Modification of size and magnetic properties
of implanted Co nanoparticles by irradiation
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Cobalt ions have been implanted in amorphous silica layers on Si wafers at an energy of 160 keV and
at three different fluences (2.10'°, 5.10' and 10'7 at.cm™). Magnetic properties of implanted Co have been
measured with a SQUID magnetometer at 295 K and 5 K and shape and size of the nanoparticles have been
studied by Transmission Electron Microscopy (TEM). Various post-implantation thermal treatments
performed at different temperatures, for different duration and under neutral or reducing atmospheres do
not modify the cobalt particle size. Post-implantation irradiations with swift heavy ions of implanted
samples change the particle size and under higher irradiation fluence changes the shape.

Introduction

Metallic materials with nanometer-scale particles may be used in numerous applications
(optical, micromechanical and information storage devices)'. Metallic nanoparticles show
properties significantly different from those observed in the bulk material. Nanoparticles can
be prepared by physical methods (inert gas evaporation, sputtering, laser vaporization)™’, or
by chemical methods (sol-gel, inverse micelle technique)*”.

Concerning magnetic materials, several specific features related to nanometer size have
been reported such as enhanced magnetization °, anisotropy, coercivity and dipolar
interactions . An important challenge in understanding these phenomena is to have well
defined samples with controllable size and inter-particle distance. It has been recently shown
that the use of an inorganic matrix like glasses or a SiO, xerogel """ is a good host for
crystalline metallic nanoparticles. However, due to the low solubility of transition metals in
these matrices, only a low volume fraction can be obtained in the form of monolithic
samples.

Ion implantation is becoming a powerful technique for synthesizing nano-particles
embedded in amorphous insulating matrix in order to create composite materials with
interesting optical and magnetic properties .

Amorphous silica samples have been implanted at different fluences and at different
temperatures; post-implantation treatments made on these implanted samples, such as
thermal annealings and heavy ion irradiations, have been studied. Cobalt implanted silica
layers have been characterized by magnetic measurements and microscopy (TEM).

Experimental procedures

A silica layer resulting from the thermal oxidation of a silicon substrate has been
implanted with cobalt ions at an energy of 160 keV. Different implantation fluences (2.10",
5.10" and 10" Co™.cm™) have been implanted at temperatures of 77 K, 295 K and 873 K.



Different thermal treatments have been performed on implanted samples: samples
under argon atmosphere for 2h to set temperatures between 473 K and 973 K; they have
been held at the set temperature for times varying from 1h to 10h under neutral (argon) or
reducing (hydrogen) atmosphere, then they have been allowed to cool down to room
temperature under argon flow.

Post-implantation irradiations have also been made with swift heavy ions at the Vivitron
Accelerator in Strasbourg. Implanted samples have been irradiated with '*'T ions at 200 MeV
at room temperature and at fluences of 10" and 10" ions.cm™.

The profile of the implanted species in the substrate has been determined by Rutherford
Backscattering Spectroscopy (RBS) with an analyzing beam of “He" at an energy of 2 MeV at
a scattering angle of 120°.

A Superconducting Quantum Interference Device magnetometer (SQUID) was used to
measure the magnetic properties of the implanted samples at 295 K and 5 K to a maximum
field of 5 T. All quoted magnetisation are expressed as magnetic moment per area of
substrate.

High Resolution Transmission Electron Microscopy (HRTEM Topcon EMO002B)
observations were made on thinned hand-polished cross-sectional specimen, applying an
acceleration voltage of 200 kV.

Results

RBS measurements have been used to control the depth profile of the specie implanted
in the samples. The profile of the cobalt concentration is Gaussian, and for implantation
made at an energy of 160 keV, the projected range is about 95 nm for any implantation
fluence. The depth profile of implanted cobalt is not modified with the post-implantation
treatments.

Dose Effect

Samples have been implanted at three different fluences 2.10', 5.10' and 10" at.cm™.
For a given implantation temperature, the particle size is not modified with the implantation
fluence. Therefore, only the density of particles increases, and the inter-particle distance
decreases with the implantation dose. However, for the implantation of 2.10'° at.cm™ made
at 77 K, particles are smaller, and the distance between them being larger, it is difficult to
observe them with TEM.

