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Abstract. The current paper presents an overview and analysis of data obtained on a few sets of
polymer samples implanted by iron and cobalt. The low-energy (40 keV) implantations were
carried out into polyimide and polyethyleneterephthalate with fluences between 2.5�1016-1.5�1017

cm-2. The samples were studied using several different methods to obtain information on structural
and compositional changes as well as on the evolution of electrical and magnetic properties.
High-fluence implantation led to significant carbonization of the polymers and formation of metal
nanoparticles in the shallow layers. Correlation between the structural changes, nucleation and
percolation of the particles in relation to electronic properties of the composites are found,
described and analysed. A few models explaining electrical and magnetic properties of the
polymer films with synthesized metal nanoparticles are suggested.

1. INTRODUCTION

Finite in size particles incorporated into a dielectric
medium largely affect the macroscopic properties
of the composite, giving rise to a variety of new
phenomena [1-3]. Electron transport and magnetic
properties of such nanocomposite systems are of
both fundamental interest and importance for
practical applications, for instance, in the new
generation of information storage devices and
technologies for magnetic sensors [4,5]. Among the
wide range of dielectrics the organic-based materials
attract considerable attention to be used in
spintronics and as magnetic media [6,7].

Ion implantation is one of the widely-used meth-
ods to synthesize nanoparticles (NPs) in a medium
[8]. For NPs nucleation the metal concentration
must overcome the solubility limit in the given ma-
terial. Thus, high-fluence implantation is required. If
the implantation is carried out into a polymer the
high fluences leads not only to the accumulation of

metal and particle nucleation but also to significant
damage of the material due to the ion stopping and
relatively low resistance of polymers with respect
to irradiation [9-11]. For low-energy (keV-range) im-
plantation the nuclear stopping dominates, thus,
causing structural evolution of an organic matrix.
Since most polymers are carbon-based, the implan-
tation leads to degasing of volatile compounds (due
to the breakage of chemical bonds) and carboniza-
tion of the matrix [10,12,13]. The increase of car-
bon concentration, scission of polymer chains and
cross-linking change the electronic properties and
charge transport mechanisms. The high metal con-
centration and formation of metal NPs contribute to
the increase of electrical conductance and can
cause the insulator-to-metal transition (IMT) [14,15].
If the embedded metal is a magnetic species the
electronic structure of the composite becomes even
more complicated. Conductance of such compos-
ites can be varied by an external magnetic field caus-
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ing spin-dependent transport [16]. Magnetic prop-
erties of polymer composites with NPs evolve from
superparamagnetism towards ferromagnetism with
increase of the implantation fluence [17]. Thus, study
of electron transport mechanisms and magnetic
behaviour of nanostructured polymer media is of
great interest to give insights into quantum effects
influencing electronic states, magnetoresistance
and spin-dependent phenomena.

Current paper gives an overview and comprehen-
sive analysis of the earlier published results on the
electrical and magnetic properties of polyimide (PI)
and polyethyleneterephthalate (PET) implanted by
40 keV Fe+ and Co+ ions [16-26].

2. METAL ION IMPLANTATION

2.1. Implantation conditions

Thin (40 �m) PI and PET foils were implanted by 40
keV Co+ and Fe+ ions with fluences F = 2.5�1016-
1.5�1017 cm-2 at ion current densities j of 4, 8 and
12 �A�cm-2 in a residual vacuum of 10-5 Torr. High
density of current was used to decrease the time of
treatment, i.e. to optimize the implantation regimes
for practical applications. To avoid thermal
degradation, the sample holder was water-cooled
and the temperature of the samples under
implantation did not exceed 370K which is much
lower than the glass-transition temperatures for both
polymers.

2.2. Experimental techniques

Several methods were applied to study the structure
and composition of the implanted polymers. The
analysis of in-depth composition was done by
Rutherford back-scattering (RBS) using 2 MeV
	-particles. Topographic images of the implanted
surfaces were obtained by atomic force microscope
(AFM) Dimension 3000 (Digital Instruments) in
tapping mode. For the in-plain transmission electron
microscopy (TEM) measurements ultrathin slices
of the polymers were prepared by chemical etching
of rare (unimplanted) side of the samples using water
mixture of potassium hydroxide, monoethanolamine
and triethanolamine. The measurements were
carried out by TESLA-BS500 microscope. X-ray
photoelectron spectra were recorded by a Kratos
XSAM 800 spectrometer using Mg K	

1,2
 and Al K	

1,2

radiations and FRR mode. More details on this
method can be found in [18].

