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Abstract—The magnetic and magneto-optical properties of ion-synthesized cobalt nanoparticles in the amor-
phous silicon oxide matrix are investigated as a function of the implantation dose. The analysis of the field
dependences of the magnetization and the magneto-optical Faraday and Kerr effects demonstrates that, as the
ion implantation dose increases, the superparamagnetic behavior of an ensemble of cobalt nanoparticles at
room temperature gives way to a ferromagnetic response with the anisotropy characteristic of a thin magnetic
film. The magnetization curves for the superparamagnetic and ferromagnetic ensembles of cobalt nanoparticles
are simulated to determine their average sizes and the filling density in the irradiated layer of the silicon dioxide
matrix. It is revealed that the spectral dependences of the Faraday and Kerr effects for ion-synthesized cobalt
nanoparticles differ substantially from those for continuous cobalt films due to the localized excitations of free

electrons in the nanoparticles.
PACS numbers: 75.60.Ej, 78.20.Ls, 61.46.Df
DOI: 10.1134/S1063783408110140

1. INTRODUCTION

The demands for fast optical devices capable of
recording, processing, and transmitting information
have stimulated search for materials with improved
magneto-optical parameters [1, 2]. One of the pro-
mising ways in this direction is the design of com-
posite materials based on transition metal nano-
particles embedded in dielectric or semiconductors
matrices. Specific features of the excitation of con-
duction electrons in metal nanoparticles in the visible
range lead to a change in the spectral dependences of
the off-diagonal components of the optical conduc-
tivity tensor responsible for the magneto-optical
effects and can enhance these effects in necessary
spectral ranges [3, 4].

The magnetic properties of nanocomposites pre-
pared by implantation of cobalt ions into a TiO, single-
crystal substrate are described in [5]. The magnetic
anisotropy observed in these samples was explained by
the influence of the crystallographic anisotropy of the
TiO, matrix containing cobalt. In this respect, investi-
gations into the magnetic properties of cobalt nanopar-
ticles prepared by implantation into an amorphous
matrix under ion irradiation conditions similar to those

used in [5] are of special interest. For this purpose, in
our work, a substrate consisting of silica glass, i.e.,
amorphous silicon dioxide (Si0O,), was chosen as a
matrix. It is important to trace the evolution of the mag-
neto-optical spectra of implanted samples by varying
the implantation dose and to reveal the optimum condi-
tions for the formation of samples that provide pro-
nounced magnetic properties of an ensemble of nano-
particles, on the one hand, and the retention of a high
transparency of the nanocomposite material, on the
other hand.

This paper reports on the first results of investiga-
tions into the magneto-optical Faraday effect, as well as
the magneto-optical polar and meridional Kerr effects,
in an ensemble of cobalt nanoparticles produced in the
amorphous silicon dioxide matrix with the use of the
implantation technique as a function of the ion implan-
tation dose. The results obtained are compared with the
data of investigations into the magneto-optical effects
in Co/Si0O, granular multilayer films prepared by ion-
plasma deposition.
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Fig. 1. Calculated concentration distribution profiles of
implanted cobalt impurities over the depth in the silicon
dioxide (SiO,) matrix upon implantation of cobalt ions with
an energy of 40 keV at the ion doses D = (1) 0.6, (2) 0.9, (3)

1.1,(4) 1.6, (5) 1.9, (6) 2.3, (7) 2.8, (8) 3.3, (9) 3.8, and (10)
4.3 x 101 ions/cm?.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

2.1. Sample Preparation

Cobalt nanoparticles were formed in the SiO, matrix
by implantation of low-energy Co* ions (40 keV) at dif-
ferent doses D = 0.25 x 10'7 (sample 1), 0.50 x 107
(sample 2), 0.75 x 10!7 (sample 3), and 1.00 x 107
(sample 4) ions/cm?. The implantation was performed
at room temperature on an ILU-3 ion beam accelerator
at a residual pressure of the order of 1075 Torr [6]. The
current density of the ion beam was maintained approx-
imately equal to 8 WA/cm? in order to prevent uncon-
trollable heating of the glass target.

The distribution profile of implanted cobalt ions in
the glass was simulated with the computer program
(DYNA algorithm) [7] based on consideration of pair
collisions of implanted ions with substrate atoms,
which leads to a change in the phase state of the surface
layer of the target with due regard for its surface sput-
tering. Figure 1 shows the depth distributions of
implanted ions at different implantation doses. In order
to evaluate the distribution of implanted impurities in
the sample before the formation of metal nanoparticles,
the calculations were performed with doses somewhat
lower than those used in experiments.

