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Abstract The paper established that, the hopping mech-

anism of the charge exchange for the (FeCoZr)64.4(PZT)35.6

nanocomposite and the additional polarization of tested

sample occurs. As frequency increases two frequency areas

where capacitance decreases can be observed. Correlation

between the conductivity increase and the capacitance

decrease has been observed for the both stages of their

variability. Voltage resonance phenomenon for the studied

material was observed. The zero crossing in the frequency

dependence of phase difference transition is accompanied

with this phenomenon, which is reflected by a sharp min-

imum in the capacitance versus frequency characteristics.

1 Introduction

Currently, determination of the properties of the nanosized

composite structures is of fundamental importance for the

development of nanotechnologies [1, 2]. Nanomaterials are

so attractive that their production technologies are sys-

tematically enhanced. In-depth recognition of ion

technologies and more specifically of the ion-beam sput-

tering [3–6] or ion implantation [7–9] and of magnetron

sputtering [10–12] as well as of the plasma and high-

temperature techniques [13–17] makes it possible to pro-

duce multi-component nanomaterial structures. From a big

amount of chemical methods for the production of thin

films it is the sol–gel method and chemical deposition

techniques that meet the greatest scientific interest [18–20].

A combination of the liquid and solid components in one

material creates a new perspective for investigations into

ferrofluids [21, 22] or the moisture content in oil-impreg-

nated cellulose [23, 24]. The mechanical properties of

nanocomposites characterized by varied phase composi-

tion, significantly differ from the properties of materials of

the micro- or millimetre-scale [25–27]. Investigations into

quantum phenomena in nanocomposites [28] or the phe-

nomenon of luminescence in semiconductors [29] make

possible to determine the charge transport mechanism

there. For instance, for the nanocomposite materials of the

metal-dielectric type the character of electric conductivity

can be determined by the model of the electron transport

(hops) between potential wells (nanoparticles of the

metallic phase) within the dielectric matrix (hopping con-

ductivity) [30–36].

AC based testing of the electric properties of

nanocomposites (FeCoZr)64.4(PZT)35.6 has shown that

within the frequency range from 5 9 101 Hz to

5 9 106 Hz the electrical conduction is realized by elec-

tron tunneling between quantum wells formed by

nanoparticles of the metallic phase FeCoZr embedded in a

dielectric matrix of PZT [31, 32, 37–39]. Because of the

high resistivity of the dielectric material, electric conduc-

tivity in the material can be realized only by the hopping

charge transport between the metallic nanoparticles. One of

the effects of the hopping recharging that has been
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observed in nanocomposites is the phenomenon of the

coilless-like inductance. It is accompanied with the

occurrence of positive phase difference values at alternat-

ing current [31, 33, 40] that resemble the phase shift that is

characteristic for conventional coils [41]. Another effect of

the hopping electron exchange between two neutral

potential wells is the formation of dipoles [42]. External

electric field induces orientational ordering of the dipoles

and thereby leads to an increase of the dielectric permit-

tivity relative to the matrix material [43].

The objective of the presented research project has been

to examine experimentally the phenomena of polarization

and conductivity occurring in the nanocomposites

(FeCoZr)64.4(PZT)35.6 produced by the ion-beam sputtering

using a combined beam of argon and oxygen ions

depending on the AC frequency and the measuring tem-

perature. The mechanism of the elevated dielectric per-

mittivity occurrence in that nanocomposite has been also

analyzed.

2 Experiments

The samples of a nanocomposite (FeCoZr)x(PZT)(100-x) of

the metallic phase content ranging from 29 to 90 at.% have

been produced using ion-beam sputtering of a target

dielectric, composed of the ferromagnetic alloy FeCoZr

and strips of the PZT, as has been described in [39, 44, 45].

The sputtering has been realized with a combined beam of

argon ions of the pressure of PAr = 7.4 9 10-2 Pa and the

oxygen ions of the pressure of PO2 = 3 9 10-3 Pa. The

paper presents measurement results obtained for a

nanocomposite of the metallic phase content of

x = 64.4 at.%.

The chemical composition has been determined with the

application of scanning electron microscopy (SEM, LEO

1455VP) and X-ray microanalysis (EDX). The contents of

individual elements have been determined with the accu-

racy of *1 at.%.

Measurements of frequency and temperature depen-

dences of the conductivity r(f, Tp), phase difference h(f,

Tp), capacitance Cp(f, Tp) and loss coefficient tand(f, Tp)

have been performed using a laboratory setup for AC-based

testing electric properties [46] designed and built in the

Department of Electrical Devices and High Voltage

Technology of the Lublin University of Technology. The

obtained samples have been tested using alternating current

within the frequency range of 50–5 MHz using measuring

temperatures of Tp = 77–373 K at the temperature change

step of 5 K. Each completed measuring cycle has been

followed by 15-min annealing of a sample in a tubular

furnace in air using temperatures Ta ranging from 398 to

798 K at the temperature change step of 25 K.

3 Experimental results and their analysis

Figure 1 presents selected capacitance versus frequency

dependences for a sample of the nanocomposite

(FeCoZr)x(PZT)(100-x) of the metallic phase content

x = 64.4 at.%, subdued to 15-min annealing in the tem-

perature of 498 K.

