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This paper studies the temperature dependences (2 < T < 300 K) of the DC conductivity σ(T ) for the
(Co0.45Fe0.45Zr0.10)x(Al2O3)1−x nanocomposites (30 < x < 65 at.%) sputtered in Ar + O2 atmosphere. It is shown
that at temperatures lower than 100�150 K dependences of DC conductance on temperature for all the studied
samples are due to the Shklovski�Efros variable range hopping mechanism. It was also observed that σ(x, T )
dependences can be attributed to the formation of FeCo-based oxide �shells� around metallic alloy nanoparticles
due to incorporation of oxygen in the vacuum chamber during the deposition procedure.
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1. Introduction

Composite materials containing metallic ferromagnetic
nanoparticles in dielectric matrixes have potential ap-
plications as materials for magnetoelectronics [1]. One
of the reasons for this interest lies in the tendency to
miniaturization of the electromagnetic devices and im-
provement of their performance at higher frequencies [2].
Moreover, up to now, there is no complete understanding
regarding the carrier transport mechanisms in the metal�
dielectric composites, when dimensions of the metallic
particles are approaching the nanometer scale.
Nanocomposites containing FeCo-based nanoparticles

in dielectric matrix are one of the promising objects
among �lm composites applicable in magnetoelectronic
devices working in AC/DC modes. The characteristics
of their carrier transport should be strongly dependent
on the composition of the material, and in particular,
on the position of the percolation threshold xc and also
some geometrical parameters of the metallic and dielec-
tric phases (dimensions, shape, topology of distribution
and scattering by various sizes of the nanoparticles) [2�5].
The goal of this work is to study the in�uence of metal-

-to-dielectric phase ratio x (its position relative to the
percolation threshold) and also partial pressure of oxygen
in Ar + O2 gas mixture in the vacuum chamber on the
carrier transport mechanisms estimated from the temper-
ature dependences of the DC conductivity in the �lms,
consisting of crystalline CoFeZr-alloy nanoparticles em-
bedded into amorphous aluminum oxide matrix.
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2. Experimental

The (Co0.45Fe0.45Zr0.10)x(Al2O3)1−x nanocomposites
thin �lm with 0.31 < x < 0.64 and thicknesses d of
3�5 µm were fabricated by DC ion sputtering of the com-
pound target onto the motionless glass ceramic substrate.
Sputtered targets were composed of Fe0.45C0.45Zr0.1 alloy
plates, covered with strips of amorphous alumina. The
deposition was carried out in a vacuum chamber evac-
uated down to 1 × 10−4 Pa and then �lled with mix-
ture of pure argon and oxygen. The common pressure
in the chamber was 2.6× 10−4 Pa, where the argon and
oxygen partial pressures were about 6.7 × 10−2 Pa and
4.2× 10−3 Pa, respectively [6].
The structure and composition of the as-deposited

�lms were studied using the LEO 1455VP scanning elec-
tron microscope (SEM) with a special energy dispersive
X-ray (EDX) microprobe, X-ray Empyrean PAN ana-
lytical di�ractometer (XRD), Mössbauer spectrometer
MS2000 with 57Fe/Rh source, the Rutherford backscat-
tering spectrometry (RBS) (see [4, 6]). Microstructural
studies with electron di�raction (SAED) were also made
using Philips EM400T transmission electron microscope
(TEM), operated at 120 kV, and Philips CM200 operated
at 200 kV for high resolution analysis (HRTEM). EDX
SEM and RBS measurements were performed for check-
ing the samples' stoichiometry with accuracy of ≈ 1%,
con�rming x and Fe/Co/Zr relation to be close to the
nominal [6]. XANES and EXAFS measurements were
performed for the beam line ID26 of the European Syn-
chrotron Radiation Facility using high energy resolu-
tion �uorescence detection (HERFD) [6, 7]. Thicknesses
of the �lms were measured on SEM with accuracy of
≈ 2�3% on cleavages of the samples studied.
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The rectangular samples with dimensions of 10 mm ×
2 mm × d µm for electric measurements were cut from
nanocomposite. Four indium contacts were deposited
by ultrasound soldering on the top of every sample to
make four-probe DC conductivity σ and I�V character-
istics measurements. To make temperature dependences
of conductivity σ(T ) between 2 and 300 K the sample
inserted into a closed-cycle Cryogen-Free Cryostat Sys-
tem CFCS (Cryogenic Ltd., London, GB). The PC based
control system with Lakeshore Temperature Controller
(Model 331) allowed either to change the temperature
with a rate of 0.1�1 K/min (both in cooling and heating
regimes) or to stabilize it with accuracy of 0.005 K dur-
ing long time (not less than 1 h). The relative error of
conductance measurements was less than 0.1%.

