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A B S T R A C T

Two samples of the ferromagnetic alloy – ferroelectric ceramics nanocomposite (FeCoZr)x(PbZrTiO3)(100−x) of
similar metallic phase contents have been produced using ion-beam sputtering in the atmosphere of argon and
oxygen. The samples have been produced in order to examine the influence of sputtering atmosphere
parameters on electrical properties of the tested materials.

In a nanocomposite of a reduced oxygen content, a conductivity increase by about three orders occurs along
with the increasing frequency, which is associated with the occurrence of hopping recharging. Over the whole
area of low measuring frequencies, negative values of the phase shift and a capacitive type of conductivity occur.
For the frequency of about 106 Hz, the phase shift reaches zero, which corresponds to the voltage resonance
phenomenon. For higher frequencies, positive phase shift values and inductive conductivity occur. For a sample
of a higher oxygen content, phenomena of voltage resonance (low frequency values) and current resonance
(high frequency values) can be observed. When the oxygen content increases, frequency dependences of the
phase difference get shifted into the low frequency area. This is associated with the surface oxidation or a
complete oxidation of the metallic-phase nanograins, which increases the potential barrier as well as with an
increase of the relaxation time activation energy. For the sample of a higher oxygen content, an increase of the
conductivity activation energy has been observed in the low temperature area.

1. Introduction

Currently used methods for producing nanomaterials and various
multilayer coatings [1–3] meet keen interest of researchers all over the
world [4–11]. Such an attention follows from a great variety of
nanomaterials that can be manufactured using that type of techniques.
These materials are very appealing mainly owing to their unique
mechanical [12,13], electrical [14–16], magnetic [17–22] and optical
[23–26] properties, which makes them advantageously applicable in
the areas of medicine, technology and industry. Enhancement of the
manufacturing methods as well as providing higher quality of the
produced nanostructures and multi-layer films make the most topical
issues at the present time [27,28]. Basic methods for producing
nanostructured materials can be analyzed into two types: the “top
down” ones that apply breaking up of solid materials to obtain nano-
dimensions (lithography, ball grinding, etc.) [29,30] and the “bottom
up” one that consist in the “atom by atom” formation of nanostruc-

tures.
Among the “bottom up” techniques such ones as: ion [31,32] and

magnetron sputtering [33,34], ion implantation [35,36], plasma tech-
niques [37,38] and chemical methods [39] should be distinguished for
their advantageous application to the development of nano-sized
materials. These methods consist in transiting the material from its
solid state (referred to as a target) into the gaseous phase followed by
its deposition onto the substrate. The ion implantation method that
applies high ion doses deserves a particular attention. In this case,
when the solubility threshold for the impurity atoms in the matrix
material gets exceeded, the ions driven into the solid body begin to
form the second-phase clusters that can be nano-sized [40]. The
“bottom-up” methods can be used to produce nanomaterials of both
crystalline and amorphous structures and varied chemical composition.
It should be noted that the ion sputtering technique applied to produce
nano-sized materials essentially affects their physical-chemical proper-
ties. It is very important to adequately select the precursors, the
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reaction medium and the synthesis parameters such as temperature,
pressure or pH.

The objective of the presented paper have been to compare
electrical properties of the nanocomposite (FeCoZr)x(PbZrTiO3)(100−x),
produced by ion sputtering with a combined beam of argon and oxygen
ions of varied ratio of the oxygen ion content to the content of argon
ions.

2. Experimental

In order to investigate the impact of the sputtering atmosphere
parameters on electrical properties of metal-dielectric nano-films, two
sample sets of the (FeCoZr)x(PbZrTiO3)(100−x) nanocomposite of
similar metallic phase contents have been produced. Those nanostruc-
tures have been prepared using ion-beam sputtering applied to a target
composed of a plate of the metallic alloy (Fe0.45Co0.45Zr0.10) and strips
of the dielectric – ferroelectric ceramics PbZrTiO3 attached to the plate.
The sputtering has been performed in the atmosphere of Ar and O2

with the application of different partial pressures to those two sample
sets. Partial pressures applied to the first testing series (sample x1) have
been of P(Ar)1=6.6×10

−2 Pa and P(O2)1=2×10
−3 Pa (material of a

lower oxygen content in the sputtering beam), while for the other
testing series (sample x2) partial pressures of P(Ar)2=7.4×10

