
Accepted Manuscript

Influence of oxide matrix on electron transport in (FeCoZr)x(Al2O3)1-x
nanocomposite films

Ivan A. Svito, Alexander K. Fedotov, Anis Saad, Pawel Zukowski, Tomasz N.
Koltunowicz

PII: S0925-8388(17)30063-4

DOI: 10.1016/j.jallcom.2017.01.043

Reference: JALCOM 40410

To appear in: Journal of Alloys and Compounds

Received Date: 6 December 2016

Revised Date: 3 January 2017

Accepted Date: 4 January 2017

Please cite this article as: I.A. Svito, A.K. Fedotov, A. Saad, P. Zukowski, T.N. Koltunowicz, Influence of
oxide matrix on electron transport in (FeCoZr)x(Al2O3)1-x nanocomposite films, Journal of Alloys and
Compounds (2017), doi: 10.1016/j.jallcom.2017.01.043.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.

http://dx.doi.org/10.1016/j.jallcom.2017.01.043


M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

1 
 

Influence of oxide matrix on electron transport in (FeCoZr)x(Al2O3)1-x nanocomposite films 

 

Ivan A. Svito1, Alexander K. Fedotov1, Anis Saad2, Pawel Zukowski3, Tomasz N. Koltunowicz3,∗ 

1 Belarusian State University, 4, Nezalezhnastsi Av., Minsk 220030, Belarus 

2 Al-Balqa Applied University, PO Box 4545, Amman 11953, Jordan 

3 Lublin University of Technology, 38d, Nadbystrzycka  Str., 20-618 Lublin, Poland 

 

Abstract 

Electron transport in (Fe0.45Co0.45Zr0.10)x(Al 2O3)1-x granular nanocomposites (NCs) produced by 

the ion-beam sputtering of compound target was studied in the temperature range of 2–300 K. 

Conductivity of the films synthesized in the inert (Ar) atmosphere is determined below percolation 

threshold by the thermally activated electron tunneling over metallic granules at low temperatures and 

replaced by the Mott variable range hopping (VRH) with increasing temperature. Introduction of 

oxygen to the sputtering chamber suppresses VRH leading to retention of the thermally activated 

tunneling in the whole studied temperature range for the metallic phase atomic concentrations up to 

х = 0.62. The model of thermally activated tunneling over metallic granules gives an excellent 

agreement with experimental data when alumina matrix permittivity is considered as increasing with 

concentration of the metallic phase fraction in the films, which is due to increase in number of 

localized electronic states. The established influence of the sputtering atmosphere on the electron 

transport in nanocomposites is explained by reduction of concentration of the defects in matrix when 

oxygen is added to the sputtering atmosphere. 
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1 Introduction 

The priorities in the development of science and technology is the creation and manufacture of 

novel materials. An important area of research in nanomaterials and nanotechnology is the surface 

engineering with nanostructured surfaces. This is the case of protective coatings in which 

nanocrystalline phases are embedded in an amorphous matrix [1-3]. 

Due to a small size (a few nanometers) of metallic particles randomly distributed in dielectric 

matrix, nanogranular metal-insulator composites reveal a number of important fundamental effects 

and interesting properties: hopping electron transport, spin-dependent tunneling magnetoresistance, 

superparamagnetic state of granules, giant Hall effect, etc. [4-10]. In particular, an interest in 

nanostructured films based on the ferromagnetic Fe-Cо alloys is determined by prospects of their 

practical use as a magnetic head for information recording and read-out [11, 12], development of 

protective shields against electromagnetic radiation [13], magnetic field sensors, etc. 

The structural, magnetic, magnetoresistive and other properties of the metal-dielectric 

(FeCoZr)x(Al 2O3)1-x nanocomposites produced by the ion-beam sputtering were investigated earlier 

[10, 14-19]. It was established by the TEM and XRD analyses that in such nanocomposites with 

concentration of metallic phase corresponding to the dielectric side of the metal-insulator transition 

(MIT), nanosized metallic nanoparticles formed by the FeCo alloy are randomly distributed in the 

Al 2O3 amorphous matrix [15]. In works [14, 20], peculiarities of magnetic and electron transport 

properties of nanocomposites were explained taking into account formation of the „core-shell” 

structure with metallic granules covered by oxide shells in the case of addition of oxygen to the 

sputtering atmosphere. At the same time, influence of the oxide matrix state (first of all, concentration 

of defects) on electron transport in nanocomposites has not been yet taken into account, although 

matrix defectiveness can be of the crucial importance in the case of hopping electron transport. Just 

these circumstances have determined the goal of the presented research. 
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2. Experimental 