3. Results and discussion

The comparison of SEM, XRD, TEM, SAED, X-ray
absorption near-edge structure (XANES), extended
X-ray absorption �ne structure (EXAFS), and Möss-
bauer data for the studied samples, presented in
[3, 4, 6], has allowed to make the following con-
clusions concerning their phase structure. Granular
�lms of (Co0.45Fe0.45Zr0.10)x(Al2O3)1−x sputtered in
atmosphere with added oxygen contained FeCo-based
nanoparticles with �metallic core�oxide shell� structure.
Formation of such a structure, composed of crystalline
metallic bcc α-FeCo-based nanosized �cores� encapsu-
lated in FeCo-based oxide �shells�, all embedded in the
amorphous alumina matrix, was revealed with TEM and

HRTEM. EXAFS and XANES exhibited almost full oxi-
dation of iron, but cobalt only was found to be partially
oxidized. In strong correlation with the Mössbauer spec-
troscopy together with the results of electron- and X-ray
di�raction they showed that for x ≤ 0.56 the metallic
�core� constituted bcc FeCo solid solution, possibly en-
riched with Co, while oxide �shell� mainly consisted of
mixed Fe-rich oxide. Moreover, as was shown in [6], ad-
dition of oxygen to the chamber suppressed agglomer-
ation and strong scattering by various sizes of the al-
loy nanoparticles and that was observed in the �lms de-
posited in pure Ar gas [8].

The dependence of conductivity σ on concentration x
for the metallic fraction of (Fe0.45Co0.45Zr0.10) alloy in
the studied �lms is shown in Fig. 1a. As is seen, the mea-
sured σ(x) curve does not display sigmoid-like shape as
usually observed in many of metal�insulator nanocom-
posites. Moreover, the values of conductivity are ap-
proximately 3 orders of magnitude lower than was ob-
served in the same nanocomposites deposited in pure Ar
atmosphere in vacuum chamber [4]. This con�rms the
above mentioned formation of FeCo-based oxide �shells�.
The σ(x) behavior for the studied nanocomposites can be
divided into 3 characteristic parts which are determined
by the progress of the enhanced selective oxidation of the
(Fe0.45Co0.45Zr0.10) alloy nanoparticles with the concen-
tration x increase during the deposition procedure as was
proved in [6].

Fig. 1. Dependences of the DC conductivity (T = 298 K) on the metal-to-dielectric ratio x (a) and on temperature
(b) (in the Arrhenius scale) for x = 0.33 (1), 0.41 (2), 0.45 (3), 0.50 (4), 0.62 (5).

