
The real part of AC conductance in amorphous nanocomposites
ferromagnetic alloy–dielectric

A. M. Saad

Received: 18 August 2008 / Accepted: 6 February 2009 / Published online: 5 March 2009

� Springer Science+Business Media, LLC 2009

Abstract Results of AC conductivity of the granular

nanocomposites consisting of amorphous ferromagnetic

alloy nanoparticles (Fe0.45Co0.45Zr0.10) embedded into

amorphous dielectric matrix (Al2O3) are presented and

analyzed here. Conductivity measurements were made for

the samples of different metal-to-dielectric ratio x (25 \ x

\ 65 at.%) in the frequency range of 0.1–1000 kHz at

temperature of 80–340 K. Real part of AC conductance at

low frequencies (f B 5 kHz) have shown temperature

dependencies rreal(T) corresponding to Mott hopping regime

at x below the percolation threshold and metallic one beyond

the percolation threshold. It was shown that rreal(T) depen-

dencies satisfactorily follow the known relations of 3D

percolate models with critical indexes t & 1.6, q & 0.9, and

s = 0.62. The numerical estimations of the density of

localized states N(EF) displayed a tendency to be decreased

with x increase and the electron wave-function localization

length a was about 11 nm.

Introduction

Granular nanocomposites FeCo-based ferromagnetic alloy–

amorphous dielectric matrix has a special place among

nanostructured materials. Though looking homogeneous on

the macroscopic scale, such binary composite systems are

disordered and inhomogeneous on the nanoscale. The

important applications of these systems are the conductive

adhesives, protection layers against electromagnetic radia-

tion, and novel electronic and magnetoelectronic devices

based on size effects like the single electron tunneling [1].

Depending on the metallic phase concentration x, the

electrical properties of such mixtures can vary between

those of the matrix and of the filler. The typical binary

composite material has a critical concentration, percolation

threshold xC [2], approached when a continuous cluster of

filler particles is formed through the sample.

The low-frequency impedance measurements in the typ-

ical frequency range of 102 \ f \ 106 Hz are valuable and

supplied additional information on the conductivity mech-

anisms that DC conductance measurements alone did not

provide [3–5], i.e., this technique has been used extensively

by many researchers [6–11] for the disordered and inho-

mogeneous materials. These measurements along with the

DC conductance provided important information about

the carrier transport mechanisms and magnetic state of the

nanocomposites versus composition, conditions of prepara-

tion, temperature, external electric and magnetic fields, etc.

The granular composite materials, which consist of

FeCo-containing soft ferromagnetic nanoparticles embed-

ded into the dielectric matrix, were given a great interest and

considered as nearly ideal core materials for many of high-

frequency applications [8–11]. Their low coercivity along

with high saturation magnetization, high in-plane anisotropy

field, and high resistivity are beneficial to obtain high power

density and low power loss in different applications. Also

such nanocomposites can be promising as memory media

with super-high density of magnetic recording ability used

in magnetic recording heads, RF and SHF shielding, etc.

Recently an increased interest has been demonstrated in

such nanogranular systems due to the observed GMR/TMR

effects [12–20]. Note also that most of the electrical,

magnetic, and other properties of FeCo-containing nano-

composites vary drastically with the external conditions just

near the percolation threshold xC [11, 21–24]. These make
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the nanocomposites very attractive for the construction of

various kinds of sensors, actuators, detectors, etc.

The carrier transport analysis of FeCo-containing nano-

granular composite films, earlier evaluated from small-

signal DC and low-frequency AC measurements, has shown

a high-resistive state far before the percolation threshold

and the low-resistive behavior beyond xC [11, 22–24].

These measurements have also revealed a strong influence

of the films preparation conditions (especially, substrates

temperature during deposition) on their electro-magnetic

properties and position of the percolation threshold [11,

22, 24].

As was mentioned above, the impedance spectroscopy,

the frequency response of the electrical properties, along

with DC conductance provided important information about

the carrier transport regimes in the nanocomposites metal-

insulator versus composition, conditions of preparation,

temperature, external electric and magnetic fields, etc.

[25, 26]. So the goal of this paper is to study the real part of

AC conductance of the composites, consisting of alloy

ferromagnetic nanoparticles (Fe0.45Co0.45Zr0.10) embedded

into a non-magnetic amorphous dielectric matrix (Al2O3),

for different volume concentrations of metallic nanoparti-

cles and compare it with their DC behavior.