Figure 1 shows that within the frequency range from

50 Hz to ca 103 Hz the capacitance practically does not

depend on the measuring frequency. Within that frequency

range, along with the temperature growth from 81 to 218 K

an insignificant capacitance increase by about 1.6 times can

be observed for the frequency of 102 Hz. As the frequency

reaches values exceeding 103 Hz, a rapid capacitance

decrease by ca 20 times occurs followed by a considerable

reduction of the decrease rate up to the moment, when the

capacitance gets almost constant at the frequency value of

3 9 104 Hz. Further frequency increase up to above

5 9 104 Hz leads to the occurrence of the second stage of

the capacitance decrease. At the frequency value of ca

1.5 9 106 Hz, a sharp minimum of the capacitance value

occurs. A comparative analysis of the frequency depen-

dences of the capacitance (Fig. 1) and the phase difference

(Fig. 2) indicates that the minimum observed in the

capacitance versus frequency characteristic perfectly

coincides with the frequency value, when h = 0� i.e. when

the voltage resonance occurs in the conventional series

RLC circuits [31, 32].

Figure 3 presents the capacitance versus frequency

characteristic, while Fig. 4 shows the frequency depen-

dence of conductivity. Linear scale has been chosen for

Fig. 1 Capacitance versus frequency dependence obtained for a

nanocomposite sample of (FeCoZr)x(PZT)(100-x) of the metallic phase

content x = 64.4 at.%, subdued to 15-min annealing in the temper-

ature of 498 K for selected measuring temperatures of Tp
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their presentation in order to determine mean values of the

permittivity and conductivity relaxation times. It is known

[47] that for the angular frequency:

x ¼ 2pf ¼ 1=s ð1Þ

the dielectric permittivity value doubly decreases and the

conductivity value is twofold lower than its steady state

value at higher frequency values. It means that the analysis

of changes in the frequency dependences shown in Figs. 3

and 4 makes it possible to easily determine mean values of

time constants for the both variation stages of the permit-

tivity and conductivity. Mean values of the permittivity

relaxation time can be determined using the plot of Fig. 3

and marking the points, where the permittivity is equal to

half of the difference of the flat segments for the both

variation stages (before and after rapid increasing seg-

ment). Mean values of the conductivity relaxation time can

be determined by applying a similar procedure to the

characteristic shown in Fig. 4. Figures 3 and 4 show that

for both the permittivity and the conductivity the mean

relaxation time value is of ca 8 9 10-5 s for the first

variation stage and of ca 3 9 10-7 s for the other stage. It

means that in the tested nanocomposite (FeCoZr)x(-

PZT)(100-x) there is a correlation between the conductivity

increase and the decrease of capacitance for the both stages

of their variations.

In order to determine activation energy values, Arrhe-

nius graphs have been plotted for the permittivity (Fig. 5)

and the conductivity (Fig. 6) for measuring frequencies of

100 Hz (the first stage) and of 20 kHz (the second stage).

The activation energy values that have been determined

based on those plots in the case of permittivity are of

DEC1 & 3.23 meV for the frequency of 100 Hz (preceding

the first decrease stage) and of DEC2 & 0.73 meV for the

frequency of 20 kHz (in between of the two decrease

stages). In the case of conductivity for the frequency of

100 Hz (preceding the first increase stage) the energy

activation value is of DEr1 & 91.4 meV, while for the

frequency of 20 kHz, that is between the first and the

second increase stage, the value amounts to

DEr2 & 2.27 meV.

Fig. 2 Phase difference versus frequency dependence obtained for

the nanocomposite Z(FeCoZr)x(PZT)(100-x) of the metallic phase

content x = 64.4 at.%, subdued to 15-min annealing in the temper-

ature of 498 K for selected measuring temperatures of Tp

Fig. 3 Capacitance versus frequency dependence obtained for a

nanocomposite sample of (FeCoZr)x(PZT)(100-x) of the metallic phase

content x = 64.4 at.%, subdued to 15-min annealing in the temper-

ature of 498 K. for selected measuring temperatures of Tp

Fig. 4 Conductivity versus frequency dependence obtained for a

sample of the nanocomposite (FeCoZr)x(PZT)(100-x) of the metallic

phase content x = 64.4 at.%, subdued to 15-min annealing in the

temperature of 498 K for selected measuring temperatures of Tp
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When a nanocomposite contains a high concentration of

potential wells, distances between them reach down to

several dozen nanometers or less and favorable conditions

for the electron tunneling between the wells occur. Electric

current conduction that is related to that phenomenon is

referred as hopping conductivity. It has been experimen-

tally established [42] that the hopping exchange of elec-

trons between the neutral potential wells brings about the

formation of dipoles and consequently an additional

polarization of the material that can be described by the

below given formula derived in [43]:

eP ¼ 1 þ N � PðTÞ � s � e2 � R2

e0 � k � T
ð2Þ

where P(T)—probability of hops per a time unit, N—con-

centration of potential wells; s—relaxation time—time

lapse between an electron hop from one neutral potential

well to another and its return back to the initial well: e—

elementary charge; R—mean hop length; e0—vacuum

permittivity, k—Boltzmann constant; T—temperature.

