Accepted Manuscript

Journal of

ALLOYS
D COMPOUNDS

Influence of oxide matrix on electron transport in (FeCoZr)y(Al203)1.x
nanocomposite films

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

Koltunowicz

Pl S0925-8388(17)30063-4

DOI: 10.1016/j.jallcom.2017.01.043
Reference: JALCOM 40410

To appearin:  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(Al203)1.x hanocomposite 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

Influence of oxide matrix on electron transport in (FeCoZr)x(Al.03)1.x Nnanocomposite films

lvan A. Svito}, Alexander K. Fedotov', Anis Saad? Pawel Zukowski®, Tomasz N. K oltunowicz>"
! Belarusian State University, 4, Nezalezhnastsi Minsk 220030, Belarus
2 Al-Balga Applied University, PO Box 4545, Amman BB9 Jordan

% Lublin University of Technology, 38d, Nadbystrzyci&tr., 20-618 Lublin, Poland

Abstract

Electron transport in (kbasC0y.4Zr0.10)x(Al 203)1x granular nanocomposites (NCs) produced by
the ion-beam sputtering of compound target wasediud the temperature range of 2—300 K.
Conductivity of the films synthesized in the ingkt) atmosphere is determined below percolation
threshold by the thermally activated electron tuimgeover metallic granules at low temperatures and
replaced by the Mott variable range hopping (VRkthwncreasing temperature. Introduction of
oxygen to the sputtering chamber suppresses VRHigdo retention of the thermally activated
tunneling in the whole studied temperature rangehfe metallic phase atomic concentrations up to
x = 0.62. The model of thermally activated tunnelovgr metallic granules gives an excellent
agreement with experimental data when alumina mp&tmittivity is considered as increasing with
concentration of the metallic phase fraction inftlms, which is due to increase in number of
localized electronic states. The established infteeof the sputtering atmosphere on the electron
transport in nanocomposites is explained by redoatf 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 amtinelogy is the creation and manufacture of
novel materials. An important area of researchainamaterials and nanotechnology is the surface
engineering with nanostructured surfaces. Thikescase of protective coatings in which
nanocrystalline phases are embedded in an amorphatn [1-3].

Due to a small size (a few nanometers) of metphHidicles randomly distributed in dielectric
matrix, nanogranular metal-insulator compositegata number of important fundamental effects
and interesting properties: hopping electron trartsgpin-dependent tunneling magnetoresistance,
superparamagnetic state of granules, giant Hadtgfetc. [4-10]. In particular, an interest in
nanostructured films based on the ferromagneti€éaloys is determined by prospects of their
practical use as a magnetic head for informaticonding and read-out [11, 12], development of
protective shields against electromagnetic radigtl®], magnetic field sensors, etc.

The structural, magnetic, magnetoresistive andrgiraperties of the metal-dielectric
(FeCoZr)(Al,03)1.x nanocomposites produced by the ion-beam sputterang investigated earlier
[10, 14-19]. It was established by the TEM and X&talyses that in such nanocomposites with
concentration of metallic phase corresponding ¢éodielectric side of the metal-insulator transition
(MIT), nanosized metallic nanopatrticles formed hg FeCo alloy are randomly distributed in the
Al,Oz amorphous matrix [15]. In works [14, 20], peculii@s of magnetic and electron transport
properties of nanocomposites were explained takitogaccount formation of the ,core-shell”
structure with metallic granules covered by oxildells in the case of addition of oxygen to the
sputtering atmosphere. At the same time, influeidbe oxide matrix state (first of all, conceniat
of defects) on electron transport in nanocomposiéesnot been yet taken into account, although
matrix defectiveness can be of the crucial impaan the case of hopping electron transport. Just

these circumstances have determined the goal girdsented research.



