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Low-frequency divergence of the dielectric constant in metal-insulator nanocomposites
with tunneling
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Dielectric measurements were done on cosputtered metal-insulator nanocomposite films with metal volume
fraction above the metal-insulator transition, in the frequency range between 20 Hz and 30 MHz. At interme-
diate and high frequency, the dielectric function can be qualitatively described in terms of the percolation
theory. In the low-frequency region, we observe a sharp relaxation-type increase of the real part of dielectric
constant with decreasing frequency, while the imaginary part is dominated by dc conductivity. We suggest that
the low-frequency behavior may be due to a combination of metallic and tunneling conduction in the system.
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Granular composites consisting of nanometer-scale m
particles immersed in an insulating matrix~cermets! have
attracted considerable interest due to their remarkable tr
port, magnetotransport, dielectric, and magnetic behav1

The properties of cermets can be altered in a wide range
changing the metal volume fractionx. They undergo an in-
sulator to metal transition asx accedes a critical value ofxc .
A recent discovery of the giant Hall effect and giant magn
toresistance in cermets,2–7 where the metallic component i
magnetic, intensified discussions on the dominating cha
transfer mechanisms in these systems, in particular when
concentration of metal is close to and above the criti
value. Measurements of the frequency dependences of
pedance or dielectric constant provide a sensitive tool
probing the charge transfer and polarization in complex s
tems ~for a review see Ref. 8!. A few examples of such
studies for both nanometer-scale and micrometer-s
granular metal-insulator composites have been reporte
Refs. 9–17. For composites close to the metal-insulator t
sition, the results are often compared to the predictions
percolation scaling theories,18–20 with the main emphasis to
the high-frequency dispersion. In this interpretation, the cr
cal volume fraction of metalxc is associated with the perco
lation threshold.21

In this paper we mainly focus on the low-frequency d
electric properties of metal-insulator nanocomposite fil
with the metal volume fractionx.xc . The results are pre
sented in terms of the effective complex capacitance.
most striking result is the rapid increase of the effective r
capacitance of conducting samples at low frequency, wh
the apparent imaginary part of capacitance is dominated
dc conductance. We attribute this behavior to a combina
of metallic conduction with frequency-dependent tunnel
processes. In our simple model, the low-frequency real
pacitance is associated with the tunneling correlat
length21,22 j t , which can be much greater than the classi
percolation correlation lengthjp .

Preparation and characterization of the approximately
mm-thick cosputtered (Ni85Fe15!x-(SiO2!12x samples on
glass substrates have been described in Refs. 2, 6, and 7
transmission electron microscopy studies show6,7 that these
PRB 580163-1829/98/58~20!/13375~4!/$15.00
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composites consist of crystalline metal particles with t
minimum diameters down to less than 1 nm immersed in
amorphous insulating matrix. The values ofx were measured
by energy dispersive x-ray analysis.2 In the samples withx
,xc'0.53, the dc conduction is typical of an insulator, wi
the thermally activated hopping between the metal gra
r}exp@2T0 /T#n ~Ref. 1!, where T0 and n are constants,
n'0.4. Following Ref. 7, we definexc as the metal-insulato
transition, or the percolation threshold. The results presen
in this paper are for six samples withx50.55, 0.58, 0.63,
0.64, 0.65, and 0.72. The room temperature dc resistivity
these samples decreases from about 1 to 1023 V-cm with
increasing concentration. Resistivity of the samples w
x50.55 and 0.58 depends on temperature approximatel
r}2 log(T/Q), whereQ is a constant, up to room tempera
tures. The samples, withx50.63, 0.64, 0.65, and 0.72 hav
small positive temperature coefficient of resistivity at roo
temperature, which crosses over to negative at a lower t
perature, the crossover temperature being dependent ox.
We note that there is still no unanimous understanding
both the degree of connectivity of metal grains and the do
nating conduction mechanisms in samples having such p
erties.