Experimental

The studied 3–5 lm thick films (Fe0.45Co0.45Zr0.10)x

(Al2O3)1-x with 25 \ x \ 65 at.% were deposited using the

ion-beam sputtering of the compound target onto the

motionless substrate with argon gas in the chamber. Contrary

to the previous samples preparation described in our previ-

ous works [22–24], the substrate here during sputtering was

not water-cooled and its temperature was about 100 �C. The

original configuration of the compound target enabled one

to prepare composite films with the different metallic-

to-dielectric fraction x in one technological process [21].

The structure of the as-deposited film composites was

investigated using transmission (TEM), scanning (SEM)

electron microscopes, and X-ray diffraction (XRD) mea-

surements. TEM microscopy of some of the thin films

confirmed their granular structure with dimensions of metallic

nanoparticles of 2–10 nm embedded into amorphous alumina

(Fig. 1a). SEM microscopy of the films showed their cellular

structure (Fig. 1b) as that for the samples deposited at lower

temperatures (see [22]) but with smaller cells which were

lesser scattered by dimensions (100–200 nm as compared to

100–400 nm in [22]).

Content measurements of the chemical elements con-

stitute the composites were made using a special micro-

probe X-Ray analysis in LEO 1455VP.

Magnetic and valence states of Fe ions in the composites

for different metal-to-dielectric ratios were studied using

Mössbauer spectroscopy. Mössbauer spectra were recorded

in transmission geometry at room temperature using

MS2000 spectrometer with 57Fe/Rh source and YAlO3:Ce

crystalline scintillation detector [27].

AC conductance measurements were made for the

rectangular shape (10 9 2 mm2) samples. Impedance

parameters of the composites were measured at 30 fre-

quencies between 100 Hz and 1 MHz using the precision

LCR-meter HP 4284A in the temperature range of 80–340 K

with the temperature change rate of 0.5 K/min. The tem-

perature in the measurement chamber was controlled within

the accuracy of 1 9 10-3 K and thicknesses of the films

were determined from their cross section using SEM

measurements.

Results and discussion

The behavior of AC conductance in composite materials is

strongly dependent on sample concentration relative to the

percolation threshold xC, metallic-to-dielectric phases con-

ductance ratio Rm/Rd, geometric parameters of metallic

nanoparticles, and also characteristics of dielectric strata

(dimensions, shape, topology, density of localized states,

etc.) [28]. In accordance with the latest models of the per-

colation theory, for high difference in conductance of

several orders of magnitude between metallic and dielectric

phases and the metallic component concentrations below

the percolation threshold (x \ xC), a continuous conduct-

ing-current (percolating) cluster did not form and the carrier

transport was carried out mainly through the dielectric strata

between the metallic nanoparticles. However, beyond the

Fig. 1 TEM (a) and SEM (b)

images of the films with

x = 31 at.%
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percolation threshold (x [ xC) metallic nanoparticles

formed continuous conducting-current clusters, parts of

their skeleton shunting any dielectric strata, with the com-

posite shifting to the metallic side of the metal-insulator

transition (MIT).

A short review of our earlier results can be made, before

describing the AC conductance measurements, using struc-

tural and DC conductance properties of the nanocomposite

films deposited on water-cooled substrate (approximately at

10–15 �C). TEM microscopy of the as-deposited films

revealed that their granular structure was made of amor-

phous Co0.45Fe0.45Zr0.10 alloy nanoparticles of 6–10 nm

dimensions randomly distributed in amorphous alumina

matrix [11]. Comparing the SEM, XRD, and Mössbauer data

[7, 9] of the samples concluded that the bcc-FeCo was a

dominating phase formed in the studied nanocomposite

films.

The combined investigations of the Mossbauer spectra,

magnetization, and DC/AC conductance of the composites

sputtered on water-cooled substrate revealed that their

magnetic state and behavior of conductance was strongly

dependent on relative content of the metallic phase [21–24,

27]. In particular, before the percolation threshold (x \
xC & 45–47 at.%) the nanocomposites were in a super-

paramagnetic state but beyond xC they were in a ferromag-

netic state. Moreover, the mechanism of electron transport

in the films changed from hopping of electrons by localized

states in the dielectric Al2O3 matrix to metallic regime

when crossing the percolation threshold xC.