(Fe0.45Co0.45Zr0.10)x(Al 2O3)1-x granular nanocomposite films were synthesized by the ion-beam 

sputtering of compound target in pure argon (pAr= 6.0×10-2 Pa) or mixed Ar+O2 (partial pressures 

pAr=6.0×10-2 Pa, pО2=4.3×10-3 Pa) atmospheres onto water-cooled glass-ceramic substrates. Detailed 

description of the synthesis procedure can be found in [21]. These two types of nanocomposites will 

be designated below as NC-Ar and NC-(Ar+О2), respectively. The film thickness was equal to 3–

6 µm according to the cross-section SEM experiments. Atomic concentration of metallic phase x in 

the films was determined by the EDX analysis and was varied from 0.31 to 0.64. Additionally, 

Fe0.45Co0.45Zr0.10 pure metallic films were investigated as the reference samples. 

Temperature dependences of conductivity were studied using a HFMS system (Cryogenic 

Limited, London), which allows setting the sample temperature in the range from 2 to 300 K with an 

accuracy better than 0.05 K. The samples of 2×7 mm2 in size were provided by the ultrasonically 

soldered indium electric probes. DC conductivity measurements were realized using a Keithley 6430 

Source-Meter and a Keithley 2182А nanovoltmeter. AC conductivity was measured at room 

temperature with Agilent Е4980А and Agilent E4285А LCR-meters at the frequencies of 2 and 

30 MHz with a probe voltage magnitude of 40 mV and using a standard correction procedure. 

 

3. Results and Discussions 

Our experiments have demonstrated that the shape of temperature dependence of electrical 

conductivity σ(T) changes significantly with increasing metallic phase concentration х for the 

composites synthesized in the Ar atmosphere (Fig. 1а). Conductivity of the films with high 

concentrations of metallic phase decreases with increasing temperature demonstrating a rather weak 

power-like σ(T) dependence, which is characteristic for metal-insulator composites above the 

percolation threshold xc, i.e. on the metallic side of MIT. For the nanocomposites with х < 0.56, 

conductivity increases with temperature indicating prevailing of an activation-like carrier transport. 

For the intermediate range of metallic phase concentrations (0.56 < х < 0.64), a superposition of these 
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two ultimate cases of σ(T) behavior is observed (Fig. 1а). Note that in the concentration range of 

0.48 < х < 0.52, the temperature dependences of conductivity can be linearized in the σ ~ log(T) 

coordinates for a wide temperature range (Fig. 1a), which could be attributed to the tunneling 

conductivity with a large electron localization length and is inherent to materials with composition 

close to MIT [22-24]. 

For the nanocomposites synthesized in the Ar+O2 atmosphere (Fig. 1b), the activation type of 

σ(T) dependences (peculiar for the metal-insulator composites on the dielectric side of MIT) is 

observed for the whole studied range of the metallic phase concentration (0.31 < x < 0.64), and no 

change in dσ/dT sign occurs. 

As is seen from Fig. 1, analysis of σ(T) dependences does not allow correct determining the 

percolation threshold хс giving rise to necessity to develop alternative methods for obtaining хс value. 

As is seen from Fig. 2, we can present хс basing on the analysis of phase shift between AC current and 

voltage depending on the metallic phase concentration x. Since any conductor has an inductance, 

impedance of the composites with metallic phase concentration x ≥ хс has an inductive-like type due 

to formation of continuous conductive cluster between two electric probes. On the other hand, if x < хс 

and metallic particles are separated by oxide interlayers, impedance is capacitive-like [25, 26]. 

As is seen from Fig. 2, for the NC-Ar nanocomposites, impedance changes from capacitive-like 

to inductive-like with increasing x and indicating formation of the continuous conductive cluster at 

хс ≈ 0.49. This allows attributing this concentration as corresponding to the MIT position. On the 

contrary, in the case of the NC-(Ar+О2) nanocomposites, a capacitive-like impedance is conserved in 

the whole concentration range. The observed difference in θ(x) dependences for two types of the 

studied nanocomposites correlates well with changes in their σ(Т) behavior with increasing x and 

indicates the lack of insulator-metal transition in the NC-(Ar+О2) films even at the largest x values 

studied. The observed dielectric-like properties of the NC-(Ar+О2) composites with a large content of 

metallic phase can be explained by formation of thin oxide shells around metallic granules due to a 

presence of oxygen in the sputtering chamber [14, 20]. 
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Analysis of results presented in Fig. 1 has demonstrated that σ(T) dependences for the 

nanocomposites on the dielectric side of MIT are described well by the Mott-like law: 

σ��� = σ�	exp	[− �� �
�]	,       (1) 

where n equals 0.5 or 0.25 (see below), and Т0 is a parameter, which characterizes activation energy of 

electron tunneling through barriers. 