The effective realC8 and imaginaryC9 parts of capaci-
tance of rectangular samples with the length of 10–25 m
and width 1–2 mm were measured in the direction paralle
the sample plane, using a four probe method. The drive
sense contacts were well separated, to minimize the con
effects. The measurements were carried out on an HP 42
RLC meter in the frequency range between 20 Hz and
MHz, and HP 4285A RLC meter in the range 75 kH
through 30 MHz, with standard ‘‘short’’ and ‘‘open’’ correc
tions, at room temperature. The values of the parallel cap
tance and conductanceCp and G, measured in the paralle
equivalent circuit mode, were converted into the comp
capacitance using the relationsC85Cp and C95G/(2p f ),
wheref is the frequency. The geometry used in this work
not conventional for dielectric measurements, which are u
ally done perpendicular to the sample plane, with the sam
placed between two capacitor plates. Measurements w
have been impossible in the conventional geometry beca
R13 375 ©1998 The American Physical Society
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of the relatively high conductivity of the films. In the follow
ing we assume that the measured real capacitanceC8 is pro-
portional to the real part of the dielectric constant. The
parent imaginary part of capacitanceC9 contains
contributions from both the true dielectric loss and the
conductance. The measuring instrument cannot sepa
these two contributions.23

Figure 1 shows the real part of capacitanceC8 as a func-
tion of frequency, on a double logarithmic scale, f
~NiFe!x-(SiO2)12x samples withx.xc . The capacitance de
creases with frequency in the whole measurement ra
Three different types of behavior can be noticed in Fig. 1.
frequencies greater thanf 0;102– 103 Hz, where f 0 is re-
ferred to as the cutoff frequency, but smaller thanf c , where
f c is the crossover frequency,C8 is almost constant or de
creases slowly with frequency. The values off 0 and f c are
marked with arrows in Fig. 1. For the three samples clos
to the transition, a considerable change in the slope of
curves is observed nearf c . The crossover frequency is of th
order of 105 Hz for x50.55 and 0.58; it reaches;106 Hz for
x50.63, and is out of the measurement range for ot

FIG. 1. Dependencies of the real part of capacitanceC8 on fre-
quency for the~NiFe!x-~SiO2!12x samples. The metal volume frac
tion x is shown in the figure. The inset shows a dependence
capacitance at 25 kHz~circles! and at 20 Hz~triangles! on Dx5x
2xc , on a double logarithmic scale. The solid line is the best fit
a power law for the 25-kHz data. The dashed line is a guide for
eye.
-
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samples. We approximated the behavior of the real cap
tance at f . f c with a power-law dependence of the for
C8; f 2y. The estimations of the critical exponenty give the
values ofy'0.21 ~at f ;106 Hz for x50.55!, y'0.41 ~at f
;106 Hz for x50.58!, and y'0.23 ~at f ;107 Hz for
x50.63!. The cutoff frequencyf 0 is of the order of 102 Hz
for two samples closest to the percolation threshold, and
creases to over 103 Hz when x50.72. At low frequencies,
f , f 0 , the value ofC8 increases sharply with decreasin
frequency. One can also notice a kink in the dependence
lower frequency.

The dependence of the real capacitanceC8 on the value of
Dx5x2xc on a double logarithmic scale is shown in th
inset of Fig. 1. At intermediate frequency of 25 kHz~filled
circles! a power-law dependence of the formC8}(Dx)2s is
observed. The solid line in the plot shows the best fit to t
dependence withs50.760.1. In contrast, the effective ca
pacitance measured at a low frequencyf520 Hz ~shown by
filled triangles! increases withx. To the best of our knowl-
edge, the low-frequency behavior of capacitance of cond
ing metal-insulator composite samples, such as shown in
1, has not been reported before.

