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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.
[S0163-18208)51644-X

Granular composites consisting of nanometer-scale metalomposites consist of crystalline metal particles with the
particles immersed in an insulating matrigermet$ have  minimum diameters down to less than 1 nm immersed in the
attracted considerable interest due to their remarkable transimorphous insulating matrix. The valuesxolrere measured
port, magnetotransport, dielectric, and magnetic behaviorby energy dispersive x-ray analygisn the samples with
The properties of cermets can be altered in a wide range by x.~0.53, the dc conduction is typical of an insulator, with
changing the metal volume fraction They undergo an in- the thermally activated hopping between the metal grains:
sulator to metal transition asaccedes a critical value af . pxexd —To/T]" (Ref. 1), where T, and n are constants,

A recent discovery of the giant Hall effect and giant magnen~0.4. Following Ref. 7, we defing, as the metal-insulator
toresistance in cermets! where the metallic component is transition, or the percolation threshold. The results presented
magnetic, intensified discussions on the dominating chargen this paper are for six samples with=0.55, 0.58, 0.63,
transfer mechanisms in these systems, in particular when tt@64, 0.65, and 0.72. The room temperature dc resistivity of
concentration of metal is close to and above the criticathese samples decreases from about 1 t6°1Q-cm with
value. Measurements of the frequency dependences of inincreasing concentration. Resistivity of the samples with
pedance or dielectric constant provide a sensitive tool fox=0.55 and 0.58 depends on temperature approximately as
probing the charge transfer and polarization in complex sysp« —log(T/®), where® is a constant, up to room tempera-
tems (for a review see Ref.)8 A few examples of such tures. The samples, witk=0.63, 0.64, 0.65, and 0.72 have
studies for both nanometer-scale and micrometer-scalemall positive temperature coefficient of resistivity at room
granular metal-insulator composites have been reported itemperature, which crosses over to negative at a lower tem-
Refs. 9-17. For composites close to the metal-insulator trarperature, the crossover temperature being dependent on
sition, the results are often compared to the predictions ofve note that there is still no unanimous understanding of
percolation scaling theorié§;?° with the main emphasis to both the degree of connectivity of metal grains and the domi-
the high-frequency dispersion. In this interpretation, the criti-nating conduction mechanisms in samples having such prop-
cal volume fraction of metal, is associated with the perco- erties.

lation threshold* The effective realC’ and imaginaryC” parts of capaci-

In this paper we mainly focus on the low-frequency di- tance of rectangular samples with the length of 10—25 mm
electric properties of metal-insulator nanocomposite filmsand width 1-2 mm were measured in the direction parallel to
with the metal volume fractiom>x.. The results are pre- the sample plane, using a four probe method. The drive and
sented in terms of the effective complex capacitance. Theense contacts were well separated, to minimize the contact
most striking result is the rapid increase of the effective reakffects. The measurements were carried out on an HP 4284A
capacitance of conducting samples at low frequency, wherBLC meter in the frequency range between 20 Hz and 1
the apparent imaginary part of capacitance is dominated biiHz, and HP 4285A RLC meter in the range 75 kHz
dc conductance. We attribute this behavior to a combinatiothrough 30 MHz, with standard “short” and “open” correc-
of metallic conduction with frequency-dependent tunnelingtions, at room temperature. The values of the parallel capaci-
processes. In our simple model, the low-frequency real catance and conductand®, and G, measured in the parallel
pacitance is associated with the tunneling correlatiorequivalent circuit mode, were converted into the complex
lengtit*?? &, which can be much greater than the classicakapacitance using the relatio® = C, andC"=G/(2f),
percolation correlation lengté, . wheref is the frequency. The geometry used in this work is

Preparation and characterization of the approximately 1not conventional for dielectric measurements, which are usu-
um-thick cosputtered (NiFes)y-(Si0y);_, samples on ally done perpendicular to the sample plane, with the sample
glass substrates have been described in Refs. 2, 6, and 7. Tplaced between two capacitor plates. Measurements would
transmission electron microscopy studies shbthat these have been impossible in the conventional geometry because
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FIG. 1. Dependencies of the real part of capacitadten fre- FIG. 2. Frequency dependencies of the effective imaginary part

quency for the(NiFe),-(Si0y);_, samples. The metal volume frac- ©f capacitanceC” for the (NiFe)-(SiO,);_, samples. The inset
tion x is shown in the figure. The inset shows a dependence ofOWs & dependence Gf at 25 kHz onAx=x—Xx., on a double
capacitance at 25 kHeircles and at 20 Hztriangles on Ax=x logarithmic scale, where the solid line is the best fit to a power law.
—Xc, on a double logarithmic scale. The solid line is the best fit to