2. Experimental

(Fe&y.45C . 4Zr0.10x(Al 203)1.x granular nanocomposite films were synthesizedbyidn-beam
sputtering of compound target in pure argog< 6.0x10% Pa) or mixed Ar+Q@(partial pressures
Par=6.0x10% Pa,po;=4.3x10° Pa) atmospheres onto water-cooled glass-ceramstrates. Detailed
description of the synthesis procedure can be fauf2il]. These two types of nanocomposites will
be designated below as NC-Ar and NC-(8g}, respectively. The film thickness was equal to 3—

6 um according to the cross-section SEM experimenisn#c concentration of metallic phas@n
the films was determined by the EDX analysis and waied from 0.31 to 0.64. Additionally,
Fey.45Cy.45Zr0.10 pure metallic films were investigated as the mfiee samples.

Temperature dependences of conductivity were siuskeng a HFMS system (Cryogenic
Limited, London), which allows setting the samm@eperature in the range from 2 to 300 K with an
accuracy better than 0.05 K. The samples of 2x7 mrsize were provided by the ultrasonically
soldered indium electric probes. DC conductivityasiwrements were realized using a Keithley 6430
Source-Meter and a Keithley 2182anovoltmeter. AC conductivity was measured atmroo
temperature with AgileriE4980A and Agilent E428A LCR-meters at the frequencies of 2 and

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

3. Resultsand Discussions

Our experiments have demonstrated that the shajeenpierature dependence of electrical
conductivityo(T) changes significantly with increasing metalli@ph concentratianfor the
composites synthesized in the Ar atmosphere (fig.Conductivity of the films with high
concentrations of metallic phase decreases witleasing temperature demonstrating a rather weak
power-likes(T) dependence, which is characteristic for metaHater composites above the
percolation thresholg,, i.e. on the metallic side of MIT. For the nanogasites withx < 0.56,
conductivity increases with temperature indicagmgvailing of an activation-like carrier transport.

For the intermediate range of metallic phase camatons (0.56 < < 0.64), a superposition of these



two ultimate cases @f(T) behavior is observed (Figa)l Note that in the concentration range of
0.48 <x < 0.52, the temperature dependences of conductiaitybe linearized in the~ log(T)
coordinates for a wide temperature range (Fig.\which could be attributed to the tunneling
conductivity with a large electron localization ¢gh and is inherent to materials with composition
close to MIT [22-24].

For the nanocomposites synthesized in the Aratthosphere (Fig. 1b), the activation type of
o(T) dependences (peculiar for the metal-insulatorpsites on the dielectric side of MIT) is
observed for the whole studied range of the metphiase concentration (0.3Xk< 0.64), and no
change irdo/dT sign occurs.

As is seen from Fig. 1, analysis«(fT) dependences does not allow correct determiniag th
percolation thresholg. giving rise to necessity to develop alternativehrods for obtaining. value.
As is seen from Fig. 2, we can preserthasing on the analysis of phase shift between A€otiand
voltage depending on the metallic phase conceatratiSince any conductor has an inductance,
impedance of the composites with metallic phase@omationx > x. has an inductive-like type due
to formation of continuous conductive cluster beawéwo electric probes. On the other hand,<fx.
and metallic particles are separated by oxidelmgers, impedance is capacitive-like [25, 26].

As is seen from Fig. 2, for the NC-Ar nanocompgasitmpedance changes from capacitive-like
to inductive-like with increasing and indicating formation of the continuous condiectluster at
x. ~ 0.49. This allows attributing this concentratiencarresponding to the MIT position. On the
contrary, in the case of the NC-(AD3) nhanocomposites, a capacitive-like impedancensewed in
the whole concentration range. The observed diffe¥én6(x) dependences for two types of the
studied nanocomposites correlates well with changdirc(7) behavior with increasingand
indicates the lack of insulator-metal transitiorthe NC-(Ar40,) films even at the largegtvalues
studied. The observed dielectric-like propertiethef NC-(Ar4,) composites with a large content of
metallic phase can be explained by formation af thiide shells around metallic granules due to a

presence of oxygen in the sputtering chamber [Q}4, 2



Analysis of results presented in Fig. 1 has denmatest that(T) dependences for the

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

o(T) = o4 exp[— (%)n] , (1)
wheren equals 0.5 or 0.25 (see below), dhds a parameter, which characterizes activatiomggnef
electron tunneling through barriers.

