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This presented work investigates the structure and temperature relationship/dependence of the DC conductivity 𝜎(𝑇) in the
(Fe
0.45

Co
0.45

Zr
0.10

)x(Al2O3)1−x nanocomposites deposited inAr atmospherewith composition (30 < 𝑥 < 100 at.%) and temperature
(2 < 𝑇 < 300K). It is shown that VRH 𝜎(𝑇) displayed crossover from Mott-like to Shklovskii-Efros regimes which occurred at
temperatures of 100–120K. It is also noted that the observed shift of the percolation threshold to higher concentrations of metallic
fraction can be attributed to the disordering of the metallic nanoparticles due to the incorporation of the residual oxygen in the
vacuum chamber during the deposition procedure.

1. Introduction

Composite materials consisting of ferromagnetic nanoparti-
cles embedded into a dielectric matrix have occupied one of
the center places in physics research at present time because
of the challenges regarding the theoretical understanding
and practical applications [1]. There are two reasons for this
interest: the tendency to miniaturization of the electromag-
netic devices and improvement of their performance [2] and
the lack of understanding regarding the low-temperature
carrier transport mechanisms in many of metal-dielectric
composites, when dimensions of the metallic phase particles
are approaching the nanometer scale. The characteristics
of the DC carrier transport in nanocomposites containing
metallic nanoparticles randomly distributed in dielectric
matrix should be strongly dependent on the composition of
the material and, in particular, on the position of percolation
threshold 𝑥C. The latter is determined by atomic fraction of
the metallic phase 𝑥 in the composite, ratio of conductivities

of metallic and dielectric phases, phase composition of
nanoparticles (the presence or lack of native oxides around
them), matrix, and also some geometrical parameters of
metallic phases (dimensions and their scattering, shape and
topology of distribution of nanoparticles, etc.) [2–5].

The present paper is devoted to the study of the tem-
perature and magnetic field dependence of DC resistivity in
(Fe
0.45

Co
0.45

Zr
0.10

)x(Al2O3)1−x nanocomposites, deposited
in Ar atmosphere, depending on their position relative to the
percolation threshold.

2. Materials and Methods

The (Fe
0.45

Co
0.45

Zr
0.10

)x(Al2O3)1−x nanocomposites thin
films with 0.28 < 𝑥 < 1.00 and thicknesses 𝑑 of 1–4𝜇m were
fabricated by DC ion sputtering of the compound target onto
the motionless glass ceramic substrate (25 cm × 5 cm), using
2 keV argon ion gun, at the rate of 0.28 nm⋅s−1. Sputtered
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targets were composed of Fe
0.45

C
0.45

Zr
0.10

alloy plates,
covered with strips of amorphous Al

2
O
3
that were pasted on

top. The deposition was made in a vacuum chamber
evacuated down to 1 × 10−4Pa and then filled with pure
argon up to a total gas pressure of (6.7–9.6) × 10−2 Pa. In this
way, by changing the area coverage of the constituents, the
metal/insulator compositional ratio in the deposited films
could be varied [6].

The as-deposited granular films were subjected to the
study of the structure and composition (see [3]), using the
LEO 1455VP scanning electron microscope (SEM) with a
special energy dispersive X-ray (EDX) microprobe, X-ray
Empyrean PAN analytical diffractometer (XRD), Mössbauer
spectrometer MS2000 with 57Fe/Rh source, and Ruther-
ford backscattering spectrometry (RBS), andmicrostructural
studies with electron diffraction (SAED) were also done
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
RBSmeasurementswere performed for checking the samples’
stoichiometry with accuracy of ∼1%, confirming 𝑥 and
Fe/Co/Zr relation close to the nominal [6].Thicknesses of the
films were measured using SEM with accuracy of ∼2-3% on
cleavages of the samples studied.

For electric measurements the nanocomposite films were
cut into rectangular strips with dimensions of 10mm × 2mm
× d 𝜇m, and 4 indium contacts were deposited using ultra-
sound soldering.These samples were used for four-probe DC
conductivity 𝜎 measurements at low electric field intensities
of 𝐸 < 105 V/m when I-V characteristics were practically
linear. Magnetoresistivity measurements were performed
with the current perpendicular to the appliedmagnetic fields.
Dependence of 𝜎 on temperature (between 2 and 300K) was
measured using a closed-cycle cryogen-free cryostat system
(Cryogenic Ltd., London). The PC based control system
with Lakeshore Temperature Controller (Model 331) allowed
to scan the temperature with a rate of 0.1–1 K/min and to
stabilize it (if necessary) with accuracy of 0.005K.The relative
error of conductance measurements was less than 0.1%.