a power law for the 25-kHz data. The dashed line is a guide for th%amples. We approximated the behavior of the real capaci-
eye. tance atf>f, with a power-law dependence of the form
C’'~f7Y. The estimations of the critical expongngive the
of the relatively high conductivity of the films. In the follow- values ofy~0.21 (at f~10° Hz for x=0.55), y~0.41 (at f
ing we assume that the measured real capacit@hég pro- ~10° Hz for x=0.58, and y~0.23 (at f~10" Hz for
portional to the real part of the dielectric constant. The apx=0.63. The cutoff frequencyf, is of the order of 18 Hz
parent imaginary part of capacitanc&” contains for two samples closest to the percolation threshold, and in-
contributions from both the true dielectric loss and the dccreases to over 20Hz whenx=0.72. At low frequencies,
conductance. The measuring instrument cannot separafe<f,, the value ofC’ increases sharply with decreasing
these two contribution$ frequency. One can also notice a kink in the dependence at a
Figure 1 shows the real part of capacitafi@eas a func-  lower frequency.
tion of frequency, on a double logarithmic scale, for The dependence of the real capacita@Gt®n the value of
(NiFe)-(Si0,) 1 - samples withk>x; . The capacitance de- Ax=x—Xx, on a double logarithmic scale is shown in the
creases with frequency in the whole measurement rangénset of Fig. 1. At intermediate frequency of 25 kifiled
Three different types of behavior can be noticed in Fig. 1. Atcircles a power-law dependence of the fo@io(Ax) ™S is
frequencies greater thafy~10°—10° Hz, wheref, is re-  observed. The solid line in the plot shows the best fit to this
ferred to as the cutoff frequency, but smaller tHan where  dependence witls=0.7+0.1. In contrast, the effective ca-
f. is the crossover frequencg’ is almost constant or de- pacitance measured at a low frequeriey20 Hz (shown by
creases slowly with frequency. The valuesfgfandf, are filled triangles increases withx. To the best of our knowl-
marked with arrows in Fig. 1. For the three samples closestdge, the low-frequency behavior of capacitance of conduct-
to the transition, a considerable change in the slope of thing metal-insulator composite samples, such as shown in Fig.
curves is observed nef¢. The crossover frequency is of the 1, has not been reported before.
order of 18 Hz for x=0.55 and 0.58; it reaches10® Hz for The frequency dependence of the imaginary part of ca-
x=0.63, and is out of the measurement range for othepacitanceC” for the same set of samples is shown in Fig. 2.
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At low and intermediate frequencieiss f, the values of”  dielectric constant is constaat(w)=const, and the imagi-

are inverse proportional to frequency within the experimentaf“"‘r)ilpart is inverse proportional to frequency;(w)
accuracyC" e 1/f. This is an indication of the dominant con- *® - The latter equation is the signature of dominant con-
tribution of dc conductanc® For the samples closest to per- tribution of conduction via the infinite cluster. Whes-1,
colation, a dispersion of the forrg”=f~Y is observed at the dielectric constant follows a power-law dependence on
high frequencyf>f.., wherey~0.14, 0.33, and 0.82, respec- requency.e(w)=w . where the critical exponent=s/(s
tively, for samples withk=0.55, 0.58, and 0.63. In the latter +1)~0.27, using the universal values sfandt. This dis-

case, the dispersion may not be well developed. The deper‘?—erswe behavior can be observed when the frequency is

dence of the real conductan@-=2mfC" on Ax, at f=25 greater than the crossover value, which can be estimated

. . . ; ~~ ___from the conditionz=1, or w,=27f . =Ax "o, /(go/ey).
KHz, is shown in the inset of Fig. 2 on a double Ioganthmmlt can be easily checked that this estimate exceeds consider-
scale. The conductance can be represented as a power-|

f . f | vol fracti Ayt %le the values off, that have been observed in many
unction of metal volume fractioG=Ax". However, we no- experimentsl.o‘” In our experiments(Figs. 1 and 2 the

