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Abstract

Co™ ions of 40 keV were implanted in thin polyimide foils with doses in the range of (0.25-1.50) x 107 ions/cm? at
ion current densities of 4, 8 and 12 pA/cm?. The cobalt-implanted polymer foils were annealed at a temperature of
300°C for 2h in vacuum. Both the as-implanted and post-annealed samples were investigated by the ferromagnetic
resonance (FMR) technique supplemented by transmission electron microscopy (TEM). TEM investigations showed
that the implantation results in the formation of cobalt granules in the irradiated polymer layer with the thickness of
about 70 nm. The mean lateral size of cobalt granules varied within 5-20 nm depending on the dose. The annealing
of the implanted samples induced coalescence of the cobalt granules and increase of their lateral sizes. No FMR signals
were found for the as-prepared polymer foils implanted by cobalt ions at low current density of 4 A /cm?> FMR signals
were observed for the as-prepared samples implanted at higher ion current densities of 8 and 12 pA/cm? as well as for all
annealed samples. The values of the effective magnetisation were extracted from the FMR spectra measured at different
sample orientations in the applied magnetic field. Dose dependencies of the FMR absorption intensity and effective
magnetisation were obtained for the annealed films. The magnetic properties of the synthesised cobalt—polymer
composite materials and their modification due to the annealing treatment are discussed.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction investigations due to the wide range of potential
applications for such materials including magnetic

Magnetic properties of nanoparticles embedded recording, magnetosensor electronics, magnetoop-
in a dielectric host is a topic of extensive tical devices, etc. (see, for example, Ref. [1]). There

is a number of different techniques to prepare
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devices, has an advantage for magnetoelectronic
applications due to its easy integration in the
traditional technological process.

Precipitation phenomena in different dielectrics
(alumina, silica, glasses, etc.) implanted by high
doses (>10'"%ions/cm?) of transition metal ions
have been studied extensively in the last two
decades [2-4, and references therein]. For example,
nanocrystalline cobalt particles are characterised
by high saturation magnetisation and coercive
force and have a potential to be used in high-
density recording media [5] and magnetic sensors
based on the giant tunnel-type magnetoresistance
effect [6]. Meanwhile, polymer materials are widely
used in various technological applications because
of their unique properties such as low density,
plasticity and ability to form intricate shapes,
versatile electrical and optical properties and low
manufacturing cost. However, the synthesis of
magnetic metal phases with required parameters
by ion implantation in polymers is still under
development [7-11]. Therefore, it is a subject of
great interest to apply the ion implantation
technique for synthesis of nanoparticles in various
polymers and to study the magnetic properties of
such nanocomposites.

In the present study, composite material was
formed by the high dose implantation of cobalt
ions in polyimide (PI) foils. The formation of
nanoscale cobalt particles in thin irradiated layers
of the polymer was detected by transmission
electron microcopy (TEM). The ferromagnetic
resonance (FMR) technique has been used to
investigate the magnetic properties of the cobalt—
PI nanogranular films.

2. Experimental

PI foils 40 pum in thickness were implanted with
40keV Co " ions to dose range of (0.25-1.50) x
10"7ions/cm? at an ion current density of 4pA/
cm’. Two more samples were also prepared by
implantation with the dose of 1.25 x 10'” ions/cm?
at the ion current densities of 8 and 12 pA/cm?.
The sample holder was water cooled during the
irradiation to prevent sample overheating and
thermal degradation. The implanted PI foils were

annealed at a temperature of 300°C for 2h in
vacuum of ~ 10 °Torr. The microstructure of
both the as-implanted and subsequently annealed
samples was studied by TEM using a TESLA-
BS500 microscope. The specimens for on-plane
TEM studies were prepared by chemical etching of
the non-irradiated part of the PI foils, as described
elsewhere [12].