For the NC-Ar nanocomposites witix x.~ 0.49 (which corresponds to the volume fraction
less than 0.24), there is a concentration deperwlessover temperatuf@(x), which decreases
monotonically from 130 to 6B whenx is increasing. An exponent in the equation (1)aés|to
n= 0.5 atT < T, whereas = 0.25 afl > T, (Fig. 3).

For the nanocomposites synthesized in the Aratthosphere, the temperature dependences of
conductivity are linearized in the )~ (7o/T)°°coordinates at < 0.62 in the whole temperature
range (Fig. 3), and only composites with 0.62 demonstrate a crossovente 0.25 afl > 200 K.

The InE) ~ (T/7)°>law is usually explained by the Coulomb gap indeasity of localized
electronic states (DOS) in accordance with the &=8bklovskii variable range hopping (VRH) law
[27]. However, influence of the Coulomb gap on &lat transport can appear only at low
temperatures (as a rule, below 10 K) when a theematgy is less than the gap width. We believe that
the observed experimental results and, in partictha Ing) ~ (To/7)*°law can be explained by the
model of thermally activated electron tunnelingimsgn the metallic granules with some scattering of
their sizes [28]. Use of this model is reasonalkelealnse size dispersion can reach 30 % for the
nanocomposites produced by the ion-beam sputtadagrding to the previous studies [29, 30].

As is known, the exponent= 0.25 in Eg. (1) can be attributed to the Mott/Ransport over
the localized states [31]. These localized stateke alumina matrix can exist due to the following
reasons. Firstly, amorphous matrix has a great euwitstructural defects such as uncoordinated Al
atoms, as well as Fe and Co atoms, which do noheb the metallic granules [30, 32, 33].
Secondly, in the case of ion-beam synthesis of canposites in the Ar atmosphere, atomic
composition of the matrix is deviated from stoichitric toward oxygen deficiency as a rule [34].
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This is due to the fact that part of oxygen atosnsniocked-out from the alumina part of target and
carried away by a gas flow, as well as due to tkegnce of zirconium, which acts as a reducer [35].
The formed oxygen vacancies in alumina matrix jglagle of localization centers [35, 36].

Existence of the above-mentioned structural defedise alumina matrix gives rise to
appearance of additional levels in the energy dabuonina (Fig. 4), over which electron hopping can
be realized [36, 37]. Since every electron jumadsompanied by emission or absorption of phonon,
the cooling is accompanied with the decrease innaler of energetically acceptable states for
electron hops leading to an increase of the jumgtle

Thus, the VRH electron transport dominates unéljthmp length becomes equal to a mean
distance between the nanogranules. Subsequentrnmgedecrease leads to the crossover of
conductivity mechanism, when thermally activateztgbn tunneling becomes more energetically
favorable. In this case, decrease of crossoverdeatyre?, with increasing metallic phase
concentration correlates with the decrease ofgnaégular distance and increase of density of
localized states in the matrix.

Figure 5 presents the paramelgin Eq. (1) determined using linearization of temgpeare
dependences of conductivity in thedp{ (To/7)° coordinates depending on the metallic phase
concentration in the studied composites. As is $&an Fig. 5,7, decreases with increasing
concentration of metallic phase. Especially faitda7y is observed in the NC-Ar films, whetis
approaching the MIT value.

In the framework of the above-mentioned model efitially activated electron tunneling
between the metallic granules, the characteristigoeraturdyin Eq. (1) is described by the

expression [28]:

T, = ez (%)3/2 . va—l/z . (1 _ x_V>1/3l, (2)

kgeag Xye

whered = h/,/2mU,, is the decay length of the electron wave funcinodielectric matrixUap, is

the height of the intergranular tunnel barrrais the electron mass,is the dielectric permittivity of



matrix, ag is the average size of the metallic granules xgmnslthe volume fraction of the metallic
component in nanocomposite (calculated under thenagtion that all Fe and Co atoms are in the
metallic (non-oxidized) state).