For the NC-Ar nanocomposites with x ≤ хс ≈ 0.49 (which corresponds to the volume fraction 

less than 0.24), there is a concentration dependent crossover temperature Тс(х), which decreases 

monotonically from 130 to 60 К when x is increasing. An exponent in the equation (1) equals to 

n = 0.5 at T < Тс, whereas n = 0.25 at T > Тс (Fig. 3). 

For the nanocomposites synthesized in the Ar+O2 atmosphere, the temperature dependences of 

conductivity are linearized in the ln(σ) ~ (Т0/T)0.5 coordinates at х < 0.62 in the whole temperature 

range (Fig. 3), and only composites with х > 0.62 demonstrate a crossover to n = 0.25 at T > 200 K. 

The ln(σ) ~ (T0/Т)0.5 law is usually explained by the Coulomb gap in the density of localized 

electronic states (DOS) in accordance with the Efros-Shklovskii variable range hopping (VRH) law 

[27]. However, influence of the Coulomb gap on electron transport can appear only at low 

temperatures (as a rule, below 10 K) when a thermal energy is less than the gap width. We believe that 

the observed experimental results and, in particular, the ln(σ) ~ (T0/Т)0.5 law can be explained by the 

model of thermally activated electron tunneling between the metallic granules with some scattering of 

their sizes [28]. Use of this model is reasonable because size dispersion can reach 30 % for the 

nanocomposites produced by the ion-beam sputtering according to the previous studies [29, 30]. 

As is known, the exponent n = 0.25 in Eq. (1) can be attributed to the Mott VRH transport over 

the localized states [31]. These localized states in the alumina matrix can exist due to the following 

reasons. Firstly, amorphous matrix has a great number of structural defects such as uncoordinated Al 

atoms, as well as Fe and Co atoms, which do not belong to the metallic granules [30, 32, 33]. 

Secondly, in the case of ion-beam synthesis of nanocomposites in the Ar atmosphere, atomic 

composition of the matrix is deviated from stoichiometric toward oxygen deficiency as a rule [34]. 
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This is due to the fact that part of oxygen atoms is knocked-out from the alumina part of target and 

carried away by a gas flow, as well as due to the presence of zirconium, which acts as a reducer [35]. 

The formed oxygen vacancies in alumina matrix play a role of localization centers [35, 36]. 

Existence of the above-mentioned structural defects in the alumina matrix gives rise to 

appearance of additional levels in the energy gap of alumina (Fig. 4), over which electron hopping can 

be realized [36, 37]. Since every electron jump is accompanied by emission or absorption of phonon, 

the cooling is accompanied with the decrease in a number of energetically acceptable states for 

electron hops leading to an increase of the jump length.  

Thus, the VRH electron transport dominates until the jump length becomes equal to a mean 

distance between the nanogranules. Subsequent temperature decrease leads to the crossover of 

conductivity mechanism, when thermally activated electron tunneling becomes more energetically 

favorable. In this case, decrease of crossover temperature Тс with increasing metallic phase 

concentration correlates with the decrease of intergranular distance and increase of density of 

localized states in the matrix. 

Figure 5 presents the parameter T0 in Eq. (1) determined using linearization of temperature 

dependences of conductivity in the ln(σ) – (T0/Т)0.5 coordinates depending on the metallic phase 

concentration in the studied composites. As is seen from Fig. 5, Т0 decreases with increasing 

concentration of metallic phase. Especially fast fall of Т0 is observed in the NC-Ar films, when x is 

approaching the MIT value. 

In the framework of the above-mentioned model of thermally activated electron tunneling 

between the metallic granules, the characteristic temperature Т0 in Eq. (1) is described by the 

expression [28]: 

�� = ��
��ε�� ∙ 	 ���� �

�/� ∙ ���� /� ∙ !1 − #$
#%&'

 /�(,    (2) 

where λ = ℎ *2,-./⁄ 	 is the decay length of the electron wave function in dielectric matrix, Uab is 

the height of the intergranular tunnel barrier, m is the electron mass, ε is the dielectric permittivity of 
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matrix, a0 is the average size of the metallic granules, and хV is the volume fraction of the metallic 

component in nanocomposite (calculated under the assumption that all Fe and Co atoms are in the 

metallic (non-oxidized) state). 