To provide ohmic electrical contacts to the
implanted layer, the electrodes were deposited on
the ends of the samples using silver paste. The tem-

perature dependence of resistance was measured
in the interval of 5-300K using a standard quasi-
four-probe method in DC regime. The magnetore-
sistance measurements were carried out at voltages
corresponding to linear interval of the current-volt-
age dependences. Magnetoresistance was calcu-
lated as following MR = �R/R

0
 =                  (R�U�R

0
)/

R
0
, where R and R

0
 are the values in the presence

and absence of the magnetic field, correspondingly.
Effect of external magnetic field on the charge car-
rier transport was studied for two orientations with
respect to the foil plane: parallel (in-plane) and per-
pendicular. In both cases the direction of the ap-
plied magnetic field (B) was perpendicular to the
direction of electric field or current. B was varied
from -5 to 5 T. The measurements were carried out
at liquid helium temperature (4.2K).

Ferromagnetic resonance (FMR) spectra of the
foils were obtained on Bruker EMX Electron Spin
Resonance spectrometer at X-band frequency of 9.8
GHz. The FMR spectra were recorded at room
temperature and various orientations of implanted
surface with respect to the applied DC magnetic
field. Magnetization dependences were obtained
using SQUID XL-5 in the temperature interval of 2-
300K for in-plane orientation of the magnetic field.
The measurements of the temperature dependence
of magnetization M were carried out in two regimes:
zero field cooled (ZFC) and field cooled (FC) at B =
1 or 10 mT.

2.3. Evolution of polymer structure
and composition

Effect of ion implantation on the structure and com-
position of polymers is a complex of physical and
chemical processes originated by interaction of the
impacting ions with polyatomic target [27,28]. The
processes depend on the energy transferred to the
polymer at the ion bombardment, on the composi-
tion and structure of virgin polymer and its interac-
tion with the environment after the implantation. There
are two main mechanisms of the energy transfer
from ions to a polymer which proceeds by nuclear
collisions and electron excitations. Since iron and
cobalt are chemical elements with relatively high
masses and the implantation energy is relatively
low, the nuclear stopping dominates. Energy trans-
fer in binary nuclear collisions leads to direct bond
breakage. Since the ion energy is much higher than
the binding energy of atoms in both polymers, the
ion imparts enough energy to the primary replaced
atom (recoil) for the following replacements, thus,
producing non-linear collision cascades [11,29].
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Fig. 1. (a) Chemical formula of PI elementary unit
and (b) transformation of the polymer structure upon
implantation.

Fig. 2. Structural transformation of PET under implantation.

Ion implantation of PI results in both the disrup-
tion of phenyl rings and degradation of imide groups
yielding such products as iminic and pyridinic-like
groups as well as tertiary amines [30, 31]. The
scheme of the PI transformation under high-fluence
40 keV Ar+ ion implantation, proposed in [32], shows
the formation of extended polycondensed structures
(see Fig. 1). One can assume that the evolution of
PI under the implantation of Fe+ and Co+ ions is
qualitatively the same. In the case of PET
implantation, the polymer chains can lose U�!

2
U

6C9�U(U�!
2
U�<GDJEH�6H�H=DLC�>C��><��� that leads

to efficient formation of conjugated bonds [33,34].
Under the high-fluence implantation the individual

radiation cascades significantly overlap and a lot of
energy is transferred to the matrix, thus, heating
the polymer. Radiative- and thermal-induced
processes interplay in a complex manner. They are
often represented as a unified phenomenon of
radiothermolysis. In our case of 40 keV implantation
energy, the thickness of the modified layer was
estimated to be ca. 100 nm in both polymers and
for both implantation species [18,21]. This fact is
related to the small difference in masses of cobalt
and iron as well as to very close densities of PI and
PET. For the PI samples it was shown using RBS
and XPS [18,21] that there is significant depletion
of nitrogen and oxygen in the shallow layer which
was a consequence of the degassing, i.e. escape

of the volatile compounds realized in the
radiothermolysis process. Typical molecules and
fragments emitted by implanted PI are H

2
, C

2
H

2
, CO,

and CO
2
 [35]. It is worth noting that very similar

thicknesses of the modified layers were recently
obtained by independent studies of 40 keV
implantation of Co and Ni in PI, PET, and
polyetheretherketone [36,37]. These publications
also showed significant hydrogen and oxygen
depletion in the shallow layers of these polymers.