The following parameters were used for the estiomatif 75: Uap= 3.5 eV (calculated as the
difference between FeCo work function and alumieateon affinity); the average size of metallic
granuleszowas set as monotonically growing from 2 to 7 nmhwiiicreasing metallic phase
concentration according to the previous TEM, XR@ amagnetization studies [14, 15].

Dependence of static matrix permittivitypn concentration of metallic phase in the compssit
(Fig. 6) has been estimated from Eq. (3). PosuiioMIT for the NC-(Ar+Q) nanocomposites at
higher concentration of the metallic phagex(0.72 corresponding to the volume fraction of 0.59)
comparison to the NC-Ar nanocomposites confirmsptiméial oxidation of a metallic component
during NC deposition. Thereby, there is some uag#st in determination of the volume fraction of
the non-oxidized metallic component. However, taidor can not influence significantly on the
Xv/Xvc ratio in EqQ. (2).

As is seen from Fig. 6, the matrix permittivity tie NC-Ar nanocomposites increases by appr.
one order of magnitude when approaching MIT. Sinbkhavior was observed in a number of papers
[38, 39]. From a physical point of view, the obsshgrowth of permittivity can be related to the
increase in concentration of point defects (fomegke, metallic atoms and vacancies) distributed in
the amorphized alumina matrix during sputteringcpture and their contribution to the electric field
screening.

Estimation of the density of localized stakgsin alumina matrix was carried out in the
hydrogen-like approximation using the following exgsion for permittivity [40]:

3(er—1)B,, +3(er—1+B,, ) oo No 3)

S(NO) = 1 + 3Bm—(8r—1+Bm)(10N0

wherepn, is the parameter accounting a lattice symmetryeapual to 3 for a cubic lattice, as well as
for amorphous materialsg=18r> is the polarizability of neutral hydrogen-like dwnr = €%/8neeolq
is the Bohr radius of the localized electron witk tonization energly , ¢ is the permittivity close to
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unity in our case due to comparability of the Badmtius and lattice parameter. The used
approximation of neutral centers is reasonableussaonductivity is determined Bk T, mainly by
the electron tunneling between metallic granuldsneas electron hopping over localized states is
negligible indicating their neutral charge state.

As is seen from Fig. 7, the density of localizeatesd increases with metallic phase
concentration, being about half times higher fer HC-Ar samples as compared with NC-(8¢}
ones at close values.

At the first glance, it could seem strange thaede€oncentration increases with decreasing
dielectric component fraction. However, this effeah be naturally explained by elevation of heat
conductivity of the composites with increasigdue to a large difference in heat conductivities o
amorphous matrix (1.6—2 WxhK™) [41] and metallic alloy (80 WxthK™). High heat conductivity
of nanocomposites with a large fraction of metgllhase leads to more fast energy loss by condensed
atoms and, hence, loss of their difusibility in grewing film during ion-beam synthesis. This
statement is supported by results of the Mossbspestroscopy, which demonstrate an increase of
number of F& ions with increasing [17]. Moreover, as it was above mentioned, theatlen of
metallic phase fraction in the nanocomposites s the number of Zr atoms, which are oxidized
easily giving rise to the increase in concentratiboxygen-deficient defects in the matrix.

Therefore, the observed difference in electronsgpart properties for the NC-Ar and NC-
(Ar+0,) nanocomposites can be explained by the facithdition of oxygen to the sputtering
atmosphere leads to reduction of the oxygen-deficenters concentration in the films studied.