The following parameters were used for the estimation of Т0: Uab = 3.5 eV (calculated as the 

difference between FeCo work function and alumina electron affinity); the average size of metallic 

granules а0 was set as monotonically growing from 2 to 7 nm with increasing metallic phase 

concentration according to the previous TEM, XRD and magnetization studies [14, 15]. 

Dependence of static matrix permittivity ε on concentration of metallic phase in the composites 

(Fig. 6) has been estimated from Eq. (3). Position of MIT for the NC-(Ar+O2) nanocomposites at 

higher concentration of the metallic phase (хс ≈ 0.72 corresponding to the volume fraction of 0.59) in 

comparison to the NC-Ar nanocomposites confirms the partial oxidation of a metallic component 

during NC deposition. Thereby, there is some uncertainty in determination of the volume fraction of 

the non-oxidized metallic component. However, this factor can not influence significantly on the 

xV/xVc ratio in Eq. (2). 

As is seen from Fig. 6, the matrix permittivity for the NC-Ar nanocomposites increases by appr. 

one order of magnitude when approaching MIT. Similar behavior was observed in a number of papers 

[38, 39]. From a physical point of view, the observed growth of permittivity can be related to the 

increase in concentration of point defects (for example, metallic atoms and vacancies) distributed in 

the amorphized alumina matrix during sputtering procedure and their contribution to the electric field 

screening. 

Estimation of the density of localized states N0 in alumina matrix was carried out in the 

hydrogen-like approximation using the following expression for permittivity [40]: 

ε�1�� = 1 + ��ε3� �β45�6ε3� 5β47α�8�
�β4�6ε3� 5β47α�8� ,     (3) 

where βm is the parameter accounting a lattice symmetry and equal to 3 for a cubic lattice, as well as 

for amorphous materials, α0=18πr3 is the polarizability of neutral hydrogen-like donor, r = e2/8πεrε0Id 

is the Bohr radius of the localized electron with the ionization energy Id , εr is the permittivity close to 
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unity in our case due to comparability of the Bohr radius and lattice parameter. The used 

approximation of neutral centers is reasonable because conductivity is determined at Т < Tc mainly by 

the electron tunneling between metallic granules, whereas electron hopping over localized states is 

negligible indicating their neutral charge state.  

As is seen from Fig. 7, the density of localized states increases with metallic phase 

concentration, being about half times higher for the NC-Ar samples as compared with NC-(Ar+О2) 

ones at close х values. 

At the first glance, it could seem strange that defect concentration increases with decreasing 

dielectric component fraction. However, this effect can be naturally explained by elevation of heat 

conductivity of the composites with increasing x due to a large difference in heat conductivities of 

amorphous matrix (1.6–2 W×m-1 K-1) [41] and metallic alloy (80 W×m-1 K-1). High heat conductivity 

of nanocomposites with a large fraction of metallic phase leads to more fast energy loss by condensed 

atoms and, hence, loss of their difusibility in the growing film during ion-beam synthesis. This 

statement is supported by results of the Mossbauer spectroscopy, which demonstrate an increase of 

number of Fe2+ ions with increasing х [17]. Moreover, as it was above mentioned, the elevation of 

metallic phase fraction in the nanocomposites increases the number of Zr atoms, which are oxidized 

easily giving rise to the increase in concentration of oxygen-deficient defects in the matrix. 

Therefore, the observed difference in electron transport properties for the NC-Ar and NC-

(Ar+O2) nanocomposites can be explained by the fact that addition of oxygen to the sputtering 

atmosphere leads to reduction of the oxygen-deficient centers concentration in the films studied. 

