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The study of carrier transport in granular nanocomposite films consisting of ferromagnetic Fe45Co45Zr10 alloy nanoparticles
embedded in a low-conductive Pb81Sr4(Na5Bi5)15(Zr57.5Ti42.5)O3 matrix has been performed. Real part of the impedance of the
nanocomposites was studied as a function of composition, temperature and frequency, for the samples with 25≤ x≤ 80 at.%,
deposited by ion-beam sputtering in Ar + O2 gas mixture at the oxygen pressures of PO2 = 2.4 ·10−3 and 3.7 ·10−3 Pa. It has
been proved that approaching the threshold concentration, xC in the FeCoZr alloy resulted in the transition from high-ohmic to
low-ohmic state with the x increase, without the change of hopping mechanism of carrier transport.
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1. Introduction
Nowadays, the synthesis and investigation of the

granular nanocomposites containing a mixture of
conductive and nonconductive phases are of a great
interest for the material engineers. Particular atten-
tion is paid to the composites in which granules of
soft ferromagnetic high-conductive metallic alloys
with sizes of about few nanometers are randomly
distributed in low-conductive matrixes. The great
interest in such materials is caused by wide opportu-
nities of their application (e.g. in high ohmic resis-
tors, protection from high-frequency irradiation and
for other purposes) [1]. The nanocomposites pos-
sess also such properties as giant magnetoresistivity,
anomalous Hall effect, high magnetorefractive ef-
fect, etc., that made them prospective also for saving
and recording the information in magnetic heads, for
magneto-sensitive and other electronic devices [2].

It should be mentioned that the metal-dielectric
and metal-piezoelectric nanocomposites are the in-
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teresting model systems to study such important and
fundamental effects as percolation, hopping conduc-
tance, weak localization, etc.

In accordance with the percolation theory [3],
the extreme values of physical parameters (includ-
ing electrical properties) in such nanocomposites
are observed near the threshold concentration xC

of metallic elements, when a current-conductive
net of such nanoparticles starts to form (for bi-
nary nanocomposites xC is called the “percolation
threshold”) resulting in the insulator-metal transi-
tion (IMT). The xC value is strongly dependent on
the amount of high-conductive and low-conductive
phases, their volume ratio and also on the concen-
tration of chemically active impurities incorporated
into the matrix and/or metallic filler during syn-
thesis. This makes the elucidation of the correla-
tions between the deposition conditions, volume
ratio x, phase composition of nanoparticles, type of
insulating matrix and electric properties of nano-
composite films as a whole very important. In our
earlier studies [4–9] we showed that the deposition
conditions are one of the key factors influencing
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the phase and magnetic state of the nanogranular
films of (Fe45Co45Zr10)x(Al2O3)(100−x). In particu-
lar, addition of oxygen into the vacuum chamber
resulted in the formation of metallic nanoparticles
with “metallic core/CoFe-based oxide shell” struc-
ture and radical modification of electric and mag-
netic properties of the nanocomposites studied as
a whole. This formation of “core/shell” structure
shifted the xC value up to 55 at.% as compared to
44–47 at.% in the films deposited in pure Ar gas
atmosphere, although the IMT was preserved.

In connection with this, the main goal of
this paper was to investigate the changes in the
carrier transport mechanisms in granular nano-
composites, consisting of the Fe45Co45Zr10 alloy
nanoparticles embedded into low-conductive fer-
roelectric (Pb81Sr4Na7.5Bi7.5)(Zr57.5Ti42.5)O3 ma-
trix, caused by the influence of partial pressure of
oxygen in the deposition atmosphere in relation
to (Fe45Co45Zr10)x(Al2O3)(100−x) nanocomposite
films, with the use of the impedance spectroscopy
method [10].

2. Experimental
Granular nanocomposites (Fe45Co45Zr10)x

[(Pb81Sr4Na7.5Bi7.5)(Zr57.5Ti42.5)O3](100−x) were
prepared in a set-up described in [11], shown in
Fig. 1. We used ion-beam sputtering of compound
target 5 in vacuum chamber 1 filled with pure
argon + oxygen mixture under the oxygen partial
pressures of PO2 = 2.4 · 10−3 Pa (set 1 of samples)
and 3.7 ·10−3 Pa (set 2) during the deposition. The
compound target 3 consisted of cast Fe45Co45Zr10
alloy plate covered with a system of narrow stripes of
doped PZT. Irregular distribution of the stripes on the
alloy plate resulted in the formation of the film with
continuously changing metallic phase concentrations
in the range of 30 ≤ x ≤ 80 at.% in a single
technological cycle The samples under consideration
were the films of 1 - 2 µm thicknesses deposited on
ceramic substrates and then cut normally to its length
to form the rectangular samples of 2 mm width and
10 mm length with different x values.