FMR absorption spectra of the cobalt-im-
planted PI foils were obtained on a Bruker EMX
Electron Spin Resonance (ESR) spectrometer at
X-band frequency of 9.5 GHz. The FMR spectra
were recorded at room temperature and for
various orientations of the implanted surface with
respect to the applied DC magnetic field (H). As
usual, the field derivative of the microwave power
absorption (dP/dH) was recorded as a function of
the DC field. The resonance field (H;) was defined
as the value of the applied magnetic field, at which
the dP/dH curve intersects a baseline. To obtain
an intensity of ESR signal the double digital
integration of the ESR curves was performed by
using the Bruker WINEPR software package. To
compare arbitrary intensities of the FMR signals,
the wvalues received by the integration were
normalised per unit area of the samples.

3. Results and discussion
3.1. TEM of cobalt-implanted Pls

According to the TEM cross-sectional and
Rutherford back-scattering studies presented in
Ref. [13], the synthesised cobalt granular layer is
located at depths ranging from 30 to 100 nm under
the PI surface. TEM plane images of the near-
surface region of the PI foils implanted with a dose
of 1.25 x 10" ions/cm? at the ion current density
of 4puA/em? (A) and subsequently annealed (B) are
presented in Fig. 1. The lateral size of the largest
particles in the as-implanted PI is estimated to be
smaller than 20 nm and a rather broad particle size
distribution with a large fraction of very small
granules may be anticipated for this sample. The
lateral sizes of granules observed in the annealed
sample (Fig. 1B) are in the range of 5-20 nm. The
figure also indicates that the annealing procedure
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induces the particle coagulation and coalescence,
increasing the lateral size of the granules. The area
density of the granules estimated from this image
is about 10'°cm

-2

Fig. 1. TEM plane images of PI foils implanted with dose of
1.25 x 10" jons/cm? at ion current density of 4 pA/cm? : (A) as-
implanted sample; (B) annealed sample. The large black spots
are not related to the cobalt granules but appear from polymer
remainders as a result of etching procedure.

3.2. FMR study of cobalt-implanted Pls

No ESR signals are observed for the as-
prepared samples implanted in the dose range of
(0.25-1.50) x 10" ions/cm® at the ion current
density of 4 uA/cm?. The resonance signal is only
observed for films implanted at higher current
densities of 8 and 12 pA/ecm?. An intense signal is
also observed for all annealed samples (Fig. 2)
except for the lowest dose of 0.25 x 10'” ions/cm?.
The signal is found to be slightly dependent on the
film orientation in the magnetic field for low
implantation dose but shows a strong angular
dependence for high doses. This signal dependence
on the sample orientation is similar to that found
for the FMR in thin magnetic films. For the static
magnetic field parallel to the film plane (65 = 90°)
the FMR signal is shifted to the low-field region,
for the field perpendicular to the plane (0 = 0°)
the signal is shifted to the high-field values. Fig. 3
shows the FMR spectra for PI implanted with a
fixed dose of 1.25 x 10" ions/cm? at the different
ion current densities and subsequently annealed.
Angular dependencies of the resonance field (H,)
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Fig. 2. FMR spectra of the samples implanted with different doses and subsequently annealed in vacuum. The spectra, measured at
parallel and perpendicular orientation of film plane to the magnetic field, are presented at left and right panels, respectively.
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Fig. 3. FMR spectra of the samples implanted with dose of 1.25 x 10" ions/cm? at different ion current densities and subsequently
annealed in vacuum. The spectra, measured at parallel and perpendicular orientation of film plane to the magnetic field, are presented

at left and right panels, respectively.

for the samples with different implantation doses
and varied current densities are presented in
Figs. 4a and b, respectively. The g-value for all
studied cobalt-implanted PI samples ranges from
2.00 to 2.17 that is close to the g-values found for
continuous cobalt films.