The frequency dependence of the imaginary part of
pacitanceC9 for the same set of samples is shown in Fig.

of

e

FIG. 2. Frequency dependencies of the effective imaginary
of capacitanceC 9 for the (NiFe)x-~SiO2!12x samples. The inse
shows a dependence ofG at 25 kHz onDx5x2xc , on a double
logarithmic scale, where the solid line is the best fit to a power la
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At low and intermediate frequencies,f , f c , the values ofC9
are inverse proportional to frequency within the experimen
accuracy,C9}1/f . This is an indication of the dominant con
tribution of dc conductance.23 For the samples closest to pe
colation, a dispersion of the formC9} f 2y is observed at
high frequencyf . f c , wherey'0.14, 0.33, and 0.82, respe
tively, for samples withx50.55, 0.58, and 0.63. In the latte
case, the dispersion may not be well developed. The de
dence of the real conductanceG52p f C9 on Dx, at f525
kHz, is shown in the inset of Fig. 2 on a double logarithm
scale. The conductance can be represented as a powe
function of metal volume fractionG}Dxt. However, we no-
tice that this dependence does not extend to the closes
cinity of the percolation threshold. The critical exponent
has a value oft'4.2, which is a little lower than that foun
in Ref. 7 for the same samples in low-temperature dc m
surements. We carried out measurements on several co
tered Pt-SiO2 and Au-SiO2 samples, where the dielectric be
havior was found qualitatively similar to that o
(NiFe!-~SiO2! films.

The intermediate- and high-frequency behavior of
complex capacitance can be qualitatively understood as
to percolation-type scaling. In the percolation models,
frequencies much smaller than the plasmon frequency
metal, the composite system is considered as a random
ture of metallic regions with real conductivitysm and dielec-
tric regions with real dielectric constant«d . The effective dc
conductivity of the percolation systems~0! is determined
by the infinite percolation cluster above the percolat
transition, while the effective dielectric constant«~0! arises
from charge polarization in the finite metallic clusters
the typical sizejp . The diverging percolation correlatio
length jp}uDxu2n, where x is the concentration of meta
Dx5x2xc andn'0.9 in 3d,24 is the scale of inhomogeneit
of the percolation problem.21 The static conductivity and di
electric constant are described as power functions ofDx,
namely,s(0)}(Dx) t ~for x.xc! and«(0)}uDxu2s, wheret
ands are the critical exponents. For a 3-dimensional array
the simplest approximation,s(0) and«~0! scale withjp as
s(0)}jp

22 ~for x.xc), «(0)}jp . This gives a simple esti
mate for the values of the critical exponentst'1.8, and
s'0.9, which are not too different from the elaborate co
puter simulation results:t'2.0 ands'0.76.24 We note that
the experimental dependence of the real capacitanceC8 at
f525 Hz on concentration, shown in the inset of Fig. 1, is
agreement with the theoretical result, the experimental va
of s being s50.760.1. While the real effective dc conduc
tance shows a nonuniversal behavior witht'4.2, the nonuni-
versal values oft were observed in cermets before and a
sometimes attributed to tunneling effects.25

Two well-known variations of the classical scaling theo
of frequency dispersion close to the percolation transiti
uDxu!1, are based on the intercluster polarizati
approach,18,19 or on anomalous diffusion on noninteractin
fractal clusters.20 The frequency dependence of the comp
effective conductivitys~v! and dielectric constant«~v! is
determined by the value of the scaling parameterz
5h/Dxs1t, whereh5(v«0«d)/sm is the ‘‘conductivity ra-
tio,’’ v52p f , and«0 is the permittivity of free space. Whe
the value ofz is small, z!1, andDx.0, the real part of
l
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dielectric constant is constant«8~v!5const, and the imagi-
nary part is inverse proportional to frequency,«9(v)
}v21. The latter equation is the signature of dominant co
tribution of conduction via the infinite cluster. Whenz@1,
the dielectric constant follows a power-law dependence
frequency,«(v)}v2y, where the critical exponenty5s/(s
1t)'0.27, using the universal values ofs and t. This dis-
persive behavior can be observed when the frequenc
greater than the crossover value, which can be estim
from the conditionz>1, or vc52p f c>Dxs1tsm /(«0 /«d).
It can be easily checked that this estimate exceeds cons
ably the values off c that have been observed in man
experiments.10–17 In our experiments~Figs. 1 and 2! the
crossover frequency is also much lower that this estim
The theoretical value ofy'0.27 can be compared to the e
perimental results discussed above. The experiment is q
tatively in line with the theory. However, the values of th
exponent deviate from the predictions, in particular for t
sample withx50.63, where the value ofy about 0.23 is
found based on theC8 data, and is 0.82 based on theC9 data.
A relatively narrow frequency range for the evaluation of t
exponents may be one reason for these discrepancies.