The chemical composition of the examined sam-
ples was previously verified with energy-dispersive
microanalysis (EDX) and Rutherford backscattering

Fig. 1. Multifunctional vacuum device for ion-beam
sputtering deposition: 1 – vacuum chamber; 2 –
rotating substrate carrier; 3 – compound targets;
4 – sources of sputtering Ar or Ar+O2 ion-beam;
5 – source of ion etching; 6 – compensators;
7 – substrates; 8 – argon or argon + oxygen ion-
beams; 9 – beams of ejected atoms.

method (RBS) in detail using Mössbauer, Raman
and EXAFS spectroscopy as reported in [12–15].

The dependences of the impedance on the total
FeCoZr concentration x, temperature and frequency
were measured in the samples covered with ohmic
contacts prepared by ultrasonic soldering of indium.
The impedance of the samples was measured by
means of a 2-probe method in the temperature range
of 100 - 340 K. The measurement setup included a
precise ac bridge HP-4284A and a computer with
frequency and temperature control system. It al-
lowed us to conduct the measurements of current
amplitude and phase in the frequency range of 102–
106 Hz which were then used for the calculation of
the real and imaginary parts of impedance in the
examined samples.

The films thicknesses were measured with accu-
racy within 3–4 % on the samples chips by means of
the SEM LEO 1455VP. On the whole, the relative er-
ror of impedance measurements did not exceed 5 %.
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(a)

(b)

Fig. 2. Dependences of the real part of the nanocompo-
sites impedance for the set 1 (a) and set 2 (b) of
the samples for the frequencies f = 1.5 kHz (1),
10 kHz (2), 100 kHz (3), 500 kHz (4), 1000 kHz
(5) at the temperature of T = 300 K.

3. Results and discussion

As was shown in our previous papers [4–10],
the composition/frequency/temperature dependence
ρ(x, f ,T ) of the real part of impedance in the film
nanocomposites (Fe45Co45Zr10)x(Al2O3)(100−x), de-
posited in the mixture of Ar+O2, showed IMT as the
metallic fraction content x increased. This was mani-
fested in the change of dρ(T )/dT sign from negative
to positive when crossing x close to the value xC ≈
55 at.%. As follows from the experiments presented
in this paper, the concentration ρ(x) and temper-
ature/frequency ρ(T, f ) dependence in the exami-
ned (Fe45Co45Zr10)x(PZT)(100−x) films, presented
in Figs. 2–5, show principally different behavior in
comparison to (Fe45Co45Zr10)x(Al2O3)(100−x) nano-
composites.

(a)

(b)

Fig. 3. Frequency dependences of the real part of
impedance for the set 1 samples below (a) and
above (b) the threshold concentration xC1 at the
temperatures T = 140 K (1), 170 K (2), 230 K
(3), 273 K (4), 300 K (5).

The observed dependences of the real part of
impedance ρ on x, measured at room temperature,
are presented in Fig. 2. They show three main fea-
tures. Firstly, the ρ(x) curves lie higher on ρ-scale
(at least, for low frequencies) by 1–2 orders of mag-
nitude for the set 2 as compared to the set 1 samples.
This evidences more advanced oxidation of nanopar-
ticles in the set 2 samples, which was also confirmed
by Mössbauer, EXAFS and Raman spectroscopies
in [12–15] for the same samples.

