeV He+ beam at a backscattering angle of 170◦ . SR-XRD was carried out at
Rossendorf beam line (BM20) at European Synchrotron
Facility (ESRF).

In this work, a high dose of Co+ was implanted
into TiO2 single crystal to form magnetic nanocomposites consisting Co nanoparticles in TiO2 matrix. The microstructural and magnetic properties of
these nanocomposites were characterized by Rutherford backscattering/channeling (RBS/C), synchrotron
radiation X-ray diffraction (SR-XRD), high resolution
transmission electron microscopy (HRTEM) and the superconducting quantum interference device (SQUID)
magnetometer. The evolution of the magnetic properties due to different post-annealing temperature is also
addressed. We try to answer two questions: (i) What is
the origin of the ferromagnetism in Co-implanted TiO2 ,

III. RESULTS AND DISCUSSION
A. Structural property

Figure 1 shows SR-XRD patterns of samples with
different thermal treatment. In addition to sharp peaks

∗ Author

to whom correspondence should be addressed. E-mail:
ding binfeng@126.com.

DOI:10.1088/1674-0068/24/06/724-728

724

c
°2011
Chinese Physical Society

Chin. J. Chem. Phys., Vol. 24, No. 6

Structure and Magnetism of Co-implanted TiO2

725

TABLE I Structural and magnetic properties for Co-implanted TiO2 at different annealling temperatures.
Sample

χmin a /%

dfcc-Co /nm

TB /K
ZFCb curve
Eq.(1)
As-implanted
42
378
88
823 K annealed
42
518
121
923 K annealed
33
9.5
566
337
62
1073 K annealed
17
16
1273
350
295
a
The ratio of the backscattered yield for aligned spectrum to that for random spectrum in the same region close to the
surface.
b
Zero-field-cooling.

FIG. 1 SR-XRD symmetric θ-2θ scans reveal two second
phases of metallic Co: hcp and fcc. Phase transition from
hcp to fcc is observed.

corresponding to TiO2 matrix, fcc crystalline Co was
detected after 923 K post-annealing and enhanced after 1073 K annealing. Unlike Fe implanted into TiO2
[6], there’s no sign of formation of (Ti, Co)O to the
detection limits of SR-XRD. Co NCs in TiO2 is much
more stable than Fe in TiO2 . With increasing annealing temperature, Fe NCs were oxidized into FeTiO3 .
Finally after annealing at 1073 K, only FeTiO3 was observed. Instead, higher temperature annealing leads to
the growth of fcc Co NCs. Sherrer formula [6, 9−11]
d=0.9λ/(βcosθ) was used to calculate the average crystallite size, with the wavelength λ=0.154 nm of the Xray, θ is the Bragg angle, and β is the full width at half
maximum (FWHM) of 2θ in radians. It is found that
the size of Co NCs of 9.5 and 16 nm for 927 and 1073 K
annealed samples, respectively (Table I and Fig.1). It is
worth noting, for the as-implanted sample and the samples annealed at temperature of 823 and 923 K, that on
the right shoulder of main TiO2 (220) peak, there’s a
hump which is corresponding to diffraction from the hcp
Co (101̄2) plane. However, with increasing of annealing temperature, the hump disappeared in the cost of
enhancement of fcc-Co diffraction peaks. Considering
DOI:10.1088/1674-0068/24/06/724-728
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that the bulk equilibrium phase of Co at room temperature is hcp, whereas the fcc-Co structure is more
stable at higher temperature [12, 13], it could account
for the phase transition of metallic Co from hcp to fcc
with increasing annealing temperature.
Figure 2 shows HRTEM patterns of sample with annealing temperature 1073 K, it shows the size and distribution of the Co NCs in the TiO2 matrix at annealing temperature 1073 K, verifies the formation and
thermal stability of Co NCs at room temperature. By
average intercept methods, using data from Fig.2, it
is found that the average size of Co NCs 16.5 nm for
1073 K annealed sample. Compared with SR-XRD results (d=16 nm, Table I), this result is the basically
same as SR-XRD, which certifies that SR-XRD and
HRTEM are both very effectively methods [14] on testing the size and sructure. It’s worth noting that the
size by SR-XRD and HRTEM is both average values, it
doesn’t show the accurate size and distribution of the
Co NCs in the TiO2 matrix at annealing temperature
1073 K.

B. Lattice damage and recovery

RBS/C was used to evaluate the diffusion of Co and
the lattice damage disorder of TiO2 after implantation
and annealing, as shown in Fig.3. The spectra were collected by aligning the sample with TiO2 [110] axis parallel to the impinging He+ beam. The arrows labeled
Co and Ti indicate the energy for He+ backscattering
from surface Co and Ti atoms, respectively. The energy of He+ backscattered from implanted Co is lower
than that from Co on the surface because of the energy loss during He+ penetrating the TiO2 matrix. It
is also observed that χmin , which is defined as the ratio
of the backscattered yield for aligned spectrum to that
for random spectrum in the same region close to the
surface, deceases with the increasing of annealing temperature. It implies that the damage recovery due to
thermal treatment (Table I and Fig.3). χmin was calculated for the bulk damage region and is listed in Table I
and Fig.3. With increasing the annealing temperature
up to 923 K, the damage peak is reduced. Finally afc
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FIG. 2 HRTEM images of sample of Co implanted TiO2 at annealing temperature 1073 K with different scale bar.