Direct consequence of the degassing is an in-
crease of carbon ratio in the implanted layer, i.e.
carbonization of polymers [13,27]. Carbonization
process is dependent on type of polymer and its
structure. The carbon-enriched zones are initially
formed in the latent tracks [38]. With fluence
increase, the 
-bonded carbon clusters grow and
aggregate forming the network of conjugated C=C
bonds. The process of the ion-induced carbonization
under implantation of heavy ions is practically
accomplished at fluence level of (1-5)�1015 cm-2 [27,
39]. Thus, for the different fluences in the interval
1016 - 1017 cm-2 one can expect about the same
carbon ratio in the implanted layer. When the initial
content of carbon is high, as in the case of PI (56
at.%), the carbon concentration in the shallow
surface layer can reach ca. 85-90 at.% after the
high-fluence treatment [40]. In other words, one can
assume the growth of a quasi-continuous
carbonaceous layer under the polymer surface [41]
which can even be transformed into the phase mostly
consisting of amorphous carbon or graphite-like
material [42].

2.4. Metal depth profiles and formation
of NPs

The formation of NPs in polymers was realised at
I=:�7:<>CC>C<�D;�I=:��
XH�7N�$DDC�6C9�8D�LDG]:GH
[43,44] in their experiments on high-fluence
implantation of Fe+ ions. Threshold fluence at which
the particles start nucleating was found to be about
1�1016 cm-2 for majority of polymers. Assuming that
the NP growth occurs by successive joining of the
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single atoms one can conclude that the process is
governed by both the local concentration of metal
and diffusion coefficient. The particles nucleated at
fluencies just above the threshold one are usually
spherical in shape. However, the statistically non-
uniform distribution of the metal atoms over the depth
leads to a size dispersion of NPs. Typical depth
distribution profiles for the implanted Co and Fe in
PI are shown in Fig. 3. As one can see, the maxima
are located at very low depth. Since larger in size
particles are formed at the depth corresponding to
highest metal concentration, one can expect the
majority of NPs to be situated just beneath the
surface. For the PI implanted by Co+ ions with F =
1.25�1017 cm-2 the mean size of the particles was
estimated to be on the scale of a few nm and a very
few largest NPs did not exceed 20 nm according to
the TEM measurements [22]. However, Fe NPs
nucleated at the same implantation conditions were
found to be much larger with a mean size of ca. 60
nm [19]. In the PET foils implanted with F = 1.5�1017

cm-2 the iron NPs formed large agglomerates
resulting in labyrinth-like structures as shown by
TEM in Fig. 4 [17]. Surface topography of the sample
obtained by AFM was found to be in good correlation
with this TEM image [17].

3. PROPERTIES OF METAL-
IMPLANTED POLYMERS

3.1. Electric conductance

Evolution of the polymer structure and composition
under the implantation leads to signif icant
carbonization, formation of conjugated and dandling
bonds. Unpaired p-electrons become charge carri-

Fig. 3. Depth distribution profiles of cobalt and iron
implanted into PI with fluence of 1.25�1017 cm-2 at
j = 4 �A�cm-2.

Fig. 4. In-plane TEM image of PET implanted by 40
keV Fe+ ions with fluence of 1.25�1017 cm-2 at j =
4 �A�cm-2. Iron structures are shown in darker
shade.

ers [45] and the dominating conductance mecha-
nism was found to be a variable range hopping (VRH)
[46]. Since the conducting phase in the implanted
layer is formed of the discrete clusters, the conduc-
tance has a threshold character showing the perco-
lation transition for the fluence range corresponding
to the overlapping of these regions. This percolation
behaviour was confirmed by number of publication
[9,47,48,49] and discussed in detail, for instance,
in [12,27,34]. In our case, the resistance was found
to be decreasing with the fluence and at values
between 7.5x1016 and 1.0x1017 cm-2 the transition
to plateau-like behaviour was observed for the Co-
implanted PI and Fe-implanted PET [16,17,25].

Measurements of temperature dependence of
conductance can provide exact information on the
dominant mechanisms of the charge carrier
transport. Conductance of implanted polymers can
be well described by the following exponential
dependence

� �� �m
T T T

0 0
( ) exp / , � �  (1)

where 
0
 is the conductivity at temperature T ��

and T
0
 is the characteristic temperature which is

defined by the density of states at the Fermi level
and the size of the region for the electron localisation
[46].