The dependences of room temperature AC conductance

r at low frequencies (f B 5 kHz) on volume concentration

x of metallic phase for the films studied in this paper

(sputtered on non-water-cooled substrate) are shown in

Fig. 2a on curve 1. As is seen, this curve looks very similar

to that observed for the DC conductance measured earlier

(compare with curve 1 in Fig. 1 in [24]) showing the

increase of films conductivity as the metallic phase content

increases in the studied region of x.

Vacuum annealing of the samples at low-temperature

(650 K) and for a short time (30 min) resulted in evident

changes in the r(x) dependence (see, curve 2 in Fig. 2a).

The used heat treatment procedure allowed to determine

the percolation threshold accurately in accordance with the

method described in [29]. Accordingly this method posi-

tion of xC, defined by the intersection point of the curves 1

and 2 in Fig. 2a, is &42 at.% (a little lower than the value

observed in [22, 24–27]).

In order to check the percolation models application for

the studied composites the analysis of the r(x) dependence

for the as-deposited films were made in more details around

the percolation threshold by rebuilding of curve 1 in Fig. 2a

in double logarithmic coordinates lg(r) vs. lg|x - xC| (see

curves 1 and 2 in Fig. 2b) where xC was 42 at.%.

According to the percolative models [2, 30] for the

binary mixture of particles with infinite resistance (ideal

insulator) and highly conductive particles (metallic) for

x \ xC the effective conductance r(x) = 0 while for x [ xC

it follows the relationship of

r xð Þ ¼ rm x� xCð Þt ð1Þ

where rm is conductivity of the metallic phase at x = 1 and

t is critical index. The value of r(x = xC) for the percolative

model is related to the conductivities of metallic rm and

dielectric rd phases by

r xCð Þ ¼ rm

rd

rm

� �s

ð2Þ

where s is critical index. If r(xC) � rd, dependence of r(x)

on metallic side of MIT obeys the relationship of

r xð Þ ¼ rd xC � xð Þ�q ð3Þ

where the critical index q is close to 1. The 3D percolative

models for the binary mixtures give t & 1.6–1.9 and

s & 0.5–0.62 [2, 30].

Figure 2b shows that by approaching xC from metallic

side (curve 1 in Fig. 2b) and from dielectric side (curve 2

-2.0 -1.5 -1.0 -0.5

2

3

4

5

(b)

lg (|x-xc|)
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(σ

, S
/m

)
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2

(a)Fig. 2 Dependences of the real

part of AC conductance r at

room temperature on volume

ratio x of the metallic phase in

the nanocomposites studied

before (1) and after (2) 30 min

vacuum annealing at

temperature of 650 K (a) and in

double logarithmic coordinates

for the curve 1 (b). Dashed

straight lines correspond to the

approximations by relations 1

and 3
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in Fig. 2b) the experimental dependences r(x) practically

followed the relations 1 and 3 with the approximating

parameters t & 1.6, rm & 3.16 9 106 S/m, q & 0.9, and

rd & 63.9 S/m. Substituting these parameters in relation 2

with s & 0.62 we find that r(xC) & 3.85 9 103 S/m. The

position of this value in Fig. 2a just corresponds to the

value xC & 42 at.% where curves 1 and 2 are crossed.

Frequency and temperature dependencies of real part

conductance r(f,T) of the composites sputtered on non-

water-cooled substrate for different metal alloy contents x

are presented in the Fig. 3 as 3D pictures.

Comparative analysis of rreal(T,f) behavior displays the

percolation threshold position for the studied composites

between 41 and 44 at.% as illustrated in the 3D rreal–T–f

surface shape in Fig. 3c and d. In particular, a sign change

of dr/dT can be seen from positive (activating regime of

conductance) at x \ 41 at.% to negative (metallic regime)

for x [ 44 at.% that confirms the value of xC & 42 at.%

following from Fig. 2a. Moreover, a transition of rreal(f)

can be seen at T = const from frequency-independent

behavior below the xC to a strong frequency dependence at

f [ 50 kHz beyond the xC.