Following [48–50], the probability of hops per a time

unit P(T) of the formula (1) can be written in the following

generalized form:

P Tð Þ ¼ P0 � exp �2 � a � R� DEt

k � T

� �
ð3Þ

where P0—numerical coefficient weakly dependent on the

mean hop length R and the temperature T; DEt—activation

energy of electron hops; a—inverse value of the hopping

electron localization radius in a potential well.

The expression:

exp �2 � a � Rð Þ ð4Þ

describes the collapse rate of the hopping electron wave

function outside the potential well.

By substituting the value of P(T) of the formula (3) to

the permittivity formula (2) the below given formula for

static electric permittivity can be obtained:

eP ¼ 1 þ P0

N � s � e2 � R2

e0 � k � T
exp �2 � a � R� DEt

k � T

� �
ð5Þ

It follows from (5) that in the low AC frequency area the

dielectric permittivity of a material that contains dense

concentration of potential wells is not frequency depen-

dent. When angular frequency x approaches 1/s, the per-

mittivity value begins to decrease and tends towards a

value that is characteristic for a material that does not

contain potential wells.

The relaxation time that can be found in the formulas (2)

and (5) is exponentially temperature dependent [51, 52]:

sðTÞ ¼ s0 � exp
DEs

k � T

� �
ð6Þ

where s0—numerical coefficient; DEs—activation energy

of the relaxation time.

Relaxation time is a function of the distance that a

hopping electron should cover [53]. Distances between

individual nanoparticles are random values and that is why

probability distribution of the relaxation time values occurs

in the nanocomposites. That probability distribution can be

described using e.g. the Moyal approximation of the Lan-

dau distribution [54].

By substituting the relaxation time value of (6) to the

formula (5) the following can be obtained:

Fig. 5 Arrhenius plot for the capacitance of a nanocomposite sample

of (FeCoZr)x(PZT)(100-x) of the metallic phase content

x = 64.4 at.%, subdued to 15-min annealing in the temperature of

498 K for the frequency values of 100 Hz (scale at the left side) and

of 20 kHz (scale at the right side)

Fig. 6 Arrhenius plot for the conductivity of a nanocomposite

sample of (FeCoZr)x(PZT)(100-x) of the metallic phase content

x = 64.4 at.%, subdued to 15-min annealing in the temperature of

498 K for the frequency values of 100 Hz (scale at the left side) and

of 20 kHz (scale at the right side)
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eP ¼ 1 þ P0 � s0

N � e2 � R2

e0 � k � T
exp �2 � a � R� DEt � DEs

k � T

� �

ð7Þ

In the low frequency area, the direct current (low fre-

quency) conductivity can be written in the following form

[50]:

r Tð Þ ¼ r0 � exp �2 � a � R� DEt

k � T

� �
ð8Þ

Comparative analysis of the formulas for the static

dielectric permittivity (7) and for the direct current con-

ductivity (8) indicates that the conductivity activation

energy should be higher than the static permittivity acti-

vation energy, because:

DEt � DEs ¼ DEC\DEt ¼ DEr ð9Þ

A comparison of activation energy values for the static

dielectric permittivity of DEC1 & 3.23 meV (Fig. 5) and

for the low-frequency conductivity of DEr1 & 91.4 meV

(Fig. 6) proves validity of the inequality (9) that is based

on the model of conductivity and polarization at direct and

alternating current [31, 55].

4 Conclusions

The temperature and frequency dependences of the

capacity, conductivity and phase difference transition have

been tested for a (FeCoZr)x(PZT)(100-x) nanocomposite of

metallic phase content x = 64.4 at.%. The nanocomposite

film was followed by a 15-min annealing process in the air

in temperature of 498 K. Three frequency areas, where

capacity practically does not depend on frequency, and two

frequency areas, where capacity decrease, are observed for

the frequency range of 50–5 MHz. According to the fre-

quency grows direction the order of these areas is located

as follows: the first weekly depended stage (almost con-

stant); the first decreasing stage characterized by the

relaxation time value of s1 8 9 10-5 s; the second weekly

depended stage; the second decreasing stage characterized

by the relaxation time value of s2 3 9 10-7 s; the third

weekly depended stage. In contrast, the frequency depen-

dence of conductivity looks like a mirror image relative to

the horizontal axis: the first weekly depended stage; the

first increasing stage; the second weekly depended stage;

the second increasing stage; the third weekly depended

stage. Frequency dependences of capacity and conductivity

indicate a hopping mechanism of the charge exchange

between the metallic phase nanoparticles. In the frequency

area of above 1 MHz, the phase difference transition from

negative values (typical for the capacitive type of con-

duction) through zero to positive vales (typical for the

inductive type of conduction) occurs. The voltage reso-

nance phenomenon can be observed for the nanocomposite

film. Based on the Arrhenius plots, activation energy val-

ues have been determined for the capacitance and con-

ductivity of a nanocomposite (FeCoZr)64.4(PZT)35.6 for the

both stages of their variations.
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