Obviously, the granular metal layer in the as-
prepared samples consists of small cobalt clusters
and particles which are in a superparamagnetic
state [14,15] at room temperature. Orientation of
the magnetic moments of the particles is affected
by thermal fluctuations. Therefore, the magnetic
resonance signal cannot be registered if the typical
frequency of the fluctuations is appreciably higher
than the characteristic frequency of the measuring
device, in our case, higher than the microwave
frequency which is about 10'° Hz. In this situation
the signal of magnetic resonance can be observed
only when the frequency of the fluctuations
decreases below the magnetic resonance frequency,
i.e. at low temperatures. In fact, we observe that
the FMR signal appears with cooling down to
100K in the as-prepared samples implanted with
doses of 1.25 x 10'” and 1.50 x 10" jons/cm? at an
jon current density of 4pA/cm® On the other

10 Dose, x10™ i Current, pA
= 0.50 o J=4
2 0.75 e J=8
+ 1.00 v J=12
8 o 1.25 .
* 150 g

(b)
T T T T T T T 9I0
Angle, degree

Angle, degree

Fig. 4. Dependences of the resonance field on sample orienta-
tion in the magnetic field for PI foils implanted with different
doses at ion current density of 4 pA/ecm? (a) and with the same
dose of 1.25 x 10'7ions/cm? at different ion current densities
(b). The symbols present the experimental values, the lines show
the best fits using Eqgs. (1) and (2).

hand, the TEM studies indicate that the annealing
of the samples increases the particle sizes and
results in coagulation and coalescence of the
cobalt granules. Therefore, due to the thermal
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treatment at least some part of the cobalt granules
form ‘““magnetic” agglomerates with interparticle
distances essentially smaller than the particle sizes.
The magnetic moments of these agglomerated
particles are strongly magnetically coupled to each
other either by exchange forces (if there is a direct
contact between them) or by dipolar forces and
Ruderman—Kittel-Kasuya—Yosida (RKKY) type
of interactions via conduction electrons [16] (if the
particles do not touch each other).

The RKKY-type mechanism, which depends on
the conductivity of the intergranular polymer
media, can contribute significantly due to the
carbonisation of the irradiated polymer layer
[17]. Thus, the ‘‘effective magnetic” size of
such agglomerates exceeds a critical (so-called
“blocking”™) size beyond which orientations of
the magnetic moments are nearly static compared
to the magnetoresonance measurement time. As a
result, the FMR signal appears in the annealed
films. Hence, we can consider the particle agglom-
eration (increasing the “‘effective magnetic” size)
as a major factor determining the FMR in the
cobalt-implanted PI.

It is seen in Figs. 2 and 4a that at low-dose
implantation (0.50 x 107 ions/cm?) there is only
slight anisotropy of the resonance field, while at
higher irradiation doses (=0.75 x 10'7ions/cm?)
the anisotropy increases significantly. The strong
orientational dependence of the FMR signal for
high doses is caused by an effect of macroscopic
demagnetisation fields in the granular layer. When
the distance between the magnetic particles (or
particle agglomerates) becomes comparable with
their sizes, the dipole—dipole interaction couples
the particle magnetic moments. As a result, the
granular phase behaves as a united ferromagnetic
continuum with respect to dipolar forces even
without direct contact between the particles [18].
Hence, the FMR signal originates from the
collective motion of the particle magnetic mo-
ments, i.e. from the macroscopic magnetisation of
the granular layer as a whole system. According to
the approach developed in Refs. [18-20], we may
interpret the obtained data for the doses from
0.5 % 10" to 1.50 x 10" ions/cm? as those coming
from a thin magnetic film with some effective value
of magnetisation and g-factor. Therefore, the

resonance condition for the granular film at
arbitrary orientation takes the same form as that
for a continuous film [21]:

2
(h—;;> = (H; cos Oy — 4n Mg cos ())2
g

+ H, sin 0 (H, sin Oy + 4n Mg sin 0), (1)

where v is resonance frequency, H, is the magnetic
resonance field value, g is the g-factor, M is the
effective magnetisation, 6 and 0y are out-of-plane
angles of magnetisation and DC magnetic field
measured from the film normal, respectively. The
out-of-plane angle 0 is related to Oy by the
equilibrium condition:

H; sin(0 — 0y) = 2nM.g sin 20. (2)
Egs. (1) and (2) can be reduced to well known
Kittel expressions [22] when 6y = 0° (magnetic

field perpendicular to the plane), and 05 = 90°
(magnetic field parallel to the plane):

h=gp-(H —4nMcs), Oy =0°, 3)

hy = gB - \/H, - (H, + 4nMe),

Egs. (1) and (2) may be numerically solved with
respect to H; and 6 depending on two parameters:
My and g. Therefore, the best fits to the
experimental data (Fig. 4) allow us to obtain the
values of the effective magnetisation and g-factor.
The plots of M. as a function of the implantation
dose and ion current density are presented in Fig. 5
and discussed below.

It should be noted that values of the effective
magnetisation and g-factor extracted from Egs. (1)
and (2) in general contain also a contribution due
to the anisotropy of the particles because of shape
or crystallinity. For an ensemble of randomly
oriented granules this contribution is averaged to
zero but this is not the case if there is some
preferential orientation. From this point of view it
is remarkable that the dependence of the arbitrary
intensity (both on the dose and ion current
density) correlates well with that for the effective
magnetisation (see plots to the right scale in
Fig. 5). It is known that the intensity of the
FMR signal is proportional to the total magneti-
sation of the studied media, i.e. to the bulk value
of magnetisation of the ferromagnetic phase times

0 =90°. (4
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Fig. 5. Dependences of FMR signal intensity and effective
magnetisation on the implantation dose (a) and ion current
density (b). FMR intensities, extracted from both the parallel
and perpendicular orientations, are presented.

the filling factor only, without a contribution due
to anisotropic fields. Therefore, this correlation
as well as the fact that the extracted effective
g-factors in our case are close to the g-value of
bulk cobalt justify application of a simple model
with nearly spherical particle shapes and the
random orientations of the particle crystalline
axes. In this model the value of M.y is equal to
the volume filling factor, f, times the bulk value of
the saturation magnetisation of the ferromagnetic
phase (M = Mgf). Using the saturation magne-
tisation value for bulk cobalt (Mg = 1400 kOe) we
estimated the filling factor of the films (Table 1).
The highest filling factor value of 0.24 corre-
sponds well to the cobalt concentration in the
implanted layer, ~25at%, estimated from the
RBS data [13]. One can also see in Fig. 5a the peak
in the dose dependences of the intensity and

Table 1
Filling factor (f) versus dose of implantation

Dose ( x 10'7ions/em?) 0.50 075 1.00 125 1.50
Filling factor (f) 0.074 0.136 0.241 0.099 0.100

magnetisation near the dose of 1.0 x 10'7ions/
cm?’. This shows that the implanted cobalt forms
mainly the ferromagnetic phase for the dose of
1.0 x 10" jons/cm>.

It has been found [13] that the cobalt atomic
concentration increases with the dose, therefore
the decrease of the magnetisation (i.e. the filling
factor) at high dose is not related to the cobalt
content but reflects a decrease in the fraction of the
ferromagnetic phase. This may happen if a large
portion of small cobalt clusters, which are super-
paramagnetic at room temperature, are retained
after the annealing procedure. Then, the lowering
in temperature would freeze the thermal fluctua-
tions of the superparamagnetic phase leading to
the increase in the effective magnetisation as well
as in the FMR signal intensity [18]. However, our
low temperature measurements show minor
changes with temperature of the resonance field
position, lineshape and integral intensity of the
FMR spectra for the samples implanted with
higher doses. The decrease in the magnetic phase
ratio could also be a result of formation of the
non-magnetic cobalt-based compound which is
stable under the heating treatment up to 300°C. It
is known that with the increase of implantation
dose the polymer surface layer undergoes progres-
sive radiation-induced degradation. This results in
the carbonisation of the irradiated polymer layer
and elimination of volatile components via the
latent ion tracks, as was shown in Refs. [13,17].
The XPS studies [17] indicated that in addition to
the primary metal cobalt phase some secondary
phase, probably a cobalt-oxide or cobalt-carbonyl
compound, formed in the layer nearest to the
polymer surface (with thickness of about 8 nm).
However, the RBS measurements [17,23] showed a
strong oxygen depletion up to 10 times compared
to the initial value (17.2at%) in the pristine PI.
For instance, in the case of divalent cobalt oxide
its fraction will not exceed 25% relative to the
metallic cobalt phase, while nearly 100% ratio of