tice that this dependence does not extend to the closest Virossover frequency is also much lower that this estimate.
cinity of the percolanon_ thr_esho_ld. The critical exponént The theoretical value 0f~0.27 can be compared to the ex-
has a value of~4.2, which is a little lower than that found perimental results discussed above. The experiment is quali-
in Ref. 7 for the same samples in low-temperature dc meagtively in line with the theory. However, the values of the
surements. We carried out measurements on several cospéikponent deviate from the predictions, in particular for the
tered Pt-SiQ and Au-SiQ samples, where the dielectric be- sample withx=0.63, where the value of about 0.23 is
havior was found qualitatively similar to that of found based onth€’ data, and is 0.82 based on tGédata.
(NiFe)-(SiO,) films. A relatively narrow frequency range for the evaluation of the
The intermediate- and high-frequency behavior of theexponents may be one reason for these discrepancies.
complex capacitance can be qualitatively understood as due The sharp increase of the effective capacitance at low
to percolation-type scaling. In the percolation models, forfrequency(Fig. 1) cannot be explained by the percolation
frequencies much smaller than the plasmon frequency oheory. We consider tunneling as a possible reason. The per-
metal, the composite system is considered as a random mixolation problem with tunneling for metal-insulator compos-
ture of metallic regions with real conductivity,,, and dielec- ites below the percolation threshold has been considered
tric regions with real dielectric constasy,. The effective dc  both for dc conductivity> and ac conductivity? We suggest
conductivity of the percolation system(0) is determined that both the metallic spanning cluster and tunneling junc-
by the infinite percolation cluster above the percolationtions have to be taken into account for ac properties of con-
transition, while the effective dielectric constat(D) arises  ducting (x>Xx;) nanocomposite films. Qualitatively, it can be
from charge polarization in the finite metallic clusters of done as follows. Let us consider the system as consisting of
the typical size,. The diverging percolation correlation two independent components. The first, metallic subsystem,
length £,c[Ax| ™", wherex is the concentration of metal, consists of the infinite percolation cluster and the finite clus-
Ax=x—x, andr~0.9 in 3d,%*is the scale of inhomogeneity ters of metal particles discussed above. Its properties can be
of the percolation problerft. The static conductivity and di- described by the classical percolation theory. The second
electric constant are described as power function@\xf  component is composed of tunneling junctions between the
namely,o(0)(Ax)" (for x>x.) ande(0)x|Ax| S, wheret finite clusters. The typical tunneling distanaemay be dis-
ands are the critical exponents. For a 3-dimensional array, irtributed betweerd and £,, whered is the particle size. Ne-
the simplest approximatiors(0) ands(0) scale withé, as  glecting the charging effects, the probability of phonon-
o(0)x &, 2 (for x>Xx), £(0)x&,. This gives a simple esti- assisted tunneling between metal clusters in unit time, or
mate for the values of the critical exponerits1.8, and tunneling frequency, & 7 'f .exd—2r/a], where f,
s~0.9, which are not too different from the elaborate com-~ 10" Hz is the typical phonon frequency aaaf the order
puter simulation results~2.0 ands~0.762* We note that of several A is the localization length. Asis in general
the experimental dependence of the real capacit@icat much greater tham, the resistivity of the tunneling sub-
f=25 Hz on concentration, shown in the inset of Fig. 1, is insystem is much greater than that of the metal infinite cluster.
agreement with the theoretical result, the experimental valu&ollowing Ref. 22, we can consider each finite cluster of size
of s beings=0.7+0.1. While the real effective dc conduc- ~ ¢, as a node for a new percolation problem where the re-
tance shows a nonuniversal behavior with.2, the nonuni-  sistance between adjacent nodesRjs=Ryexd\]. In our
versal values of were observed in cermets before and arecase, the values ok are distributed betweend?a and
sometimes attributed to tunneling effeéts. 27,/a. For the system with the exponentially wide distribu-
Two well-known variations of the classical scaling theory tion of resistance$: only a small fraction of tunneling junc-
of frequency dispersion close to the percolation transitionfions determine conductivity. These important junctions form
|Ax|<1, are based on the intercluster polarizationa network with a typical separatiafy, or the tunneling cor-
approach®!® or on anomalous diffusion on noninteracting relation length, which may be much greater than the perco-
fractal cluster$ The frequency dependence of the complexlation correlation length. A simple estim&teor this value
effective conductivityo(w) and dielectric constant(w) is  gives &~ &k~ g;”/a”, wherel, is the maximum value
determined by the value of the scaling parameter of the random parametar As noted in Refs. 21 and 22, is
=h/AxS*!, whereh=(weqeq)/ oy is the “conductivity ra-  the true scale of inhomogeneity of field and current for the
tio,” w=2=f, ande, is the permittivity of free space. When problem with tunneling, from which we assume that both the
the value ofz is small, z<1, andAx>0, the real part of effective conductivity and dielectric constant of the tunneling
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subsystem should scale with, in particular,e;>&;. Tun- To conclude, the dielectric measurements on
neling requires a wait timeoc(fph)‘leXF[Zr/a]. This process NiFe-Si0,, Pt-SiQ, and Au-SiQ granular cosputtered films

is thus released only at low frequen€y1/7. This is why  close to the metal-insulator transition and in the metallic
the sharp increase of the effective capacitance is observeflate suggest that tunneling dominates the real part of low-
only at low frequency(Fig. 1). One can estimate the cutoff frequency effective dielectric constant. We associate it with
frequency ag .~ fexp{ —2d/a]. Assuminga~2 A, the cut-  the frequency-dependent tunneling correlation length. A
off frequency of 16 Hz (Fig. 1) would correspond to a typi- percolation-type behavior is observed at intermediate and
cal tunneling distance about 20 A. Thus the relaxation&j/pe high frequency. The behavior of the effective capacitance at
behavior below the cutoff frequendy, corresponds to tun-  frequencies lower than our measurement range would be an
neling by a distance of the order of particle diameter. interesting experimental problem. The effective dielectric

For an intuitive understanding of why only the real part of c5nstant should be finite 4t-0. We thus expect more in-
capacitance, but not conductance, is dominated by tunnelmﬁ;ﬂesﬁng features at low frequency.

at low frequency, we can suggest a qualitative equivalent

R-C circuit of the system, where the innercluster tunneling
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