FIG. 3 RBS/C spectra of Co implanted TiO2 with different
thermal treatment.

ter annealing at 1073 K, the lattice damage was almost
mainly removed, as demonstrated by comparison with
virgin TiO2 .
Further investigation about Co diffusion is shown in
Fig.4. By simulation (the Rutherford Universal Manipulation Program (RUMP) code [15−17]), we get the
distribution of Co upon annealing, together with the
implantation profile of Co revealed by TRIM [8]. The
annealing at 923 K did not significantly change the distribution of Co, while at 1073 K, Co diffuses into the
matrix and gets aggregated, which is confirmed by the
enhancement of peaks corresponding to Co in our SRXRD results.
Although the backscattering signal from Co is partially overlapping with that of Ti, one can obtain a qualitative evaluation about the depth distrubition of Co by
RUMP, a simulation program for RBS spectra. Figure
4 shows the distribution of Co simulated by RUMP together with the simulation of the implantation profile
by TRIM. Already in the as-implanted state, Co diffuses toward the surface. The profile does change significantly upon increasing the annealing temperature
to 923 K. After annealing at 1073 K, we can see that
the distribution of Co is more concentrated, which indicates that the Co grain is growing and locates in a
narrow depth range. The diffusion behavior of Co in
TiO2 is different from Fe [6]. Fe diffuses towards the
DOI:10.1088/1674-0068/24/06/724-728

FIG. 4 Co implanted profile simulated by TRIM and Co distribution after annealing at different temperatures as simulated by RUMP.

surface with increasing annealing temperature.
C. Magnetic property

The magnetic response was measured as a function
of magnetic field strength (H) at temperature of 5 K,
shown in Fig.5(a). Hysteresis is observed for all samples, indicating that Co-implanted rutile is ferromagnetic after implantation. The saturated magnetic moment per Co atom was deduced from the magnetic hysteresis loops (M -H) to be 0.86−1.5 µB (Fig.5(a), top
right corner, the experimental value).
As a comparison, Fig.5(b) shows the M -H curves at
300 K. As expected for a magnetic nanoparticle system, above the blocking temperature (TB ), both remanence and coercivity drop to zero, there was two hysteresis loops observed for the samples annealed at 973
and 1073 K, because its TB is above 300 K as shown in
Fig.5(b).
Figure 6 shows the zero-field-cooling (ZFC) and field
cooling (ZF) magnetization as a function of temperature of Co nanoparticles in TiO2 matrix. ZFC and FC
curves were measured by cooling the sample initially in
zero field to 5 K, and measurements was recorded in an
applied magnetic field with H=50 Oe as the temperature increased. When the temperature reached 350 K,
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FIG. 5 Magnetic hysteresis loops for the Co implanted samples with different post annealing temperature at (a) 5 K and
(b) 300 K.

FIG. 6 Temperature dependence of the ZFC and FC magnetization curves for the Co implanted TiO2 samples with
different thermal treatment. H=50 Oe.

the sample was gradually cooled, and the magnetization was recorded. The nonzero difference between the
FC and ZFC data, indicating the hysteresis while eliminating any paramagnetic and diamagnetic contributions
[5]. ZFC curves show a gradual increase (deblocking)
at low temperatures, and reach a broad peak with a
maximum, while FC curves continue to increase with
decreasing temperature. In these ZFC/FC curves, the
temperature at the cross position between ZFC and FC
curves is known as TB [18], TB increases with the annealing temperature (Table I).
Figure 6 (or Table I) also shows the blocking temperature versus annealing temperature. The blocking
temperature variation is not too much when the annealing is below 923 K, and when annealing temperature are at 923 and 1073 K, TB gets much larger. For
a dc magnetization measurement in a small magnetic
field by SQUID, TB is given by [6]:
µ ¶3
Keff (V )V
Keff (d) 4π d
TB =
=
30kB
30kB 3 2
µ ¶3
4π d
V=
3 2
DOI:10.1088/1674-0068/24/06/724-728

(1)
(2)

where Keff (d) is the anisotropy energy density, V is the
particle volume, d is the size of Co NCs, and kB is the
Boltzmann constant. With this equation, one estimates
usually the blocking temperature. Table I is the estimating value by Eq.(1). In calculation, we assume
Keff (d) as 57 kJ/m3 , the anisotropy energy density for
bulk Co. One noted that a large deviation by experiment and Eq.(1) in evaluating blocking temperature
for samples. In fact, from the size (d=16.5 nm) calculated by HRTEM, we can get TB =326 K by Eq.(1),
this result is different from the experimental result
(TB =350 K, Table I). It clearly verifies that TB cannot be calculated by Eq.(1), the reason is the accurate
relation between TB and d in not clear, and we don’t
know the accurate distribution of the Co NCs, resultly,
the accurate value of Keff (d) isn’t clear, so it is not accurate to estimate TB by Eq.(1).
D. Discussion on origin of ferromagnetism

By correlating the structure and magnetic properties, we can conclude that the major contribution for
the measured ferromagnetism is metallic Co nanocrystals. However, there is one observation, which cannot be explained by only considering Co nanocrystals.
There is a large saturation magnetization at 5 K (see
Fig.5(a)), which probably comes from single Co ions or
very small Co NCs. However, the saturation magnetization is larger than 0.77 µB , the saturation magnetitation for ferromagnetic bulk Co. This feature indicates
other contributions for the observed magnetic properties. Irradiation induced defects or substituted Co ions
mediated by defects are the possible candidates.
IV. CONCLUSION

Various techniques were utilized to characterize the
structural and magnetic properties of Co implanted rutile TiO2 and the effect of annealing temperatures on
the magnetic responds of this system. Co clusters were
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detected and main responsible for the observed magnetism, and other contributions for the observed magnetic properties as irradiation induced defects or substituted Co ions mediated by defects are the possible
candidates. However, unlike the Fe implanted TiO2
[6], no sign of (Ti, Co)O was detected to the limits
of SRXRD. With increasing the annealing temperature,
the fcc structure is more stable at higher annealing temperature, therefore, the phase transition of metallic Co
is from hcp to fcc with increasing annealing temperature.
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