Secondly, ρ(x) dependences display a dramatic
change in the progress in approaching a certain
threshold concentration xC, which depends on PO2

values and is equal xC1 ≈ 46 at.% and xC2 ≈ 41 at.%
for the set 1 and set 2 films, respectively. As can be
seen, ρ(x) behavior changes from fast monotonous
decrease (by 5–6 orders of magnitude) with x in-
crease at x < xC to weakly variable ρ(x) above the
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(a)

(b)

Fig. 4. Frequency dependences of the real part
of the nanocomposites impedance for the
(Fe45Co45Zr10)x(PZT)(100−x) for the set 2 sam-
ples below (a) and above (b) the threshold con-
centration xC2 at the temperatures T = 140 K (1),
170 K (2), 230 K (3), 273 K (4), 300 K (5).

xC value with the sharp bend at x≈ xC. Taking into
account the advanced oxidation of nanoparticles re-
vealed in [12–15] and also the behavior of ρ( f ,T )
curves shown below in Figs. 3–6 as well as temper-
ature dependences of dc resistance observed in [13],
we can attribute the xC value to the concentration
related to the direct electrical contact of oxidized
nanoparticles. Note that the observed values of xC

are very close to the percolation threshold position
(∼ 50 at.%), predicted for 3-dimensional percolat-
ing systems by the percolation theory [3].

Thirdly, for both sets of the samples the ρ(x)
curves are characterized by the maximum ρmax at
low x values. As can be seen from the comparison
of Figs. 2a and 2b, the position of ρmax depends
both on the values of oxygen partial pressure PO2

and on the measurement frequency. In particular, the

(a)

(b)

(c)

Fig. 5. Temperature dependences of the real part of the
nanocomposites impedance for the set 1 samples
with x = 26 at.% (a), 39 at.% (b) and 66 at.%
(c) at frequencies f = 1,5 kHz (1), 10 kHz (2),
100 kHz (3), 500 kHz (4), 1000 kHz (5).

ρmax value is shifted to higher metal-to-dielectric
ratios x as the frequency increases. Note also that
in the set 1 samples, deposited at lower PO2 values,
this maximum in ρ(x) becomes apparent only at
frequencies higher than 10 kHz (see, Fig. 2a).
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(a)

(b)

(c)

Fig. 6. Temperature dependences of the real part of the
nanocomposites impedance for the set 2 samples
with x = 37 at.% (a), 42 at.% (b) and 66 at.%
(c) at frequencies f = 1,5 kHz (1), 10 kHz (2),
100 kHz (3), 500 kHz (4), 1000 kHz (5).

The presence of the maximum in the ρ(x)
dependence at low values of x should be con-
sidered in terms of some peculiarities in phase
composition of oxidized films presented in [12–
15]. In particular, the films in set 1, deposited

at lower PO2 , at x < 50 at.% contain mainly su-
perparamagnetic nanoparticles of complex oxides
Fe3+(Co,Zr)O and Fe2+(Co,Zr)O attributed to the
superposition of maghemite γ-Fe2O3 or magnetite
Fe3O4 and wüstite-based (FexCo1−x)1−δ O oxide. At
x > 50 at.% large ferromagnetic nanoparticles of α-
FeCo(Zr,O) or their ferromagnetically-interacting
agglomerations were detected [12, 14, 15]. Such
ferromagnetic nanoparticles should obviously cre-
ate a current-conductive net of oxidized nanopar-
ticles contacting electrically [12, 14, 15]. At the
same time, the films of set 2, deposited at higher
PO2 , contained only Fe3+(Co,Zr)O superparamag-
netic nanoparticles in the whole composition range.
Mössbauer spectroscopy and EXAFS [15] revealed
one common feature of the granular FeCoZr-based
films deposited in oxygen-containing atmosphere –
the progressive oxidation of metallic nanoparticles
with x increase.

Considering the phase compositions of the films
sintered at lower and higher PO2 described above,
one can assume that the maxima in ρ(x) curves in
Fig. 2 at low x values can be caused by the compe-
tition between the progressive oxidation of metal-
lic nanoparticles with x increase (resulting in ρ(x)
growth) and a tendency to the formation of less resis-
tive (percolating) net from the oxidized nanoparticles
(resulting in ρ(x) drop due to significant decrease of
dielectric matrix volume in the films) at x→ xC.

