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a b s t r a c t

Testing of electrical properties of nanocomposites (Co0,45Fe0,45Zr0,1)xþ (Al2O3)1þx within the concentra-
tion range of 0.30< x< 0.65, produced by means of magnetron sputtering of a target composed of stripes
of metallic alloy and dielectric, has been carried out. It has been found that the studied materials contain
metallic nanoparticles of a diameter ranging from 6 to 10 nm. Alternating current conduction at x< 0.50
is realized by hopping mechanism while at x> 0.50 metallic conductivity is observed.
The obtained results have been analyzed using a model of hopping conductivity in the egime developed
earlier. This analysis allowed to extract dependences of activation energy DEs and times s in a hopping
regime after isochronous (15 min) thermal annealings within the range from 293 K to 673 K.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

In our previous paper [1] we studied frequency (50–1 MHz) and
temperature (80/303 K) dependences of AC conductivity in the
(Co0,45Fe0,45Zr0,1)xþ (Al2O3)1þx nanocomposites within the
concentration of metallic phase in the range of 0.30< x< 0.65,
produced by means of ion-beam sputtering of a complex target
(composed of metallic alloy base and dielectric stripes) in
Ar ambient The influence of isochronous 30 min annealings at
temperatures from 423 to 623 K with a step of 50 K was also
studied. As follows the initial (as-deposited) samples display weak
frequency dependences of real part of AC conductivity sreal(f) at
most temperatures. It was also observed that sreal(T) dependences
at low frequencies followed the activational law before the perco-
lation threshold xC and metallic one beyond the xC. With the
increase of annealing temperatures Tann, frequency dependences of
sreal enhanced and acquired S-shaped character. These experi-
mental results were analyzed on the basis of the hopping AC/DC
conductivity model proposed in [2] and developed in more details
in [3].
owicz).

All rights reserved.
This model proposes that an external alternating electric field is
weak and does not change the probability of electron jump p(N, T,
DE) which is dependent on concentration of potential wells N,
temperature T and energy of hopping activation DE. In the case of
tunnelling regime, the p values also depend on the rate for the
electrons wave function dropping. Then the jump electron is
localized in a well during time s whereupon it can perform the next
jump either in the line of electric field (with probability p) or
against it (with probability (1�p)). Taking into account that there is
distribution of wells by life times F(sm, D) [4], where D is the
standard deviation, the active part of alternating current density is
equalled by

jawE0sin ut
Z N

0
Fðsm;DÞ½1� ð1� 2pÞ�cos usds; (1)

where E¼ E0sin ut is the electric intensity and u¼ 2pf, sm – the
mean lifetime of electron in a well and D – its standard deviation.

The analysis of Eq. (1) shows that for the region of low
frequencies (direct current) ja values follow the relation

ja0w2pE0sin ut (2)

and for high frequencies

jaNwE0sin ut: (3)
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This means that the p value can be extracted from the experimental
sreal(f) dependencies:

p ¼ srealðf /0Þ
2srealðf /NÞ: (4)

In our previous works [2,3] we used normal distribution of s.
However, from a physical point of view, it is reasonable to use
distribution only for the positive values of s, for example, the
distribution of the extreme value [5] or the Landau distribution in
the Moyal approach [6]. In this work we used the Landau
distribution.

The goal of this work was to investigate the temperature–
frequency dependencies of AC conductivity of nanocomposites
Fig. 1. sreal(T, f) dependences (a) and a values (b) for the as-deposited sample with
x z 42.6 at.% at different measurement temperatures: 1 – T¼ 79 K; 2 – 103 K, 3 –
133 K, 4 – 163 K, 5 – 193 K, 6 – 223 K and 7 – 283 K.
(Co0,45Fe0,45Zr0,1)xþ (Al2O3)1þx, deposited either in the ArþO2 gas
ambient and check the AC/DC model developed in [2,3].

2. Experimental

The (Co45Fe45Zr10)x(Al2O3)1�x films of 3 to 5 mm thick were
prepared by ion-beam sputtering in a chamber evacuated with
ArþO2 gas mixture at total pressure of 6.7$10�2 Pa and with
a partial pressure PO¼ (1.3� 5.0)$10�3 Pa. A special construction of
compound target allowed getting the film with a wide region of
metal-to-dielectric ratios x (31� x� 64 at.%) on the class ceramic
substrate in one deposition procedure [7].

Measurements of AC conductance s and lagging tag have been
performed for the frequencies f between 50 Hz and 1 MHz at the
Fig. 2. Frequency dependencies of sreal(a) and the exponent a (b) calculated by Eq. (1)
for different probability p values: 1 – p¼ 0.3, 2 – 0.1, 3 – 0.03, 4 – 0.01, 5 – 0.003, 6 –
0.001, 7 – 0.0003 and 8 – 0.0001 at using of Landau distribution [6].
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temperatures T from 79 K to 373 K for the samples in the initial
(as-deposited) state as well as directly after their isochronous
(15 min) annealings in a tubular furnace within the temperature
range from 398 K to 673 K with the 25 K step. This procedure was
described in more details in [8].

Preliminary investigations of the studied nanocomposites in the
as-deposited state have revealed that their phase structure and
carrier transport properties were dependent on metal-to-dielectric
ratios x and strongly changed with the addition of oxygen into gas
ambient [1,3,9–11]. In particular, for the films deposited in pure
Ar gas before the percolation threshold (x< xC z 45–47 at.%) nano-
composites showed the superparamagnetic state whereas beyond xC

they were in the ferromagnetic state. Moreover, it was proved that
the mechanism of electron transport in the films was changed from
hopping process by localized states in the dielectric Al2O3 matrix to
metallic one when crossing the xC. Mössbauer study has shown that
in the films sputtered in the Ar–O2 gas mixture, the presence of
oxygen resulted in partial oxidation of metallic Nan particles and
conservation of superparamagnetic state of the samples even beyond
the xC. Moreover, the DC measurements on such samples revealed
only hopping regime of conductance for the whole range of x.