It can be seen from Fig. 1 that the thickness of the
implanted layer in the samples is of the order of 30 nm
and the peak of the concentration of implanted cobalt
impurities increases and shifts toward the surface with
an increase in the implantation dose. As a result, the
metal concentration in the vicinity of the surface at
higher doses can reach considerable values, which
exceed the metal solubility in the glass. This leads to
the formation of cobalt nanoparticles in the implanted
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Fig. 2. Optical density spectra of the composite samples
formed at the ion doses D = (1) 0.25, (2) 0.50, (3) 0.75, and
(4) 1.00 x 10'7 ions/cm?. Curve 0 indicates the spectrum of
the unimplanted glass.

layer of the substrate. The formation of cobalt nanopar-
ticles upon cobalt implantation into SiO, substrates at
high doses was previously revealed in [8—10]. Spherical
cobalt nanoparticles were observed in cross sections of
implanted samples with the use of transmission elec-
tron microscopy, and their sizes were approximately
equal to 3-8 nm at an ion dose of 1.0 X 10'7 ions/cm?.

The optical absorption (optical density) spectra of
composite materials were recorded in the range 300-
600 nm (Fig. 2). As can be seen from Fig. 2, the absorp-
tion of the sample increases with an increase in the irra-
diation dose due to the increase in the number of radia-
tion-induced defects in the glass, as well as owing to the
formation of cobalt nanoparticles and the increase in
their concentration in the implanted layer. As is known,
the radiation-induced defects are responsible for the
optical absorption in the irradiated SiO, oxide in the
near-UV spectral range at wavelengths shorter than
~350 nm [11]. Therefore, the magneto-optical mea-
surements were carried out at wavelengths larger than
350 nm at which the absorption by cobalt nanoparticles
is dominant.

2.2. Technique of Magnetic
and Magneto-Optical Measurements

The magnetic properties of the synthesized compos-
ite materials were investigated using induction magne-
tometry. The dependences of the induced magnetic
moment on the magnetic field applied either parallel to
the plane (in-plane geometry) or perpendicular to the
plane (out-of-plane geometry) of the sample were mea-
sured at room temperature on a magnetometer with a
magnetic field sweep of up to 500 mT. When process-
ing the data of the magnetic measurements, the diamag-
netic contribution of the substrate was subtracted and
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Fig. 3. Experimental magnetization curves measured in the
plane of the samples at room temperature for the composite
materials based on the SiO, plates with cobalt nanoparticles
formed at the ion doses D = (1) 0.25, (2) 0.50, (3) 0.75, and
(4) 1.00 x 107 ions/cm?. Solid lines represent the results of
the simulation of the experimental curves according to rela-
tionships (1) and (2).

the measured magnetic moment was reduced to the vol-
ume of the implanted layer in the sample in order to
compare the magnetizations of the nanocomposite
materials synthesized at different implantation doses.

The magneto-optical effects were measured using
the azimuth modulation of the orientation of the plane
of polarization of the light wave. The magneto-optical
Faraday rotation was measured in the normal (out-of-
plane) geometry as a function of the wavelength of the
electromagnetic wave in the spectral range 500-1000 nm
in external magnetic fields varying from -500 to
+500 mT. The polar Kerr effect was measured in the
spectral range 400-800 nm in magnetic fields of up to
1.4 T aligned parallel to the normal to the sample surface.
The meridional Kerr effect for the p polarization of the
light wave was measured at a wavelength of 550 nm in
magnetic fields of up to 120 mT aligned parallel to the
sample surface and the plane of incidence of light. The
magneto-optical effects were measured accurate to
within £0.2 min.

3. RESULTS AND DISCUSSION
3.1. Magnetization Curves

Figure 3 depicts the magnetization curves obtained
during the magnetic field scanning in the plane of the
sample for the glasses with cobalt nanoparticles formed
at different implantation doses D. At the small dose D =
0.25 x 10'7 ions/cm?, the composite samples at room
temperature exhibit a paramagnetic response (Fig. 3,
curve /). With an increase in the amount of implanted
cobalt impurities to D = (0.50-0.75) x 10'7 ions/cm?,
the irradiated glasses possess superparamagnetic prop-
erties (Fig. 3, curves 2, 3). At the maximum implanta-
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Fig. 4. Experimental magnetization curves for the com-
posite material based on the SiO, plate with cobalt nano-
particles formed upon implantation at an ion dose of 1.0 X
107 ions/cm? for two limiting orientations of the magnetic
field, i.e., (/) in the plane of the plate and (2) perpendicular
to the plane of the plate. 7= 300 K.

tion dose D = 1.0 x 10'7 ions/cm?, the composite sample
is characterized by a ferromagnetic response. This can be
judged from the magnetic hysteresis loop with the fol-
lowing parameters: the coercive field is B = 18.5 mT,
and the ratio between the remanent magnetization M.,
and the saturation magnetization M, iS M /M, ~ 0.2
(Fig. 3, curve 4). Therefore, the dynamics of a change
in the magnetic response of the silica glass with an
increase in the concentration of implanted cobalt
(nanoparticles) can be represented as the sequential
transitions ~ paramagnet—superparamagnet—ferromag-
net at room temperature.