The power m is crucial for determining the
conduction mechanism. For band conduction in
extended states, m = 1. If states are not extended
but Andersen localisation is throughout the whole
band so that any mobility edge is in a higher energy
band, a nearest-neighbour hopping occurs which can
also lead to a temperature dependence with m = 1
[46]. For a truly disordered material, Mott and Devis
predicted a VRH mechanism between localised
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states [50]. For this mechanism, m has following
relation with the dimensionality D

� �m D1/ 1 .�   (2)

A three-dimensional (3D) VRH thus corresponds
to m = 1/4. 2D and 1D models represent Eq. (1)
with the power equal to 1/3 and 1/2, respectively.
However, in the disordered material it is difficult to
distinguish between the mechanisms of different
dimensionality. Therefore, Wang and co-authors [51]
suggested the mixed conduction mechanism where

� �� �
� �� � � �� �

T T T

T T T T

1 / 2

1 2 3 01 01

1 / 2 1 / 4

02 02 03 03

( ) exp /

exp / exp / ,

 �   � � 

 �  �
 (3)

which gives reasonable agreement with the
experimental results and allows calculating average
characteristic temperatures and activation energies.

It was found that temperature dependences of
resistance for the Co-implanted PI and Fe-implanted
PI and PET in the fluence interval of (2.5-7.5)�1016

cm-2 can be well extrapolated by linear functions in
coordinates ��:�(1/T)1/4. Thus, one can suggest 3D
VRH to be a dominant mechanism for the
conductance. A few selected dependences are
shown in Fig. 5. Some of the curves experience a
kink at low temperatures. One can suggest that
these transitions are related to the contribution of
metal NPs to the charge transport, in particular, to
the change of electronic structure at given
temperatures. These phenomena will be discussed
in more detail below in the part about
magnetoresistance. It is worth noting that for fluence
7.5�1016 cm-2 the curves almost coincide for both

Fig. 5. Temperature dependences of resistance for
PI and PET implanted by 40 keV Co+ and Fe+ ions
with various fluences at j = 4 �A�cm-2.

ion species and both types of polymers (the devia-
tion becomes considerable at T < 40K). These is
an evidence for about the same level of radiation-
induced changes of the structure providing very simi-
lar conditions for the charge carrier transport de-
spite the initial difference in polymer structure and
composition. In other words, the conductance is
governed by the implantation-induced carbonization
and the contribution of the implanted metal is minor.

The increase of fluence leads to significant rise
of metal concentration (filling factor) in the implanted
layer. To analyze electrical conductance of these
samples the phenomenon of percolation of the metal
inclusions must be taken into account. According
to commonly-accepted theories of electronic
transport in percolating materials, the bulk
conductivity of a metal/insulator composite near the
IMT can be given by the power law

� �t

c0
,� ���  (4)

where 
and 

c
 are the normalised metal concentra-

tion and the critical concentration corresponding to
the percolation, respectively. For the percolation
regime, exponent t is predicted to be less than 2
[52]. Percolation threshold varies from one type of
composite to another. In the literature one can find
typical 


c
 values between 0.1 and 0.5. The transi-

tion to percolation in conductance changes the char-
acter of the temperature dependence of resistance.
For our samples it occurs at F = 1.25�1017 cm-2

which corresponds to metal filling factor of ca. 25
at.% [18] or 


c
 = 0.25. In Fig. 6 one can see the

dependences obtained for PI implanted by Co+ ions
with fluence of 1.25�1017 cm-2 at ion current density
of 12 �A/cm2 and PET implanted by Fe+ ions with
the same fluence but at lower ion current density of
4 �A/cm2. These dependences are very different
compared to those shown in Fig. 5. Both curves
have positive temperature coefficient of resistance
contrary to the case presented in Fig. 5 where this
coefficient is negative. This is typical for disordered
(granular) metal films and indicates the IMT for the
samples implanted with high fluences. In other
words, the samples�D;��><����6G:�DC�I=:�V9>:A:8IG>8
H>9:W�D;�I=:�IG6CH>I>DC�L=>A:�I=DH:�D;��><����6G:�DC
I=:�VB:I6AA>8�H>9:W� This difference is clearly seen in
Fig. 7 where the temperature dependence of activa-
tion energy is shown for two PI samples on the dif-
;:G:CI�H>9:H�D;�"&-��-=:�H6BEA:�DC�I=:�V9>:A:8IG>8
H>9:W�=6H�C:<6I>K:�HADE:�L=>A:�I=:�DC:�DC�I=:�VB:�
I6AA>8�H>9:W�9:BDCHIG6I:H�I=:�EDH>I>K:�HADE:� The IMT
is caused by the increased metal concentration and
percolation transition. In these samples the phe-
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Fig. 6. Temperature dependences of resistance for
PI implanted by Co+ ions with fluence of 1.25�1017