Fig. 3 Frequency and

temperature dependencies of

real part of conductance r(f,T)

of the composites with different

concentrations of metallic

phase: x = 31 at.% (a); 39 at.%

(b); 42 at.% (c); 48 at.% (d); 54

at.% (e); 64 at.% (f)
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To investigate in more detail the AC conductance

mechanisms in the composites studied, the sections of

rreal(T,f) dependences for constant frequencies can be used

and the corresponding rreal(T) curves for f \ 10 kHz and

different x values are shown in Fig. 4. Inasmuch as the

rreal(T) curves, Fig. 3b–c, are characterized by (dr/dT) [ 0

below the percolation threshold we have rebuilt them in the

form of ln rreal(T) - (1/T)n with n = 0.25 and 0.5. The

previous papers [31] showed that the DC conductance tem-

perature dependence of the nanocomposites (Fe0.45Co0.45

Zr0.10)x(Al2O3)1-x sputtered on water-cooled substrate

obeyed the relationship of

r Tð Þ ¼ ro exp � To

T

� ��n� �
ð4Þ

which corresponds to hopping of electrons by localized

states in the dielectric matrix. The exponent n in 4 is equal

to 0.25 for Mott model of electrons hopping by localized

states around Fermi level [32] and to 0.5 for Shklovski–

Efros model [30] for hopping of electrons over the Cou-

lomb gap in the density of localized states at Fermi level.

The conducted analysis of approximation errors by fitting

of rreal(T) by these two models made it possible to assert

that the Mott law (n & 0.25) is valid in the whole tem-

perature region. Moreover, comparing analysis of the

curves presented in Fig. 4 with the earlier results [22–24,

31] for DC/AC conductance of the nanocomposites

(Fe0.45Co0.45Zr0.10)x(Al2O3)1-x deposited on water-cooled

substrate results in some differences and some analogies in

the behavior of rreal(T) and rDC(T) dependencies. Firstly,

the character of rreal(T) in Fig. 4 is qualitatively close to

rDC(T) in [31] pointing out to the hopping mechanism of

carrier transport. However, as compared to rDC(T), where

sharp change of To in formula 4 at T & 110 R [31] was

observed, curves 1–4 of Fig. 4 show only sole To for the

whole temperature region 80–340 K. It means that, as

compared with the previous results, higher temperature of

the films deposition resulted in the formation of only one

system of percolating routes for carrier transport in the

studied temperature range.

One more difference between the two types of the

studied films is related to the different behavior of rreal(T)

in Fig. 3d–f and curves 5, 7, and 8 in Fig. 4 and rDC(T) in

[31] beyond the percolation threshold. The rDC(T) in [31]

at x [ xC also followed the formula 4 with n = 0.25 but

with much lower values of To than for x \ xC whereas

rreal(T) dependences changed sign of (dr/dT) at x [ xC

directly indicating the metallic regime of carrier transport.

The temperature dependences of nanocomposite con-

ductivity allowed to estimate principally the changes in the

localized state density N(EF) and/or localized wave func-

tion damping length a in alumina depending on the

metallic phase content. For this procedure we used the

semiempirical Kirkpatrick formula [33]

r ¼ 0:0217
C1

a

� �
To

T

� �0;:35

exp � To

T

� �0;25
" #

; ð5Þ

with

To ¼
60

pkBNðEFÞa3
; C1 ¼

E2
1

p4ds5�h4

� �
� e3

6pee0a

� �2

; ð6Þ

and Austin-Mott relation [34]

rAC ¼ C2e2kBTfN EFð Þ2a5 ln4 mph

2pf

� �
: ð7Þ

Here C1 and C2 are model constants, f—measurement

frequency, a—the localized wave function damping length,

e—the electron charge, kB—Boltzmann constant. The

parameters values used in this relations for Al2O3

were: mph & 2 9 1013 Hz—phonon frequency, hD &
1042 K—Debye characteristic temperature, E1 &10

eV—deformational potential, d & 3.97 g/cm3—density,

s & 3 9 103 cm/s—sound velocity, ee0 & 10—dielectric

constant.

Calculated values of N(EF) and a are presented in

Table 1. Moreover, the dependency of N(EF) on metal-to-

dielectric volume ratios calculated from the semiempirical

Kirkpatrick formulas 5, 6 gives the same tendency as in

[29] estimated from DC conductivity results, i.e., density of

localized states at Fermi level increases by one order as x

increases.