Summarizing the main features of ρ( f ) depen-
dences in Figs. 3 and 4, we can see that they are
principally different below and above the threshold
concentration xC, observed on ρ(x) dependences.
As can be seen from the comparison of the curves
in Fig. 3 for the samples of set 1 with x� xC1, the
corresponding ρ( f ) dependences are linearized in
a double logarithmic scale in the high-frequency
range. Such behavior looks very similar to the
power-like Mott law [16]:

ρ( f )∼ f α , (1)

where α is the so-called frequency factor in the
dc/ac hopping model [17]. Such behavior of ρ( f )
confirms the presence of hopping mechanism in the
carrier transport in the examined samples. Note that
the frequency region, where law (1) was fulfilled,
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expands with the decreasing temperature for this set
of samples. For the samples of set 1 with x≥ 39 at.%
this law is satisfied only at the lowest temperatures
and at f > 100 kHz (curve 1 in Fig. 2b). Such be-
havior confirms our assumption mentioned above
that for the samples deposited at PO2 = 2.4 ·10−3 Pa
(set 1), xC1 can be considered as a concentration at
which physical contact of the oxide shells of metal-
lic nanoparticles occurs.

As follows from Fig. 4a, in the samples of set 2,
deposited at higher PO2 = 3.7 ·10−3 Pa, an increase
of impedance as a whole and expanding the fre-
quency range of hopping conductance are observed.
These samples also display radical change of the
character of ρ( f ) dependence when crossing the
critical concentration xC2.

The behavior of temperature dependences of the
real part of impedance ρ(T ) also changes after ap-
proaching the abovementioned threshold concen-
trations x = xC for both sets of the films studied.
As can be seen in Fig. 5, for the films deposited at
PO2 = 2.4 · 10−3 Pa, the sign of dρ(T )/dT for the
samples with x ≥ 39 at.% is always negative (see
Figs. 4b and 4c) whereas at x� 39 at.% the sign
of dρ(T )/dT is strongly dependent on frequency
(see Figs. 4a). In particular, in the last case the
negative values of dρ(T )/dT were observed only
at T > 200 K and at relatively low frequencies
f < 50 kHz (see curves 1 and 2 in Fig. 4a). Such
behavior of the set 1 films confirms the presence
of a certain critical concentration xC1, at which the
transition from high-resistive to low-resistive state is
observed. Similar changes in the character of ρ(T )
curves with x increase in Fig. 6 for the set 2 sam-
ples, deposited at PO2 = 3.7 ·10−3 Pa, confirm the
presence of the threshold concentrations xC2.

The conducted analysis of ρ(x,T, f ) depen-
dences in a wide range of temperatures and frequen-
cies indicates that non-metallic (hopping) conduc-
tance in the samples (Fe45Co45Zr10)x(PZT)(100−x)
film samples is preserved in the whole range of the
examined x values independently of partial pres-
sures of oxygen in vacuum chamber during sputter-
ing. This supports the evidence that for the studied
composites with FeCoZr-based nanoparticles, hav-
ing either “core/shell” or fully oxidized structure,
the IMT is not observed even at the highest x values.

At the same time, we can ascertain that in accor-
dance with [12, 14, 15], the nanoparticles contain
more or less complex FeCo-based oxides (either in
“shells” or even in “cores” of nanoparticles), which
are semiconducting by their nature. Therefore, un-
like the (Fe45Co45Zr10)x(Al2O3)(100−x) film nano-
composites where the IMT is observed at the per-
colation threshold, in (Fe45Co45Zr10)x(PZT)(100−x)
film nanocomposites, the approaching a certain crit-
ical concentration xC is accompanied by the forma-
tion of a semiconducting (non-metallic!) net from
electrically contacting FeCo-based oxides embed-
ded into PZT matrix.

4. Conclusions

The dependences of real part of impedance ρ

on frequency and temperature were measured in
(Fe45Co45Zr10)x(PZT)100−x nanocomposite films in
a wide range of compositions 25 ≤ x ≤ 80 at.%.
The films were deposited by ion-beam sputtering
in Ar+O2 gas mixture at different oxygen pressures.
It has been shown that ρ(x) dependences approach
a maximum ρmax between 20 and 35 at.% and that
the position of this maximum is shifted to higher
x values with frequency increase. At the approach-
ing of a certain threshold concentration xC ∼ 41 -
46 at.%, ρ(x) displays a dramatic drop (by 5–6 or-
ders of magnitude) with x increase. The observed
ρ(x) dependences can be explained by the compe-
tition between the progressive oxidation of metal-
lic nanoparticles with x increase (resulting in ρ(x)
growth) and a tendency to the formation of less
resistive (percolating) net from oxidized nanopar-
ticles (resulting in ρ(x) drop due to the significant
decrease of dielectric matrix volume in the films) at
x→ xC.
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