cm-2 and for PET implanted by Fe+ ions with fluence
of 1.0�1017 cm-2. j = 4 �A�cm-2 for both cases.

Fig. 7. Temperature dependences of local activation
energy for PI implanted by Co+ ions with (1) fluence
of 7.5�1016 cm-2 at j = 4 �A�cm-2 and (2) fluence of
1.25�1017 cm-2 at j = 12 �A�cm-2.

Fig. 8. Dependence of magnetoresistance on
applied magnetic field for PET implanted by Fe+ ions
with fluence of 7.5�1016 cm-2 at j = 4 �A�cm-2. Insert
shows zoom into low field interval. Measurements
are performed at 4.2K.

nomena of weak electron localization and electron-
electron interaction [14,53,54] significantly contrib-
ute to the charge carrier transport and it can not be
described only through VRH. Following equation
was suggested in [55] for the semimetallic behavior
of conductance

� �T aT b T c
3 / 21 / 2

0
( ) ln sinh / , �   � �� � (5)

where 
0
 is the contribution of classical Drude

conductance, the second and third terms represent
the quantum correction due to the weak electron
localization and electron-electron interaction with a,
b and c to be the fitting parameters. For the case
when T << c one obtains the low-temperature
asymptote and Eq. (5) transforms to

T T b T1 / 2

0
( ) ln .� � � 	   (6)

The fitting prepared by this equation showed good
agreement with the experimental curves for the Co-
>BEA6CI:9�H6BEA:H�DC�I=:�VB:I6AA>8�H>9:W [23].

3.2. Magnetoresistance

Since iron and cobalt are ferromagnetic materials
in bulk, magnetic properties of the formed NPs can
affect the conductance of the samples in an external
magnetic field. For both the cobalt-implanted PI and
iron-implanted PET very similar magnetoresistive
dependences were found for the samples on the
V9>:A:8IG>8�H>9:W�D;�"&-. As typical example, one can
see the dependence of MR on the external magnetic
field for the PET implanted by Fe+ ions with F =
7.5�1016 cm-2 in Fig. 8 [25]. This dependence
corresponds to in-plane configuration. One can
clearly see general tendency of MR to decrease with
increasing field that can be explained by considering
interference processes for VRH electrons [53],
which is the dominating mechanism of conductance
;DG�I=:�H6BEA:H�DC�I=:�V9>:A:8IG>8�H>9:W��!DL:K:G�
closer look at the dependence in weak magnetic
field (see insert to Fig. 8) demonstrates presence
of minima at around 70-80 mT. For the Co-implanted
PET these minima were found at ca. 115 mT [26]. It
was suggested that they are related to the change
in magnetic structure of the metal/polymer
composites under the applied magnetic field. This
phenomenon will be discussed in section 3.3 in
relation to magnetic properties of the implanted
polymers.
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Fig. 9. Dependence of magnetoresistance on
applied magnetic field for PET implanted by Fe+ ions
with fluence of 1.0�1017 cm-2 at j = 4 �A�cm-2.
Measurements are performed at 4.2K.

Fig. 10. Dependence of magnetoresistance on
applied magnetic field for PI implanted by Co+ ions
with fluence of 1.25�1017 cm-2 at j = 12 �A�cm-2 for
perpendicular orientation of the field. Insert shows
the dependence for in-plane orientation of the field.
Measurements are performed at 4.2K.