3. Results and Discussion

The comparison of SEM, XRD, TEM, SAED, and Mössbauer
data for the studied samples, presented in [6], drew the
following conclusions concerning their phase structure.
Mössbauer and also magnetization studies are evident of
strong correlation between the magnetic state and con-
centration of the metallic fraction in the composites: the
samples with 𝑥 < 0.43–0.45 were in the superparamagnetic
state whereas the samples with higher 𝑥 values showed the
ferromagnetic behavior [5, 6]. Therefore, concentration of
the order of 0.43–0.45 can be interpreted as the percolation
threshold 𝑥C when Fe

0.45
Co
0.45

Zr
0.10

nanoparticles begin to
form percolating (highly conductive) net in alumina matrix.
TEM and HRTEM images revealed that the granular films
with 𝑥 < 𝑥C contain crystalline metallic bcc 𝛼-FeCo-
based nanosized cores embedded in the amorphous Al

2
O
3

matrix (see Figure 1). A bcc structure of these nanoparticles
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5nm
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Al2O3
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Figure 1: HRTEM and TEM images for the film of 𝑥 = 0.42.

(close to a pure reference Fe
0.45

Co
0.45

Zr
0.10

alloy film) and
their random orientation were also revealed by XRD and
SAED measurements [5, 6]. Figure 1 shows that the alloy
nanoparticles have tendency for agglomeration. Moreover,
XRD has shown that the metallic nanoparticles are highly
disordered (probably due to the incorporation of the residual
oxygen atoms presented in the vacuum chamber) displaying
increased lattice parameters as compared to that for pure
FeCoZr films deposited at the same regimes.

The measured dependence of conductivity 𝜎 on concen-
tration 𝑥 of metallic fraction (Fe

0.45
Co
0.45

Zr
0.10

alloy) in the
studied films is shown in Figure 2. The figure indicates that
both of 𝜎(𝑥) curves, measured at 2.2 K and 300K, display
monotonous (close to sigmoid-like) behavior with inflec-
tion point that is characteristic for percolating systems [7].
However, the characteristics of 𝜎(𝑥) curves measured at low
and high temperatures have some peculiarities. One of them
is that, for the 300K (see Figure 2(a)), the difference in
conductivities for the low-x (∼0.31–0.32) and high-𝑥 (>0.55)
is approximately 3 orders of magnitude, whereas, for the
2.2 K (see Figure 2(b)), it exceeds 12 orders of magnitude. In
the clearest form this is also seen by comparing the inserts
of Figures 2(a) and 2(b), where 2nd derivatives 𝜎 =
𝑑

2
𝜎/𝑑𝑥

2 are presented (derived by graphical differentiation).
The inserts show the 𝜎(𝑥) curves exhibiting maxima at the
concentrations𝑥max of 0.48 to 0.51. Positions of𝑥max lie a little
higher than the percolation threshold 𝑥C ≈ 0.43–0.45,
determined by Mössbauer and magnetization experiments
[6]. Comparison of the𝜎(𝑥)dependence for the two temper-
atures allows separating the 𝜎(𝑥) behavior/progress with the
metallic fraction concentration in the nanocomposites into 3
characteristic parts. It can be seen that region A has a smooth
increase of 𝜎with 𝑥 up to the kinks at 𝑥 ∼ 0.45 of 𝜎(𝑥) curve
in Figures 2(a) and 2(b). After the kinks, in the intermediate
region B with 0.4 < 𝑥 < 𝑥max, every 𝜎


(𝑥) curve in the

inserts has higher slope than that in regionA.When𝑥 reaches
𝑥max 𝜎


(𝑥) curves fall down (see part C in the inserts in

Figures 2(a) and 2(b)).
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Figure 2: Dependence of DC conductivity and their second derivatives 𝜎 = 𝑑𝜎2/𝑑𝑥2 measured at temperatures of 298K (a) and 2.2 K (b)
on the metal-to-dielectric ratio 𝑥 for the as-deposited films. 𝜎(𝑥) dependence is presented in the inserts.

Temperature dependence of the DC conductivity is pre-
sented in Figure 3 inArrhenius and normalized scales. Analy-
sis of the𝜎(𝑇) curves shows that they are strongly different for
the 3 regions of 𝑥 values mentioned above. Figure 3(a) shows
that the samples of regions A and B, indicated in Figure 2, dis-
play 𝜎(𝑇) dependence with (𝑑𝜎/𝑑𝑇) > 0 and that is the char-
acteristic of the thermally activated carrier transport on the
insulating side of the insulator-metal transition (IMT). In
doing so, the samples of region A were characterized with
higher slopes in the low-temperature range (see curves 1–3 in
Figure 3(a)) whereas positive values of (𝑑𝜎/𝑑𝑇) for the
samples of regionBhave lower slopes (curves 4–6). Curve 7 in
Figure 3(a), for the sample approaching region C in Figure 2
with 𝑥 > 𝑥max, also displays positive values of (𝑑𝜎/𝑑𝑇) (but
close to zero). Moreover, curve 8 in the region C, presented in
the normalized form in Figure 3(b), shows (𝑑𝜎/𝑑𝑇) ≤ 0.This
allows concluding that beyond the 𝑥max transition to metallic
temperature dependence of the conductivity though power-
like 𝜎(𝑇) dependence (as in the films of pure FeCoZr alloy
deposited in the same sputtering conditions, see curve 9 in
Figure 3(b)) was not observed.