−2 Pa and
P(O2)2=3×10

−3 Pa (material of a higher oxygen content in the sputter-
ing beam) have been used. The films have been deposited on water-
cooled glass-ceramic substrates. Technological details of the film
preparation process can be found in [41,42]. Preliminary testing and
a comparative analysis of nanocomposites characterized by a similar
phase composition, such as (FeCoZr)x(CaF2)(100−x), and
(FeCoZr)x(Al2O3)(100−x) [31,43], have shown that it is impossible to
deposit a stable nano-film of the ferromagnetic alloy – ferroelectric
ceramics (FeCoZr)x(PbZrTiO3)(100-x) in the atmosphere of pure argon.
It has been found that in the case of the tested films the only way to
stabilize their nanogranular structure is to add oxygen to the synthesis
atmosphere. Energy Dispersive X-ray analysis (EDX) has been applied
to determine elemental composition of the nanocomposite
(FeCoZr)x(PbZrTiO3)(100−x). The analysis of light elements (O2) has
been performed using the Rutherford backscattering spectroscopy
(RBS) technique. Interdependence of the metallic (x1 and x2) and
dielectric ((1−x1) and (1−x2)) phases has been experimentally deter-
mined as a ratio of total concentrations of component metals of the
tested ferroelectric alloy (Fe, Co, Zr) to the components of the dielectric
matrix (Pb, Zr, Ti, O). Detailed discussion of investigations into the
structure and chemical composition of the (FeCoZr)x(PZT)(100−x)
nanocomposites can be found in [44].

Measurements of electrical parameters (capacitance Cp, conductiv-
ity σ, the phase difference θ) have been performed in an equivalent
parallel system using alternating current of the frequency range 50 Hz
– 5×106 Hz. The measuring temperature effect on electrical parameters
of the nano films has been tested for the temperature range from 15 K
to 375 K. The experimental setup that has been applied to measure AC
electrical properties of nanocomposites is presented in [45,46]. The
measurements have been realized for samples sized: 10 mm in length,
3 mm in width and 1 µm in thickness. Silver contacts (2×3 mm2) have
been applied at both ends of the samples.

3. Analysis of measurement results

Comparative testing of nanocomposites (FeCoZr)x-
(PbZrTiO3)(100−x) has been performed using two samples of similar
metallic phase contents: x1=51.7 at% in the first series of a lower
oxygen content in the sputtering ion-beam and x2=52.0 at% in the
second series of a higher oxygen content. In both cases, the materials
are below the percolation threshold and exhibit conductivity of the
dielectric type i.e. conductivity of the films increases along with the
growing temperature.

Figs. 1 and 2 show phase difference θ vs. frequency characteristics
obtained for samples of the nanocomposite (FeCoZr)x(PbZrTiO3)(100-x)
of the metallic phase content x1=51.7 at% (lower oxygen content) and
x2=52.0 at% (higher oxygen content) and four selected measuring
temperatures: 173 K, 203 K, 223 K and 253 K. Similar measuring
temperatures have been applied in the cases shown in Figs. 4–7. As
can be seen in Fig. 1, in the range of measuring frequencies up to
106 Hz the phase difference assumes negative values. Temperature
dependence of the angle θ also occurs. It means that within the
mentioned frequency area the nanocomposite conductivity can be
defined as capacitive, which is characteristic for nanocomposites of
different contents of the metallic phase FeCoZr produced in the argon
atmosphere of a low oxygen content P(O2)1=2×10

−3 Pa [47]. For the
frequencies exceeding 106 Hz positive phase difference values occur,
which corresponds to the inductive type of conductivity.

As can be seen in Fig. 2, it is characteristic for the material
produced with a beam of a higher oxygen content that in the frequency
area of 50–500 Hz a dependence of capacitive conductivity on the
measuring temperature occurs. On the other hand, in the area of higher

Fig. 1. Phase difference θ vs. frequency for the (FeCoZr)51.7(PbZrTiO3)48.3 nanocompo-
site sample of a lower oxygen content.

Fig. 2. Phase difference θ vs. frequency for the (FeCoZr)52(PbZrTiO3)48 nanocomposite
sample of a higher oxygen content.
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frequencies positive phase shift values can be observed, which indicates
the inductive component of electrical conduction. Conductivity of the
inductive type is realized by a hopping exchange of electric between
nanoparticles of the metallic phase FeCoZr (potential wells) randomly
distributed in the matrix of ferroelectric ceramics PbZrTiO3. A model of
that conduction mechanism is discussed in [48,49]. According to that
model, an electron hop from the first FeCoZr nanoparticle to the other
one is realized within the time span of the 10–13 s order. A return hop
of that electron back to the original nanoparticle occurs after a lapse of
the time τ (dipole lifetime), which takes much longer that is from 10−3