-=:�9:E:C9:C8:H�;DG�H6BEA:H�DC�I=:�VB:I6AA>8
H>9:W�6G:�9>;;:G:CI�;DG�I=:�86H:H�D;�>GDC�6C9�8D76AI�
The one for the Fe-implanted PET is shown in Fig.
9 [25]. The dependence is monotonous and there is
a decrease of MR for a few percent with increasing
field. This behavior is similar to that observed for the
granular films prepared by evaporation [56]. However,
there is no evidence for a giant magnetoresistance
(GMR) which is quite typical for ferromagnetic
materials. It can be suggested that GMR is
suppressed by an anisotropic magnetoresistive
(AMR) effect due to inhomogeneous distribution of
magnetic particles in the implanted layer, severe

radiation damage and significant carbonization of
the surrounding polymer matrix.

The dependence obtained for the Co-implanted
PI is shown in Fig. 10 [26]. One can see that MR
decreases with increase of B reaching an extreme.
At high values of B, MR becomes positive but only
for perpendicular orientation of the field to the sample
plane. As can be seen in the insert, MR also goes
through minimum but it is still negative for in-plane
orientation of the magnetic field. Thus, it can be
concluded that there is a competition of the negative
and positive magnetoresistive effects. Damping of
the processes of weak electron localization by the
external magnetic field and AMR effect give main
contributions into negative MR component while
conventional Lorentz magnetoresistance is
responsible for the positive component. The
asymmetry of the dependence (in positive and
negative magnetic field) is most probably caused
by the inhomogeneous distribution of Co NPs in the
sample plain and related nonuniformity of the
magnetic structure of the composite film. This effect
of nonuniformity is much stronger in the Co-
implanted PI compared to the Fe-implanted PET.
One of the reasons can be related to the difference
in NP formation. As mentioned in section 2.4, cobalt
particles are much smaller and more disperse, their
magnetic interaction is much weaker (this will be
discussed in section 3.3) and, therefore, in high
magnetic fields one can observe anomalous increase
of MR. This suggestion is supported by the fact that
decrease of magnetoresistance is much stronger
in the iron case reaching ca. 4% for 5 T (see Fig. 9)
while in the case of cobalt it is only a fraction of
percent (see Fig. 10), i.e. the MR variation is very
small. It is worth noting that the obtained results on
magnetoresistive effect are in agreement with the
data published by Chen et al. on PI implanted by 80
keV Co+ ions with fluences of 1.25�1017 and
1.75�1017 cm-2 [57]. They suggested the spin-
dependent tunneling and suppression of an inelastic
spin-dependent scattering of conduction electrons
to be dominant mechanisms originating the
magnetoresistive effect.

3.3. Magnetic properties

For the case of iron and cobalt, the ensemble of
metal NPs formed in the implanted layer may behave
as a thin film of ferromagnetic continuum due to
magnetic dipolar coupling between the particles. The
magnetic properties of the implanted polymer films
were studied using FMR measurements [17,19,22].
The intensity of FMR signal changes with fluence
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and the spectra gains strong anisotropy as one can
see by the example of iron-implanted PI shown in
Fig. 11. The phenomenon qualitatively resembles
the anisotropic behaviour of FMR signal of continu-
ous thin magnetic films, where the value of reso-
nance field depends on the film orientation in the
magnetic field [58]. Measurements of angular de-
pendence of the effective anisotropy allow conclud-
ing that the metal-implanted polymers exhibit
uniaxial out-of-plane type of anisotropy; magnetiza-
tion of the composite layer is directed in plane with
the surface [7]. From hysteresis behaviour of FMR
spectra effective magnetization values M

eff
 were

found for the implanted samples [17,19,22]. They
are summarized in Fig. 12. One can see that at F >
5.0�1016 cm-2 there is a significant increase of M

eff

which indicates the percolation transition corre-
sponding to strong magnetic coupling of NPs. Ac-
cording to the calculations based on the measured
magnetic properties [22] the metal filling factor of
cobalt in PI is about 0.14 for F = 7.5�1016 cm-2 and
it rises up to ca. 0.24 for F = 1.0�1017 cm-2. These
values are in a good agreement with the filling fac-
tors obtained using RBS for both iron- and cobalt-
implanted polymers [18]. Hence, one can conclude
that the magnetic percolation transition occurs at
much lower level compared to that which is required
for physical percolation of NPs or percolation tran-
sition in conductance which is described in section
3.1. The decrease of M

eff
 for the cobalt-implanted PI

with the fluences above 1.0�1017 cm-2 was suggested
to be not due to the decrease of the filling factor but

Fig. 11. FMR spectra for PI implanted by Fe+ ions with fluences of (a) 2.5�1016, (b) 5.0�1016, (c) 7.5�1016,
(d) 1.0�1017, and (e) 1.25�1017 cm-2. j = 4 �A�cm-2 for all cases. Left panel corresponds to in-plane orienta-
tion of the field, right panel - to the perpendicular one.