Implantation Temperature Effect

Figure 1 shows the effect of the implantation temperature on particle size. For a sample
implanted at 107 at.cm?, the mean diameter D, increases from 3.5 nm for samples implanted
at 77 K, to 4.8 nm for implantations made at room temperature” and to 8 nm for
implantations made at 873 K.



a)
Fig 1: TEM images of samples implanted a) at 77 K (Do = 3.5 nm) and b) at 873 K (Do = 8 nm)

Annealing Effect

Thermal treatments have been performed on samples implanted at 77 K at 10" at.cm™.
Annealing made at temperatures varying from 473 K to 973 K for times varying from 1h to
10h and under neutral atmosphere do not change particle size. For annealing made under
hydrogen atmosphere at a temperature of 873 K for 7h, the mean diameter of the particles is
not modified, but the particles that are not in the form of metallic cobalt are reduced, as
suggested by the increase in magnetisation at saturation (figure 2) .

1.5x10° 7

f AMMAMA—A—A—a—a 4,

A

1.0x10°4£

5.0x10"<7’

0.0
T T T T T 1

2 A 1.2 3 4 5
Field (T)
-5.0x10

&1 -
I=8—g—g—y-ggrmel L —m— As-implanted
-1 —e— Annealed Ar-873K-10h
—A— Annealed H2 -873K-7h

Moment (emu.cm™)

&
A
&
o

kh‘*‘_“AaA‘AAAAAA“‘
-1.5x10° -

Fig 2: Magnetic moment as a function of the applied field at 295 K for an as-implanted sample, for a sample
annealed under argon atmosphere at 873 K for 10 h, and for a sample annealed under hydrogen atmosphere at
873 K for 7 h.

Irradiation Effect

First, irradiations have been carried out with electrons at 200 kV in the Transmission
Electron Microscope. As seen in figure 3 a), for a sample implanted at 10" at.em™ at 77 K,
particles are not modified with electron irradiation at room temperature (normal conditions
for observation). Particles are growing during the observation when the same sample is
heated in the following way: it is first heated for 1h to a temperature of 873 K while
exposing a selected area to electron irradiation, and then maintained at 873 K for 2h, and
finally cooled down to room temperature in 30 minutes without electron exposure. After
two hours, the mean diameter is still about 3.5 nm for particles non exposed to electron
beam, and for particles exposed to electrons, their mean diameter has reached a maximum
size of 50 nm as shown in figure 3 b).



20 nm
20 nm . ! a) b)

Fig 3: TEM images of samples observed a) at room temperature and b) at 873 K

Irradiations at room temperature with *'I ions at 200 MeV (10" and 10" ions.cm™)
have been made on samples implanted at 873 K at a fluence of 10'" at.cmand for which the
mean diameter of the particles is 8 nm. Figure 4 shows that the saturation magnetization is
not changed with post-implantation irradiations, but the coercitive fields measured at 5 K
increase with the irradiation dose, which suggests an increase in particle size '*.
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Fig 4: a) Magnetic moment measured as a function of the applied field at 295K, and b) coercitive fields at 5K
for samples implanted at 10'7 at.cm? at 873 K and irradiated at 10! and 10" ions.cm™
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Fig 5: TEM images of a) 873 K implanted samples and irradiated b) at 10! and c) at 10" ions.cm.

As seen in figure 5, TEM observations confirm that particle size and even particle shape
are modified by irradiation. The mean diameter of the particles increases from 8 nm to 12



nm for the implanted sample irradiated at 10" ions.cm™; for the irradiation at 10" ions.cm™,
particles are stretched in the irradiation direction: the mean diameter is still 12 nm in the
direction parallel to the surface, and 16 nm in the perpendicular direction.

Conclusion

This study shows the dependence of particle size on the implantation temperature for a
given implantation fluence. The mean diameter of nanoparticles is not modified if we apply
only thermal treatments or only electron irradiations. However, particle size changes for
electron irradiation at 873 K and for irradiation with swift heavy ions. Noting that ion
irradiation induces local electronic excitation and temperature increase, we see that in both
cases, the change of particle size necessitates both the electronic and thermal contributions.
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