Investigations of the angular dependence of the
magnetic hysteresis loop for the SiO, substrate irradi-

ated at the maximum dose D = 1.0 x 10'7 ions/cm? have
revealed that the ferromagnetism of the composite
material is characterized by an anisotropy of the easy-
plane type, which is typical of thin ferromagnetic films.
The magnetization curves measured for two limiting
orientations of the magnetic field with respect to the
plane of the composite material are shown in Fig. 4.
The shape and the parameters of the hysteresis loop
remain unchanged with a change in the orientation of
the magnetic field in the in-plane geometry, which indi-
cates that the magnetic anisotropy in the plane of the
sample is absent. However, the magnetization upon
scanning of the magnetic field applied perpendicular to
the plane of the plate (out-of-plane geometry) does not
reach saturation even at a maximum field of 500 mT
(Fig. 4). Therefore, the inference can be made that the
direction of the normal to the plane of the implanted
plate is a hard magnetization axis.

As is known, the magnetic response of a nanocom-
posite (superparamagnetic or ferromagnetic) is very
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sensitive to the size and a number of inclusions (nano-
particles) of the magnetic phase. In this respect, the
average sizes of synthesized cobalt nanoparticles and
the density of filling of the implanted layer with nano-
particles were estimated by simulating the experimen-
tal magnetization curves for the samples under investi-
gation. The field dependence of the magnetization of
the composite materials in the superparamagnetic state
was simulated by the Langevin function [12]; that is,

M = Ms(coth(x)—)lc), (1)

where x = M (V)B/KT is the dimensionless quantity,
Mg = NM V) is the saturation magnetization of the
nanocomposite system, 7= 300 K is the temperature of
measurements, and M, = 1.435 x 10° A/m is the satu-
ration magnetization of the hexagonal close-packed
phase of metallic cobalt [12]. The average volume (V)
and the concentration N of cobalt nanoparticles in the
implanted layer in the Langevin formula were chosen
as parameters varied in the course of the simulation.
The results of the simulation for the superparamagnetic
samples of the composite materials formed at of doses
0.50 and 0.75 x 10'7 ions/cm? are presented in Fig. 3. It
can be seen from this figure that model curves 2 and 3
constructed using formula (1) are in good agreement
with the experimentally measured dependences of the
magnetization of the synthesized materials on the
applied field.

For the ferromagnetic sample prepared at the maxi-
mum implantation dose with a pronounced magnetic
hysteresis loop, the field dependences of the magnetiza-
tion were simulated using the formula proposed by Gei-
ler et al. [13]; that is,

M = 2NMC0<V>

2

(B + BC)
arctan ,

T

where M, is the saturation magnetization of metallic
cobalt; B is the coercive field; B is the threshold value
of the magnetic anisotropy field above which the mag-
netization becomes uniform over the entire volume of
the sample; and N and (V), as in relationship (1), are the
varied values of the concentration of cobalt nanoparti-
cles and their average volume, respectively. The pro-
posed expression (2) best describes the behavior of the
ferromagnetic system (Fig. 3, solid curve 4). The
parameters of the simulation of the superparamagnetic
and ferromagnetic samples of the nanocomposite mate-
rials under investigation, as well as the average diame-
ters of cobalt nanoparticles, which were calculated
from the volume under the assumption of their spheri-
cal shape, are listed in the table.

Therefore, the analysis of the results of magnetic
investigations allows us to make the inference that the
size of ion-synthesized cobalt nanoparticles in the
amorphous silicon dioxide matrix is approximately
equal to 4-5 nm and that the observed crossover from
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Calculated values of the concentration, average volume, and
average size of cobalt nanoparticles synthesized in the amor-
phous SiO, matrix at different implantation doses

Ton dose Particle con- Average Average
10'7 ions/ c;nz centration, volume, diameter,
10" cm™ nm?> am
0.50 3.4 37.8 4.2
0.75 5.1 44.6 4.4
1.00 59 61.6 4.9

the superparamagnetic response to the ferromagnetic
response of the nanocomposite system is associated
with the increase in the nanoparticle number density in
the implanted layer. It should be noted that the disper-
sion parameters obtained are in agreement with the
electron microscopic observations of ion-synthesized
cobalt nanoparticles in silica glass matrices [8—10].