The sharp increase of the effective capacitance at
frequency~Fig. 1! cannot be explained by the percolatio
theory. We consider tunneling as a possible reason. The
colation problem with tunneling for metal-insulator compo
ites below the percolation threshold has been conside
both for dc conductivity,25 and ac conductivity.22 We suggest
that both the metallic spanning cluster and tunneling ju
tions have to be taken into account for ac properties of c
ducting (x.xc) nanocomposite films. Qualitatively, it can b
done as follows. Let us consider the system as consistin
two independent components. The first, metallic subsyst
consists of the infinite percolation cluster and the finite cl
ters of metal particles discussed above. Its properties ca
described by the classical percolation theory. The sec
component is composed of tunneling junctions between
finite clusters. The typical tunneling distancesr may be dis-
tributed betweend andjp , whered is the particle size. Ne-
glecting the charging effects, the probability of phono
assisted tunneling between metal clusters in unit time,
tunneling frequency, is26 t21f phexp@22r/a#, where f ph
;1012 Hz is the typical phonon frequency anda of the order
of several Å is the localization length. Asr is in general
much greater thana, the resistivity of the tunneling sub
system is much greater than that of the metal infinite clus
Following Ref. 22, we can consider each finite cluster of s
;jp as a node for a new percolation problem where the
sistance between adjacent nodes isRi j 5R0exp@l#. In our
case, the values ofl are distributed between 2d/a and
2tp /a. For the system with the exponentially wide distrib
tion of resistances,21 only a small fraction of tunneling junc
tions determine conductivity. These important junctions fo
a network with a typical separationj t , or the tunneling cor-
relation length, which may be much greater than the per
lation correlation length. A simple estimate21 for this value
givesj t;jplm

n ;jp
n11/an, wherelm is the maximum value

of the random parameterl. As noted in Refs. 21 and 22,j t is
the true scale of inhomogeneity of field and current for t
problem with tunneling, from which we assume that both t
effective conductivity and dielectric constant of the tunneli
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subsystem should scale withj t , in particular,« t}j t . Tun-
neling requires a wait timet}( f ph)

21exp@2r/a#. This process
is thus released only at low frequencyf !1/t. This is why
the sharp increase of the effective capacitance is obse
only at low frequency~Fig. 1!. One can estimate the cuto
frequency asf c; f phexp@22d/a#. Assuminga;2 Å, the cut-
off frequency of 103 Hz ~Fig. 1! would correspond to a typi
cal tunneling distance about 20 Å. Thus the relaxation-typ23

behavior below the cutoff frequencyf 0 corresponds to tun
neling by a distance of the order of particle diameter.

For an intuitive understanding of why only the real part
capacitance, but not conductance, is dominated by tunne
at low frequency, we can suggest a qualitative equiva
R-C circuit of the system, where the innercluster tunnel
component with parametersRt andCt is in parallel with the
metal component ofRm and Cm . At low frequency, Rt
@Rm and Ct@Cm . Then capacitance is dominated by tu
neling, and resistance is dominated by the metal channe
ed

f
ng
nt

.

To conclude, the dielectric measurements
NiFe-SiO2, Pt-SiO2 and Au-SiO2 granular cosputtered films
close to the metal-insulator transition and in the meta
state suggest that tunneling dominates the real part of l
frequency effective dielectric constant. We associate it w
the frequency-dependent tunneling correlation length.
percolation-type behavior is observed at intermediate a
high frequency. The behavior of the effective capacitance
frequencies lower than our measurement range would be
interesting experimental problem. The effective dielect
constant should be finite atf→0. We thus expect more in-
teresting features at low frequency.
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