170 B. Rameev et al. | Journal of Magnetism and Magnetic Materials 278 (2004) 164—171

cobalt oxide is needed to explain the observed
decrease in filling factor at dose of 1.25 x 107 ions/
cm? (Table 1). In contrast, the arbitrary carbon
content is strongly increased due to the carbonisa-
tion process, forming a layer of amorphous carbon
or graphite-like material [17]. Therefore, it is
probable that some part of cobalt in the samples
implanted with high doses is bonded to the carbon.
Formation of Co3;C and Co,C carbide phases has
been reported in the literature before, for example,
by 50-keV carbon implantation in cobalt thin films
at room temperature [24], and for cobalt—-carbon
composite thin films prepared by sputter deposi-
tion [25]. Thus, we can consider the formation of
an additional non-magnetic cobalt-rich phase as
the main reason for the decreasing magnetisation
of the samples implanted at higher doses.

The filling factor also increases with ion current
density as can be observed in both the dependences
for effective magnetisation and intensity of the
FMR signal (Fig. 5b). It was shown in Ref. [13]
that the depth profiles of Co atoms implanted into
PI at different ion current densities had similar
shape. Nevertheless, our results point out that the
magnetic properties of the granular layers formed
under the implantation at various current densities
are essentially different. We can suggest that at
higher ion current densities the concentration of
mobile atoms per unit volume of implanted layer
increases, thereby stimulating the processes of
coagulation and growth of the metallic cobalt
particles. As a result, the microstructure and
morphology of the synthesised granular metal
layers are dissimilar at various ion current
densities as well as the lineshapes of the FMR
signals (Fig. 3). High ion current densities also
cause heating of the sample surface layer due to
high local temperatures along the ion tracks.
Hence, high ion current densities are equivalent
to some extent to annealing. This agrees with the
fact that the FMR signal is observed at ion current
densities of 8 and 12pA/cm® even in the non-
annealed samples. However, there is a significant
difference in the time of treatment: the heating due
to the high ion current density happens during the
implantation process. Obviously, due to this
reason the growth and coagulation of the cobalt
particles occur at more favourable conditions that

prevents the formation of a secondary cobalt-rich
phase in the carbonised polymer layer.

In conclusion, Co™ ions were implanted into PI
with an energy of 40 keV and doses in the range of
(0.25-1.50) x 10'7ions/cm? at ion current densities
of 4, 8 and 12 pA/em” at room temperature. TEM
investigations showed that the cobalt implantation
results in the formation of metal particles with
lateral sizes ranging from 5 to 20 nm and they form
a granular metal layer with thickness of about
70 nm under the sample surface. The influence of
implantation dose, ion current density and post-
implantation furnace annealing on the magnetic
properties of the synthesised metal-polymer com-
posite layers was studied by the ferromagnetic
resonance (FMR) technique. A significant effect of
the annealing treatment as well as the high ion
current densities on the formation of the ferro-
magnetic phase in the synthesised composites was
found. The effective magnetisation and the metal
filling factor for the cobalt granular layers were
estimated from the FMR results.
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