3.2. Magneto-Optical Effects

The Faraday effect in the nanocomposite materials
synthesized is determined by several contributions: the
diamagnetic rotation of the SiO, matrix, the paramag-
netic rotation of noninteracting cobalt ions, and the
rotation of cobalt ions involved in clusters and/or nano-
particles. The contributions of cobalt were determined
as the difference between the spectra measured for each
of the samples implanted at the doses D = 0.25 x 10",
0.50 x 10'7, 0.75 x 10'7, and 1.00 x 107 ions/cm? and
the spectrum of the SiO, matrix. These contributions
are shown in Fig. 5 by curves /-4, respectively. It is evi-
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Fig. 5. Spectra of the Faraday rotation for (/) the samples
implanted at different ion doses (minus the Faraday rotation
in the matrix) and (5) the Co/SiO, multilayer film [15] (right
scale). D = (1) 0.25, (2) 0.50, (3) 0.75, and (4) 1.00 x 10"
ions/cm?. The magnetic field is 0.2 T. 7=300 K.
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Fig. 6. Field dependences of the meridional Kerr effect for
the samples implanted at the i ion doses = (1) 0.25, (2)
0.50, (3) 0.75, and (4) 1.00 x 10'7 jons/cm®. A = 550 nm.
T=300K.

dent that none of these curves can be described by the
known formula for the paramagnetic rotation

Al
o ara — 5 5 > (3)
)

where A and A, are a constant and the effective wave-
length associated with the paramagnetic ions. More-
over, these curves do not correspond to the data avail-
able in the literature for uniform ferromagnetic cobalt
layers. According to [14], the Faraday effect for a uni-
form ferromagnetic cobalt film in the visible range is
positive and its magnitude increases with an increase in
the wavelength A and reaches a maximum in the vicin-
ity of the wavelength A = 1.2 um (see [14, Fig. 14]). We
can assume that the change in the spectral dependences
of the Faraday effect with an increase in the implanta-
tion dose is governed by the increase in the amount of
cobalt involved in ferromagnetic nanoparticles. At the
minimum ion dose D, cobalt, as can be judged from the
magnetic measurements, is predominantly incorpo-
rated into the matrix in the form of isolated paramag-
netic ions. However, most likely, an insignificant num-
ber of Co ions are already joined together into nanopar-
ticles with a magnetic ordering. The competition
between the paramagnetic and ferromagnetic contribu-
tions of different signs to the Faraday effect leads to its
very small magnitude (Fig. 5, curve /), whereas the
contributions made to the magnetization curves by
cobalt in any state have one sign and an insignificant
amount of the ferromagnetic phase does not manifest
itself. At higher doses, the ferromagnetic contribution is
dominant; however, the shape of the spectra differs rad-
ically from the shape of the spectrum of the Faraday
rotation obtained in [14]. The observed changes in the
spectra of the Faraday rotation for the nanocomposite
material as compared to the uniform cobalt film can be
associated with the excitation and scattering of conduc-
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tion electrons in the bounded volume of cobalt nano-
particles. The magneto-optical effects in similar media
were theoretically investigated in the framework of the
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effective-medium approximation in [3, 4] and experi-
mentally observed in [4, 15]. It was revealed the spectra
of the equatorial Kerr effect [4] and the Faraday rota-
tion [15] substantially depend on the optical constants
of the materials of the matrix and nanoparticles, their
volume, and filling density. In particular, curve 5 in Fig.
5 corresponds to the spectrum of the Faraday rotation in
the Co/Si0, granular film containing 20 pairs of Co and
Si0, layers 2 and 10 nm thick, respectively [15]. The
shape of the spectrum of the Faraday rotation for the
film is similar to those for the samples implanted at the
doses (0.75-1.00) x 10'7 ions/cm?; however, the rota-
tion for the film remains positive over the entire spectral
range, whereas the rotation for the samples under inves-
tigation changes sign in the vicinity of the wavelength
A = 650 nm. Therefore, the situation with implanted
layers is more complex, possibly, also due to the non-
uniform distribution of cobalt nanoparticles in the
matrix (Fig. 1).