to 10−7 s, depending on the metallic phase content and the tempera-
ture. When AC voltage of the frequency of f > 1/τ is applied, phase lag
of the return hop can exceed 3/2π, which results in the occurrence of
positive phase shift values. In case of the nanocomposite
(FeCoZr)51.7(PbZrTiO3)48.3 (lower oxygen content in the sputtering
beam) the zero-crossing of the phase difference is practically indepen-
dent of the measuring temperature (Fig. 1). In contrast, Fig. 2 shows
temperature dependence of that point obtained for the sample x2 that is
characterized by a high oxygen content in the sputtering beam. That
zero crossing corresponds to the resonance frequency fR and the
relaxation time τ~1/fR. The relaxation time is an exponential function
of the activation energy [50,51]:

⎛
⎝⎜

⎞
⎠⎟τ T τ E

kT
( ) = ⋅exp Δ

R
τ

0
(1)

Activation energy of the relaxation time has been determined using
Arrhenius plots.Fig. 3 presents Arrhenius plots for the relaxation time
values determined based on Figs. 1 and 2 for the points, where the
phase shift crosses zero. For samples of low oxygen content, the
relaxation time value is practically independent of the measuring
temperature. This is easy to explain, considering that the electron
tunneling takes place between nanoparticles of the metallic phase. The
tunneling is realized from the first level below the Fermi level to the
first level above the Fermi level. As can be seen in Fig. 3, distances
between energy levels in the nanoparticles range below 1 meV depend-
ing on the number of atoms in them. Hence the negligibly low
activation energy of the relaxation time.

In the nanocomposite (FeCoZr)x(PbZrTiO3)(100−x) of a higher
oxygen content, in the area of low temperatures, the relaxation time
activation energy is 46 meV (Fig. 3), and in the temperature area of
above 225 K the relaxation time activation energy increases up to
352 meV. In our opinion, those high activation energy values in the

nanocomposite of a higher oxygen content in the synthesis atmosphere
are related to the fact that a part of the nanograins gets oxidized on
their surface, which results in the formation of a potential barrier that
impedes the electron tunneling and in the activation energy increase in
the low temperature area up to the value of ΔE2=46 meV. Probably, a
considerable part of the metallic-phase nanoparticles gets completely
oxidized. In their case the electron tunneling is realized between energy
levels on the surface of those metal-oxide nanoparticles, which further
increases the relaxation time activation energy in the area of higher
temperatures up to the value of ΔE1=352 meV, which can be seen in
Fig. 3.

Figs. 4 and 5 show selected frequency dependences of capacity for
nanocomposite samples produced with the application of lower and
higher oxygen contents in the synthesis atmosphere. As can be seen in
Fig. 4, for the frequency range of 50–104 Hz, capacity of the sample x1
of a lower oxygen content is almost independent of the frequency and
assumes the value of approx. 2×10−9 F. At frequency values exceeding
104 Hz, a decrease of the capacity can be observed. At the frequency of
106 Hz a distinct minimum can be seen. It is related to the occurrence
of the voltage resonance phenomenon, which is additionally shown by
the zero crossing by the phase difference (Fig. 1).

In Fig. 5, for a sample x2 of a higher oxygen content, sharp minima
can be seen in the Cp(f) characteristics in the low frequency area. A
comparative analysis of the capacity (Fig. 5) and the phase shift (Fig. 2)
characteristics shows that the minimum on the capacity dependence
exactly coincides with the frequency fR for which θ=0°, which is
characteristic for the voltage resonance occurrence in conventional
serial RLC circuits. In the frequency area above the sharp minimum, a
smooth capacity decrease by an order of magnitude can be observed
(Fig. 5).

The occurrence of capacity minima at the resonance frequency
(Figs. 4 and 5) is related to the measurement procedure using an
impedance meter. In the tested material, a simultaneous occurrence of
the inductive and a capacitive components of opposite phases (−90°
and +90°) can be observed. At the frequency fR, their voltage drop
values are equal. As the capacitive and inductive components cannot be
measured simultaneously, the capacity values have been calculated
based on the reactive component measurements of voltage of the
reactive component can be calculated using the below formula [52]:

⎛
⎝⎜

⎞
⎠⎟U i ωL

ωC
= − 1

S
S

0
(2)

Fig. 3. Arrhenius plots of relaxation times for the (FeCoZr)x(PbZrTiO3)(100-x) nano-
composite samples of lower and higher oxygen contents.