Fig. 12. Magnetization as a function of implantation
fluence for Fe- and Co-implanted PI as well as for
Fe-implanted PET. j = 4 �A�cm-2 for all cases.

due to the evolution of the polymer structure, in par-
ticular the strong carbonization. The implanted Co
atoms can react with carbon yielding the formation
of non-magnetic Co

3
C and Co

2
C carbides [59,60].

One more possible reason could be Co inward diffu-
sion [15] and Ostwald ripening of Co NPs [61]. Com-
bination of these two processes would facilitate re-
duction of the mean particle sizes and increase in
the size dispersion, thus, dumping the magnetic
ordering and weakening the magnetic coupling.

The estimation of the magnetic percolation tran-
sition was found to be in good agreement with the
SQUID measurements. In Fig. 13 one can see ZFC
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and FC magnetization data as a function of tem-
perature for different fluences of Fe+ ions implanted
in PET. Narrow peak at T

b
� 30K (T

b
 is a blocking

temperature) of ZFC curve for F = 5.0R1016 cm-2 indi-
86I:H�I=6I�I=:�B6<C:I>8�BDB:CIH�D;�')H�6G:�V;GD�
O:CW�>C�G6C9DB�9>G:8I>DCH�6I�I:BE:G6IJG:H�7:ADL
T

b
, i.e. the composite exhibits ferromagnetic prop-

erties. Above T
b
, the system is in superparamagnetic

regime and the temperature dependence of magne-
tization is found to be close to Langevin law

� �S
M M coth 1/ ,� 	� 	  (7)

where M
s
 is the saturation magnetization and 	 =

�
p
B/k

B
T, where �

p
 is the mean magnetic moment of

a particle and k
B
 is the Boltzmann constant. We

used Fe bulk cubic anisotropy constant K � 5.5x104

J m-3 at low temperature to estimate an upper limit
for the iron particle sizes. Using the relation [26]

eff B b
K V k T25 ,�  (8)

where K
eff

  = K/4 in the case of randomly oriented
single-domain spherical particles with body-centered
cubic symmetry and V is ')XH�KDAJB:��I=:�A>B>I>C<
value of particle diameter was found to be ca. 12
nm. Further increase of fluence led to broadening of
ZFC peak and shift to higher T

b
� 130 K (7.5�1016

cm-2). It can be seen that FC curve became almost
flat at low temperatures (< 50K). These
dependences indicated an increase of the particles
sizes and stronger magnetic coupling. At higher
fluences, the temperature of magnetic irreversibility
T

s
 (when ZFC and FC curves split) approached room

Fig.13. Temperature dependence of ZFC (filled
symbols) and FC (open symbols) magnetizations
for PET implanted by Fe+ ions with various fluences
at j = 4 �A�cm-2. Measurements are performed for
applied field of 10 mT.

temperature (see Fig. 13) that is known to be typi-
cal for magnetic granular systems with wide par-
ticle size distribution and strong magnetic interac-
tion [62]. Thus, one can conclude about a transition
to ferromagnetic-like behavior due to further increase
of NPs in size and their agglomeration at iron
fluences �7.5�1016 cm-2.

Magnetization data as a function of temperature
for the cobalt-implanted PI are shown in Fig. 14.
For the lowest fluence of 5.0�1016 cm-2, T

b
� 9K and

FC curve can be pretty well approximated by Eq.
(7) indicating the formation of very small NPs with
negligible magnetic coupling. Increase of the fluence
leads to increase of magnetization, rise of T

b
 and

T
s
. For the highest fluence of 1.25�1017 cm-2 one

can observe the plateau on ZFC curve below 50K.
By analogy with the iron-implanted PET one can
conclude about the transition to ferromagnetic
ordering. However, contrary to the iron case, in the
cobalt-implanted PI the magnetic coupling of NPs
is much weaker and the samples are
superparamagnetic above the blocking temperature
even for the highest fluence.