Temperature dependences of DC conductivity are pre-
sented in Fig. 1b in the Arrhenius scales. The σ(T ) �g-
ures show that all the samples studied (belonging to all 3
regions A�C) display (dσ/dT ) > 0, that is characteristic
for thermally activated carrier transport on the insulating
side of the insulator�metal transition (IMT). Moreover,
the samples of region A have higher and sharper slopes
in the low-temperature range (see curve 1 in Fig. 1b)
compared to that of regions B and C i.e. the positive
slopes (dσ/dT ) of σ(T ) curves in the Arrhenius scale for
the samples of region B and especially of region C were

lower (curves 2�5). Let us note also that even beyond
the xmax ≈ 0.57 there was no observation of transition to
metallic state with the power like σ(T ) dependences (as
in the �lms deposited in the same sputtering conditions
but in pure Ar atmosphere in the chamber, see [4, 8]).
The above mentioned results indicated that the concen-
tration xmax, where σ(x) curves exhibit maximum, can
be considered as the concentration when the oxidized Fe-
CoZr nanoparticles become to contact to each other form-
ing continuous and highly-conductive net in the region C
of Fig. 1a.
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Fig. 2. Temperature dependences of the conductivity σ(T ) for the samples of x = 0.315 (a), 0.491 (b) and 0.615 (c)
plotted in the Mott scale with the exponent n = 0.5 (lower curves 1 and 1′) and n = 0.25 (upper curves 2 and 2′) using
relation (1). 1, 2 � experimental data, 1′, 2′ � linear approximations of lnσ�T−n.

Fig. 3. Temperature dependences of w(T ) in a double logarithmic scale for the samples of x = 0.315 (a), 0.491 (b),
and 0.615 (c). Circles are experimental points and solid lines are approximations by the relation (2).

Discussion of the obtained σ(x, T ) dependences for
the studied samples, belonging to di�erent regions A,
B, and C in Fig. 1a, on carrier transport mechanisms
is given as follows. The experimental curves in Fig. 2
were re-plotted in the Mott scale, and show that all the

samples exhibited exponential-like character of σ(T ) de-
pendences with the change (reduction) of the activation
energy as the temperature decreased. Such behavior in-
dicated the variable range hopping (VRH) mechanism of
conductance which follows the known Mott relation:
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σ(T ) = σ0 exp
(
− (T0/T )

−n
)
, (1)

where σ0 and T0 are characteristic parameters of the
VRH models and the exponent n in (1) equals 0.25 for
Mott mechanism [9] and 0.50 for the Shklovski�Efros
model [10]. In order to understand the nature of the
VRH mechanism in our case and to specify the real value
of the exponent n in (1), the Zabrodski method [11] was
used. This method is based on the analysis of tempera-
ture dependences of the reduced activation energy

w = − 1

T

∂ lnσ

∂(1/T )
. (2)

In accordance with this approach, if the σ(T ) depen-
dences are described by formulae (1) for VRH hopping
mechanism, the exponent n can be extracted from the
relation

lgw = A− nlgT, (3)
which follows from (2).
Figure 3 presents the w(T ) dependences plotted after

graphic procedure of di�erentiation and the following �t-
ting by relation (3) Y = A+nX (see insets in Fig. 3a�c),
where Y = lnw and X = lnT . Results of the pre-
sented experimental work have shown that, for the stud-
ied composites at temperatures lower than 120�150 K,
the exponent n (i.e. slopes of linear approximations (3)
in Fig. 3a�c) has changed between 0.54 and 0.60, that
is close to the n = 0.5 for the Shklovski�Efros model,
describing the VRH transport at the presence of the
Coulomb gap in the energy distribution of the localized
states density due to electron�electron interaction. This
is also con�rmed by better linearization of σ(T ) curves,
shown in Fig. 2, using the Shklovski�Efros relationship
with n = 0.5.

4. Resume
The presented work has shown that the temper-

ature dependences of the DC conductivity σ(T ) of
the (Co0.45Fe0.45Zr0.10)x(Al2O3)1−x nanocomposites, de-
posited in mixed Ar+O2 gas atmosphere, displayed the
Shklovski�Efros VRH mechanism for the carrier trans-
port which occurred at temperatures lower than 120�
150 K. The observed σ(x, T ) dependences can be at-
tributed to the formation of FeCo-based oxide �shells�
around metallic alloy nanoparticles due to the addition
of oxygen into the vacuum chamber during the deposition
procedure.
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