As was mentioned above, for the NC-Ar nanocompsesitiéhx < x. , the Mott VRH over
localized states is observedTat 7, (Fig. 3). According to the Mott model [31], the (~ (7o"/T)*2°
law takes place for disordered systems. Plottingxpkerimental dependences for the temperature
rangeT > 7. in the form proposed by Kirkpatrick [42] enablededn estimate the electron localization

radius values in the nanocomposites on the digesitte of MIT according to equation



a =[0.0217( s L ) (o )]1/3 (cm), (4)

9-mh*dsS-¢,? 8.99-1011.g,

and estimations of DOS at the Fermi level by equati

60
nkTya3

(eViem?®), (5)

N(Ef) =
whereE; = 10 eV is the deformation potential of the alumimatrix,d = 3.55 g/cniis the density of
amorphous alumina~ 6.7x16 cm/s is the speed of sound [48},~ 17 (Fig. 6) is the permittivity of
the alumina matrixg is the electron chargg,is the reduced Planck constahis the Boltzmann
constant, andyis defined by the following relations:

5o = 0.0217 (g) (6)

¢ = (i) (G2) )

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

composites is close to~ 0.6 nm for low metallic phase concentrations 0.34), when the presence
of metallic granules in the composites does ndtuarfce remarkably on their conductivity. Electron
DOS at the Fermi level has been estimated as 8ppfr° cm®eV* for low values of metallic phase

concentrations (0.30-0.34).

Conclusions
The performed investigation of electron transpotihie (Fg.45C0y.45Zr0.10x(Al 203)1-x granular
nanocomposites produced by the ion-beam sputtefingmpound target in neutral (Ar) and oxygen-
containing atmosphere in vacuum chamber enabletoatraw the following conclusions:
1. Conductivity of the studied nanocomposites sgsitted in the inert (argon) atmosphere below the
percolation threshold is described well at low tenapuresT < T. by the model of thermally
activated tunneling over metallic granules with sasize distribution. Crossover to the Mott

variable range hopping takes place with the apriogd-.



2. In nanocomposites synthesized with additionxyyen into the sputtering chamber, the thermally
activated intergranular tunneling of electronshserved in the entire studied temperature range
(2-300 K).

3. The observed difference in electron transpaperties for the NC-Ar and NC-(Ar+{
nanocomposites (in particular, disappearance oibi variable range hopping in the case of
nanocomposites synthesized in the oxygen-contaetimgpsphere) can be explained by the fact
that addition of oxygen to the sputtering atmospheads to reduction of the oxygen-deficient
centers concentration in the alumina matrix offtlmes studied.

4. The matrix permittivity for the NC-Ar nanocomjites increases by appr. one order of magnitude
when approaching MIT that can be related to thevgran concentration of point defects (like,
metallic atoms and vacancies) distributed in theraimzed alumina matrix during sputtering

procedure and their contribution to the electrtdiscreening.
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Figure captions

Fig. 1. Temperature dependences of DC conduciivitiies — log(T) coordinates for the

(FeGoZr)x(Al,03)1.x nanocomposites synthesized in the rgnd Ar+Q (b) atmospheres.

Fig. 2. Concentration dependences of phase slyfe@rbetween AC current and voltage for the

(FeGoZr)x(Al,03)1.xnanocomposites synthesized in the Ar (left) and@yrright) atmospheres.
Fig. 3. Temperature dependences of conductivitgfeNC-Ar @) and NC-(Ar#,) (b)
nanocomposites in the lag(— T°% and logé) — T2 coordinates for the samples witk 0.33 (),
x=0.48 @), x=0.33 B), andx = 0.64 4).

Fig. 4. Band diagram of (FeZr)x(Al.0s3);.x nanocomposite.

Fig. 5. Concentration dependences of paramigter Eqg. (1) for the NC-Ar and NC-(A3y)

nanocomposites.

Fig. 6. Matrix permittivityvs. metallic phase concentration estimated using Eq. (

Fig. 7. Concentration of hydrogen-like defectslumana matrix depending on the concentration of

metallic phase& in the studied nanocomposites. Circles corresponiode 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,03)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 aluminamatrix defectiveness