The field dependences of the meridional Kerr effect
for all four samples are plotted in Fig. 6. It can be seen
from this figure that these dependences are similar to
the magnetization curves depicted in Fig. 3. (The
absence of the hysteresis loop in the field dependence
of the Kerr effect of the sample implanted at the maxi-
mum dose as compared to the magnetization curve for
the same sample is most likely associated with the
lower sensitivity of the setup for measuring the meridi-
onal Kerr effect.) Unlike the Faraday effect, the contri-
bution to which can be made by cobalt ions in any state,
the Kerr effects are due to the cobalt ions incorporated
into the ferromagnetic particles or layers. Judging from
the shape of the dependences of the Kerr effect and the
ratio between the magnitudes of the effect in the maxi-
mum magnetic field for different samples, we can argue
that the sample implanted at the minimum dose D =
0.25 x 10" ions/cm? contains some amount of ferro-
magnetic cobalt. This agrees with the corresponding
assumption made in the discussion of the Faraday
effect. An increase in the implantation dose from D =
0.25 x 10" ions/cm? to D = 0.50 x 10! ions/cm? leads to
a congsiderable increase (not proportional to the dose) in
the amount of ferromagnetic cobalt. Most likely, in the
vicinity of the above dose, there is a percolation thresh-
old above which a layer with a high number density of
cobalt nanoparticles is formed. This is evidenced by the
field dependences of the polar Kerr effect (Fig. 7). At all
doses in the range D = (0.5-1.0) x 10'7 these depen-
dences are represented by similar curves with a satura-
tion and hysteresis, which are characteristic of thin
layer with an in-plane anisotropy. The saturation field
in the case of the polar magnetization is approximately
equal to 0.6 T. Therefore, despite the amorphous state
of the matrix, its layer implanted with cobalt exhibits an
in-plane anisotropy. However, unlike the situation with
cobalt nanoparticles in rutile single crystals [5] for
which the field dependence of the magnetization exhib-
its a ferromagnetic behavior in the implanted plane and
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an antiferromagnetic behavior in the direction perpen-
dicular to the implanted plane, in our case, the field
dependence of the magnetization in both geometries is
characterized by a ferromagnetic behavior. It should be
noted that the hysteresis loops (even if very narrow) are
also observed in the polar geometry. This circumstance
can be one more argument confirming the fact that the
layer with cobalt nanoparticles even at maximum
implantation doses is not continuous.

As in the case of the Faraday effect, the spectra of
the meridional and polar Kerr effects of the samples
under investigation (Fig. 8) differ substantially from
those of uniform cobalt films. The spectrum measured
for the polar Kerr effect in the cobalt film on the same
setup is represented by curve 5 in Fig. 8. The similarity
between the spectra of the nanocomposite samples and
their radical difference from curve 5 also indicate that
the region with the highest number density of nanopar-
ticles is not an analog of the continuous uniform film. It
is clear that this region consists of nanoparticles with
the filling density close to the percolation threshold.
Therefore, the magnetic properties of this region are
similar to those of continuous films, whereas the mag-
neto-optical spectra are determined by the electronic
processes in the closed volume of each particle.

4. CONCLUSIONS

Thus, the performed investigation of the field depen-
dences of the magneto-optical effects for two orienta-
tions (parallel and perpendicular) of the external mag-
netic field with respect to the plane of the silica glass
implanted with cobalt ions revealed that an increase in
the implantation dose is accompanied by the transfor-
mation of the samples from the paramagnetic state into
the superparamagnetic state and, finally, into the ferro-
magnetic state at room temperature. By using the
results of magnetic measurements, the average size of
cobalt nanoparticles formed upon implantation was
estimated to be ~4-5 nm. It was demonstrated that an
increase in the implantation dose results in an increase
in the density of filling of the implanted layer by nano-
particles.

It was revealed that the spectral dependences of the
Kerr and Faraday effects for the samples under investi-
gation differ radically from those for homogeneous
cobalt samples. For example, the magnitude of both
effects for the homogeneous samples in the spectral
range under investigation increases with an increase in
the light wavelength, whereas for the implanted sam-
ples, the magnitude of the Kerr effect by contrast
increases with a decrease in the wavelength and the
Faraday effect changes sign in the vicinity of the wave-
length A = 600 nm. Hypothetically, these differences
are associated with the excitation and scattering of con-
duction electrons in the bounded volume of cobalt
nanoparticles.

2008



2094

Therefore, in the present work, it was shown that the
ion beam implantation technique can be used with
advantage to synthesize cobalt nanoparticles in dielec-
tric matrices in order to fabricate composite materials
that exhibit magneto-optical effects and can be practi-
cally applied in various devices for recording and stor-
age of information.
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