Fig. 4. Capacity Cp vs. frequency for the (FeCoZr)51.7(PbZrTiO3)48.3 nanocomposite
sample of a lower oxygen content.
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where: i0 – exciting current amplitude; CS – capacity; LS – circuit
inductance; ω – pulsatance

which in the voltage resonance case can be written as follows:

⎛
⎝⎜

⎞
⎠⎟U i ω L

ω C
= − 1 = 0R R S

R S (3)

where ωR=2πfR.
It follows from the Formula (3) that at the resonance frequency the

measured capacitance assumes a very low value (theoretically – zero,
practically – about 5×10–14 F).

Figs. 6 and 7 show frequency dependences of the nanocomposite
conductivity for selected testing temperatures. Fig. 6 shows that in the
case of the sample x1 (lower oxygen content) the conductivity vs.
frequency dependence is very strong (of approximately three orders of
magnitude) and grows along with the increasing measuring frequency.
It clearly indicates the hopping mechanism (tunneling) of the charge
exchange between metallic phase [48,49,53]. As can be seen in Fig. 7,
the conductivity vs. frequency dependence is much weaker in the case
of the sample x2 (higher oxygen content). Within the frequency range of

103–105 Hz, distinct minima can be seen in the σ(f) characteristics.
Frequency values at which the θ(f)=90° occurs (Fig. 2) coincide with
the minima in the σ(f) characteristics (Fig. 7), which indicates that in
the nanocomposite of a higher oxygen content current resonance,
occurs in circuits with conventional RLC elements connected in
parallel. Analyses have shown that in order to determine electrical
phenomena that occur in the nanocomposite (FeCoZr)52(PbZrTiO3)48,
produced by sputtering with a beam of argon and oxygen, a combined
series-parallel circuit connection system of conventional RLC elements
should be used. An equivalent circuit for such a nanocomposite is
shown in Fig. 8. The series connections of the system are responsible
for the voltage resonance occurrence, while the parallel circuits– for the
current resonance phenomena.

4. Summary

The ion-beam sputtering technique using varied parameters of the
synthesis atmosphere has been applied to produce samples of the
nanocomposite (FeCoZr)x(PbZrTiO3)(100−x) of similar metallic phase
contents of x1=51.7 at% and x2=52 at%. In order to determine the
impact of the sputtering atmosphere parameters on electrical proper-
ties of the (FeCoZr)x(PbZrTiO3)(100-x) nanocomposite, a comparative
analysis of the frequency and temperature dependences of the phase
difference, capacity and conductivity of the tested materials has been
performed.

In the case of a nanocomposite produced with a beam of a lower
oxygen content (sample x1), its conductivity has increased by ca 3
orders along with the increasing frequency, which indicates the
occurrence of the hopping charge exchange in the material. An electron
hop from one neutral nanoparticle to another brings about a hopping
conductivity and the formation of electric dipoles, which results in an
increase of the nanocomposite permittivity in the low frequency area.
Negative phase shift values in the frequency area up to 106 Hz indicate
conductivity of the capacitive type. At the frequency of about 106 Hz
the phase shift reaches the zero value, which is characteristic for the

Fig. 5. Capacity Cp vs. frequency for the (FeCoZr)52(PbZrTiO3)48 nanocomposite sample
of a higher oxygen content.

Fig. 6. Conductivity σ vs. frequency for the (FeCoZr)51.7(PbZrTiO3)48.3 nanocomposite
sample of a lower oxygen content.

Fig. 7. Conductivity σ vs. frequency for the (FeCoZr)52(PbZrTiO3)48 nanocomposite
sample of a higher oxygen content.

Fig. 8. Equivalent circuit for the (FeCoZr)52(PbZrTiO3)48 nanocomposite sample.
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occurrence of the voltage resonance phenomenon in the material.
Further frequency increase causes the phase shift transition into the
area of positive values, which shows the occurrence of the inductive
conductivity component in the material.

In a sample produced in the atmosphere of a higher oxygen content
(sample x2), the phenomena of voltage (low frequency area) and
current (high frequency area) resonance occur. The current resonance
phenomenon is represented by a sharp minimum in the conductivity
vs. frequency characteristic and the phase shift value of θ=+90°
Additionally, an increased oxygen content in the sputtering beam
brings about a shift of the phase difference vs. frequency characteristic
of into the low frequency area. It is related to the oxidation processes
on the surface of the metallic nanograins or their complete oxidation.
In effect, an increase of the potential barrier occurs followed by an
increase of the relaxation time activation energy, which leads to the
shift of the phase difference vs. frequency characteristics into the low
frequency area as compared to the sample of a lower oxygen content.
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