However, the N(EF) values in this case are about 2–3

orders of magnitude less than that in [29]. Note that N(EF)

in [29] were calculated from Mott relation (see, [6]) with a
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Fig. 4 Approximations of rreal(T) dependencies by Mott law for

f = 10 kHz and different metal-to-dielectric ratios: 1—31 at.%; 2—

33 at.%; 3—39 at.%; 4—42 at.%; 5—48 at.%; 6—54 at.%; 7—

59 at.%; 8—64 at.%
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questionable assumption that the electron wave-function

localization length a is close to 0.8 nm but in this paper a

values about 11 nm were extracted directly from Kirkpa-

trick formulas 5, 6 without any additional assumptions.

Substituting this value into formula 7 with T = 300 K and

f = 10 kHz the last column of Table 1 shows a similar

tendency—the N(EF) increase as x increase but weakly

expressed. Therefore, numerical estimations of the N(EF)

and a values should be considered only as the tendency of

their changes depending on the composition. This tendency

is attributed here to the increase of the interface metal-

dielectric areas with the x growth. Indeed, a number of

localized states, occurring at the phase interface due to

their incoherence, should be increased with the increase of

metallic nanoparticles concentration.

In summary we need to do one remark in connection with

the conducted estimations. A complicated phase structure of

the studied composites resulted in the creation of large-scale

potential relief in the films due to the presence of the ran-

dom potential barriers impeded the movement of carriers

by dielectric matrix between the conducting metallic

nanoparticles. This should cause the formation of very

complicated system of the current-conducting routes for the

samples (especially on the dielectric side of MIT, with

x \ xC) that are highly inhomogeneously distributed by the

film depth and plane of the films. This circumstance allowed

the use of the percolation theory to explain carrier transport

in metal-dielectric composites. This implied that the real

length of percolating routes, especially at low temperatures,

became much longer and thinner (with smaller cross-sec-

tions) than the actual sample size. At higher temperatures,

some of barriers (dielectric strata) became transparent for

carriers and these percolating routes became closer to the

sample length and wider (with greater cross sections). It

means that real values of cross section-to-length factor (S/l)

of the percolating routes are changed with temperature and

do not coincide with the ratio of sample cross section to its

length which was used in the present estimations of con-

ductivity. In other words, exact estimation of the cross

sections and lengths of the current-conducting regions in

each sample at a precise temperature becomes impossible.

Conclusion

Results of this work and analysis of the previous papers and

literature have shown that composition and deposition

conditions have a very strong influence on carrier transport

of nanocomposite films containing CoFeZr nanoparticles

embedded into amorphous alumina matrix. In particular,

for the samples deposited at the higher temperatures

(*100 �C) the following features were observed:

1. Low frequency (f B 5 kHz) real part of AC conduc-

tance at the temperatures of 80–340 K for the studied

samples are described by Mott law that are character-

istic of the thermally activated tunneling (hopping)

mechanisms of the carrier transport by the localized

states near Fermi level in the studied regions of

temperatures and concentrations of the metallic phase.

However, in contrast to the films deposited at lower

temperatures (on water-cooled substrate), in the stud-

ied samples rreal(T) dependencies are described by

Mott law (4) with sole parameter To for the whole

temperature region 80–340 K.

2. The dependence of real part of AC conductance on the

fraction of metallic phase rreal(x) principally coincided

with the corresponding behavior of DC conductance

but accompanied by abrupt change of (drreal/dT) sign

from negative to positive when crossing the percola-

tion threshold confirming transition from activational

to metallic regime of conductance.

3. It was shown that rreal(T) dependencies satisfactorily

follow the known relations of 3D percolative models

with critical indexes t & 1.6, q & 0.9, and s = 0.62.

4. The numerical estimations of the density of localized

states N(EF) displayed a tendency to be increased as x

increased and the electron wave-function localization

length a was about 11 nm.
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Table 1 Effective values of N(EF) and a on dielectric side of MIT in the studied nanocomposites

x (at.%) To (K) Calculations by formulas 5, 6 using

experimental values of To and ro

Calculations by formula 7 with

a values taken from 5th column

ro (S/m) N(EF) (eV-1 cm-3) a (nm) N(E0) (eV-1 cm-3)

31 510000 4100 2.7 9 1017 11.9 1.5 9 1020

33 470000 4500 3.1 9 1017 11.2 1.7 9 1020

39 94000 4900 8.2 9 1017 11.2 3.7 9 1020

42 30000 6100 2.1 9 1018 10.4 5.7 9 1020
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