Using SQUID measurements the coercive field
H

c
 was measured for all Co-implanted PI samples

at 4.5K, i.e. for the composites in the ferromagnetic
state. It was found that H

c
 increases with fluence

that is in good agreement with the above conclusion
about the transition to ferromagnetic ordering. It is
interesting to compare the obtained values of H

c
 with

the field (magnetic induction B
m
) values at which

local minima in the magnetoresistive dependences

Fig. 14. Temperature dependence of ZFC (filled
symbols) and FC (open symbols) magnetizations
for PI implanted by Co+ ions with various fluences
at j = 4 �A�cm-2. Measurements are performed for
applied field of 1 mT. Dashed line represents the fit
for the lowest fluence using Langevin function.
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were found for the sampl:H�DC�V9>:A:8IG>8�H>9:W�D;
IMT (see section 3.2). For instance, for the sample
implanted with F = 7.5�1016 cm-2 at j = 4 �A\cm-2

B
m

� 115 mT while H
c
 = 78 Oe that corresponds to B

= 7.8 mT. Similar large differences were observed
for other fluences. It is worth mentioning that the
same order of difference between H

c
 and B

m
 was

found for the iron-implanted PET. Thus, this is one
more fact supporting the above conclusion that
magnetic interaction of metal particles leading to
ferromagnetic ordering (magnetic percolation
transition) requires lower level of physical NP per-
colation compared to that governing the IMT.

The last interesting phenomenon found for the
cobalt-implanted PI is that the coercive field
decreases from 100 to 85 Oe with increase of ion
current density from 4 �A�cm-2 to 8 or 12 �A�cm-2

for the same F = 1.25�1017 cm-2. Since, the filling
factor of cobalt is the same for these samples, the
decrease of H

c
 must be related to the polymer

restructuring and rearrangement of the magnetic
phase. As mentioned in the part about FMR studies,
the PI samples implanted by high fluences of cobalt
showed decrease in effective magnetization. One
can suggest that the reason for both decreases
should be of the same nature, i.e. the evolution of
the polymer structure, in particular, strong
carbonization which can facilitate cobalt carbides
formation. Additional mechanism can be related to
cobalt diffusion and NPs ripening both leading to
the dumping of magnetic ordering and weakening of
magnetic coupling.

4. CONCLUSIONS

Low-energy implantation of metal ions with high
fluences (� 2.5�1016 cm-2) causes formation of NPs
in the shallow polymer layer. The statistically non-
uniform distribution of the metal atoms over the depth
leads to a size dispersion of NPs. High-fluence
implantation also originates the evolution of virgin
polymer structure and composition due to the
radiation damage. Thus, metals NPs are formed in
a strongly carbonized material. Carbonization
converts the insulating polymers into conductors.

For cobalt and iron fluence interval between
2.5�1016 and ca. 1.0�1017 cm-2 the dominating
mechanism of conductance is found to be VRH
similar to the cases of non-metal implantation.
Further increase of the fluence leads to the situation
where the implanted metal atoms and nucleated
particles start contributing to the conductance due
to the percolation. IMT is observed for fluence of
1.25�1017 cm-2 for which the metal filling factor

reaches about 0.25 in ca. 100 nm thick surface layer.
In these samples the phenomena of weak electron
localisation and electron-electron interaction
significantly contribute to the charge carrier
transport, thus, changing the equations describing
the conductivity.

Since cobalt and iron are ferromagnetic materials
in bulk, magnetic properties of the nucleated NPs
affect the conductance in an external magnetic field
leading to appearance of magnetoresistance. This
effect is found to be stronger in Fe-implanted
polymers compared to those with Co NPs. However,
there is good qualitative agreement in the fluence
dependence of magnetotransport for both types of
metal inclusions. There is also very good correlation
with the conventional conductance, i.e. with the IMT
transition.

The ensembles of cobalt and iron NPs formed in
PI and PET by high-fluence implantation are found
to resemble to certain extent properties of thin
ferromagnetic granular films. Magnetization of the
metal/polymer nanocomposites rises significantly
for fluences above 7.5�1017 cm-2 indicating the
magnetic percolation transition. This fluence is lower
compared to that which is required for the percolation
transition in conductance, thus, indicating magnetic
coupling of NPs. SQUID measurements shows that
the magnetic coupling in the case of highest
implantation fluence of iron (1.25�1017 cm-2) leads
to ferromagnetic ordering which can withstand room
temperature. While for the same fluence of cobalt
the samples are found in ferromagnetic state up to
blocking temperature of ca. 130K; at higher
temperature the composites experience transition
to superparamagnetic state.
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