The obtained 𝜎(𝑥, 𝑇) curves for the studied samples,
belonging to different regions A, B, and C in the inserts in
Figures 2(a) and 2(b), can be discussed according to the car-
rier transport mechanisms theory. The experimental curves
1–6 in Figure 3(a), plotted in Arrhenius scale, show that the
samples with 𝑥 < 𝑥max ≈ 0.48–0.51 exhibited exponential-
like character of 𝜎(𝑇) dependence where the activation
energy changed (reduced) as the temperature decreased. Such
behavior means that the samples of regions A and B lie on
the dielectric side of the IMT indicating hopping mechanism
of conductance. The conductance 𝜎(𝑇) dependence for the
samples of region C (curve 7 in Figure 3(a) and curve 8
in Figure 3(b)) exhibited practically zero values of 𝑑𝜎/𝑑𝑇
denoting transition of the nanocomposites to the state close to
the metallic one.

To understand the nature of activation law of 𝜎(𝑇)
dependence for the samples of regions A and B (insulating

side of IMT) in Figure 3, curveswere replotted as𝜎(𝑇) inMott
scales in accordance with the known relation

𝜌 (𝑇) = 𝜌0
exp(−(

𝑇

0

𝑇

)

𝑛

) (1)

for variable range hopping (VRH) conductance (see
Figure 4). The 𝜌

0
and 𝑇

0
are characteristic parameters of

the hopping models. The exponent 𝑛 in (1) depends on
VRH regime: 𝑛 = 0.25 is used for Mott mechanism [8] and
𝑛 = 0.50 corresponds to Shklovskii-Efros model [9]. Results
of the presented experiments for the studied composites have
shown that Mott law was observed at temperatures higher
than 110–120K and changed to the Shklovskii-Efros law,
describing the hopping transport of the charge carriers at the
Coulomb gap in the dense localized states, as temperature
decreased.

The above-mentioned results indicated that the concen-
tration 𝑥max, where 𝜎


(𝑥) curves exhibited maxima, can be

considered as the percolation threshold. Therefore, behavior
of 𝜎(𝑇) in region C (curves 7 and 8 in Figure 3) can be
attributed to the carrier transport along the percolating net of
FeCoZr nanoparticles which is fully completed in this region
of 𝑥. On the other side, shift of 𝑥max to higher concentrations
should be noted as compared with 𝑥C values (0.43–0.45)
observed in [5, 6]. The value of 𝑥max is close to 0.5 that
corresponds to 3D model of percolation for the binary com-
posites metal-insulator [10]. This shift and the practical zero
values of 𝑑𝜎/𝑑𝑇 can be attributed to the partially disordered
state of the metallic nanoparticles (at least, at the interface
nanoparticle/matrix) probably due to their enrichment by the
residual oxygen in vacuum chamber.

4. Conclusions

It was shown that the temperature dependence of the
DC conductivity 𝜎(𝑇) in the (Co

0.45
Fe
0.45

Zr
0.10

)x(Al2O3)1−x
nanocomposites, deposited in Ar atmosphere and being on
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Figure 3: Dependence of DC conductivity 𝜎(𝑇) versus temperature in Arrhenius scale (a) and in the normalized form 𝜎(𝑇)/𝜎(300K) (b) for
𝑥 = 0.325 (1), 0.380 (2), 0.398 (3), 0.440 (4), 0.457 (5), 0.496 (6), 0.560 (7), 0.640 (8), and 1.000 (9).
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Figure 4: Temperature dependence of conductivity 𝜎(𝑇) for the samples of𝑥 = 0.312 (a) and 0.457 (b) plotted inMott scale with the exponent
𝑛 = 0.5 (curves 1 and 1) and 𝑛 = 0.25 (curves 2 and 2) in relation (1). 1, 2—experimental data and 1, 2—linear approximations of ln 𝜌 − 𝑇−𝑛
with 𝑛 = 0.5 and 𝑛 = 0.25 correspondingly.

dielectric side of IMT, displayed crossover from Mott-like
to Shklovskii-Efros VRH regimes which occurred at temper-
atures about 100–120K.

Shift of the percolation threshold, as observed from
the 𝜎(𝑥, 𝑇) dependence, to the higher metallic fractional
concentrations compared to that in [5, 6] can be attributed to
the disordering of the metallic alloy nanoparticles due to the
incorporation of the residual oxygen in the vacuum chamber
during the deposition procedure.
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