3. Results and discussion

The results of temperature–frequency dependences for real part
of AC conductivity sreal(T, f) of the as-deposited films studied are
shown in Fig. 1 for the sample with x z 42.6 at.%. The results for the
sreal(T, f) and their analysis for the films deposited in pure
Ar atmosphere are discussed in the other paper [12].

As can be seen in Fig. 1a, the sreal(f) progress in the initial film is
of S-shaped character and can be described by the relation which is
characteristic of hopping conductance [13]

srealðf Þzs0f a; (5)

where s0 is the coefficient and the exponent a depends on the
mechanism of hopping conductance (in particular, on the above
mentioned probability p). Note that the exponent a has maximum
in an inflection point of S-shaped part of sreal(f) curves (see, Fig. 1b).
Fig. 3. Calculated (solid line) and experimental (points) dependences of amax(p).
Experimental values of amax are extracted from sreal(f) dependences for the initial
sample (1) and after annealings at Tann¼ 473 K (2), 548 K (3), 548 K (4).

Fig. 4. Frequency dependencies of sreal (a), measured at the same temperatures as in
Fig. 1a, and estimated a (b) for the sample with x¼ 42.6 at.% after annealing at
Tann¼ 548 K.
Computer simulation on the basis of Eq. (1) allows to estimate
the sreal(f) dependencies and the values of a for different magni-
tudes of probability p. The results of these simulations are shown in
Fig. 2. Comparison of the experimental dependencies of sreal(f) and
amax(f), shown in Fig. 1a and b correspondingly, with the results of
their computer simulation has revealed good qualitative agree-
ment. As can be seen in Fig. 2b, the value of amax(f) is a function of
probability p. The calculated amax(p) dependence is shown by
unbroken line in Fig. 3. Here we also bring the experimental value
of amax(p) estimated for different temperatures of measurements
and after annealings at different Tann which also shows good
quantitative agreement between experiments and estimations.

As follows from the analysis of amax(p), annealing at 523 K
results in essential enhancement of sreal(f) dependencies and
increase of amax values (Fig. 4a and b). We can see that the a(f)
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curves approach their maximal values close to 1.3 at low temper-
atures, and at high temperature the second, weakly-defined
maximum is observed in the region of high frequencies (w10 kHz).
The value of the latter is compared with that observed after low-
temperature annealings.

It is necessary to note that after low-temperature annealings the
values of probabilities p are situated in the region of 0.35� 0.15 that
corresponds to jumps of electrons from the neutral impurities
(defects) to the charged ones. This means that in the as-deposited
sample there are a lot of localized centers (metallic atoms or other
defects in dielectric matrix) by which electron hopping is carried
out. With the increasing Tann some diffusion processes are
enhanced resulting in the change of density of the localized states
(DOS) in the alumina matrix. This can be realized due to two
possible mechanisms: (i) migration of metallic atoms fragmented
in the alumina matrix to metallic nanoparticles and their enlarge-
ment [12] as well as (ii) completion of dangling bonds presented in
the amorphous alumina. Both these processes should result in
decrease of DOS and therefore reduction of sreal at the lowest
temperatures of measurements (79 K) – compare Figs. 1a and 4a.
Simultaneously, in the low-frequency range, part of growth in the
sreal(f) dependence appears which is characterized by the highest
amax values close to 1.2/1.3 (compare Figs. 1b and 4b).

Such high values of amax realized after annealings at
Tann> 523 K indicate that the carrier transport is executed by
overbarrier migration mechanism rather than by underbarrier
tunnelling [13]. These barriers can arise due to diffusion of oxygen
atoms incorporated into the film during their deposition (see, back-
scattering spectra in [12]) to metallic nanoparticles and additional
oxidation.

The presence of low maximum on the curves a(f) at fw10 kHz
after high-temperature annealings probably testifies that not all
metallic atoms migrate from the matrix to the metallic
nanoparticles.

4. Conclusion

The analysis of temperature–frequency dependencies of AC
electrical conductivity in (Co0,45Fe0,45Zr0,1)xþ (Al2O3)1þx nano-
composites below the percolation threshold (with x¼ 42.6 at.%),
deposited in ArþO2 ambient, before and after isochronous
(15 min) annealings within the temperature range from 398 K to
648 K allows to make the following conclusions:
1. In the initial (as-deposited) samples and also after their low-
temperature (523 K) annealings the hopping carrier transport
is carried out by DOS in the alumina matrix (metallic atoms or
other defects). The influence of metallic nanoparticles in this
process is insignificant.

2. After high-temperature annealings at Tann> 523 K part of
metallic and oxygen atoms diffuses to nanoparticles creating
additional barriers at their surface. This results in sreal decrease
in the low-frequency range and at the lowest temperatures
(79 K) and enhances the sreal(f) dependences in accordance
with the law sreal(f)wfa. In such a case, the values of amax

approach 1.2–1.3 that is the evidence for overbarrier jumps of
electrons.

3. Very good qualitative and quantitative agreement between the
experimental and the computer simulation results for the
developed model of hopping carrier transport in the DC/AC
regimes is established.
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