As was mentioned above, for the NC-Ar nanocomposites with x < хс , the Mott VRH over 

localized states is observed at T > Тс (Fig. 3). According to the Mott model [31], the ln(σ) ~ (Т0
M/T)0.25 

law takes place for disordered systems. Plotting of experimental dependences for the temperature 

range Т > Тс in the form proposed by Kirkpatrick [42] enabled one to estimate the electron localization 

radius values in the nanocomposites on the dielectric side of MIT according to equation 
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9 = :0.0217 � >∙?@��A
B∙CℏEFGH∙Iм�� ∙ �  

J.BB∙ �@@∙K��L
 �M 	 (cm),    (4) 

and estimations of DOS at the Fermi level by equation 

1�NO� = P�
C���Q  (eV-1cm-3),      (5) 

where Е1 = 10 eV is the deformation potential of the alumina matrix, d = 3.55 g/cm3 is the density of 

amorphous alumina, s ≈ 6.7×105 cm/s is the speed of sound [43], εm ≈ 17 (Fig. 6) is the permittivity of 

the alumina matrix, е is the electron charge, ħ is the reduced Planck constant, k is the Boltzmann 

constant, and σ0 is defined by the following relations: 

σ� = 0.0217 �R��,      (6) 

S = � ?@�
CFGHℏE� ∙ ���

Q
�ε4�

�
.     (7) 

According to the calculation, electron localization radius at the dielectric side of MIT in NC-Ar 

composites is close to а ≈ 0.6 nm for low metallic phase concentrations (x < 0.34), when the presence 

of metallic granules in the composites does not influence remarkably on their conductivity. Electron 

DOS at the Fermi level has been estimated as appr. 8×1020  cm-3eV-1 for low values of metallic phase 

concentrations (0.30–0.34). 

 

Conclusions 

The performed investigation of electron transport in the (Fe0.45Co0.45Zr0.10)x(Al 2O3)1-x granular 

nanocomposites produced by the ion-beam sputtering of compound target in neutral (Ar) and oxygen-

containing atmosphere in vacuum chamber enables one to draw the following conclusions:  

1. Conductivity of the studied nanocomposites synthesized in the inert (argon) atmosphere below the 

percolation threshold is described well at low temperatures T < Tc by the model of thermally 

activated tunneling over metallic granules with some size distribution. Crossover to the Mott 

variable range hopping takes place with the approaching Tc. 
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2. In nanocomposites synthesized with addition of oxygen into the sputtering chamber, the thermally 

activated intergranular tunneling of electrons is observed in the entire studied temperature range 

(2–300 K). 

3. The observed difference in electron transport properties for the NC-Ar and NC-(Ar+O2) 

nanocomposites (in particular, disappearance of the Mott variable range hopping in the case of 

nanocomposites synthesized in the oxygen-containing atmosphere) can be explained by the fact 

that addition of oxygen to the sputtering atmosphere leads to reduction of the oxygen-deficient 

centers concentration in the alumina matrix of the films studied.  

4. The matrix permittivity for the NC-Ar nanocomposites increases by appr. one order of magnitude 

when approaching MIT that can be related to the growth in concentration of point defects (like, 

metallic atoms and vacancies) distributed in the amorphized alumina matrix during sputtering 

procedure and their contribution to the electric field screening. 
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Figure captions 

 

Fig. 1. Temperature dependences of DC conductivity in the σ – log(T) coordinates for the 

(FeCоZr)x(Al 2O3)1-x nanocomposites synthesized in the Ar (a) and Ar+O2 (b) atmospheres. 

 

Fig. 2. Concentration dependences of phase shift angle θ between AC current and voltage for the 

(FeCоZr)x(Al 2O3)1-x nanocomposites synthesized in the Ar (left) and Ar+O2 (right) atmospheres. 

 

Fig. 3. Temperature dependences of conductivity for the NC-Ar (a) and NC-(Ar+О2) (b) 

nanocomposites in the log(σ) – T-0.25 and log(σ) – T-0.5 coordinates for the samples with x = 0.33 (1), 

x = 0.48 (2), x = 0.33 (3), and x = 0.64 (4). 

 

Fig. 4. Band diagram of (FeCоZr)x(Al 2O3)1-x nanocomposite. 

 

Fig. 5. Concentration dependences of parameter T0 in Eq. (1) for the NC-Ar and NC-(Ar+О2) 

nanocomposites. 

 

Fig. 6. Matrix permittivity vs. metallic phase concentration estimated using Eq. (3). 

 

Fig. 7. Concentration of hydrogen-like defects in alumina matrix depending on the concentration of 

metallic phase x in the studied nanocomposites. Circles correspond to the values calculated according 

to Eq. (3); lines are given for convenience. 
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Highlights for paper 

“Influence of oxide matrix on electron transport in (FeCoZr)x(Al 2O3)1-x nanocomposite 

films” 

 

- Electron transport in nanocomposites produced by ion-beam sputtering was studied 

- Addition of oxygen to sputtering atmosphere suppresses Mott hopping conductivity 

- This effect is determined by oxygen-induced reduction of alumina matrix defectiveness 

 


