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In many composites, the electrical transport takes place only by tunneling between isolated particles. For a
long time, it was quite a puzzle how, in spite of the incompatibility of tunneling and percolation networks,
these composites conform well to percolation theory. We found, by conductance atomic force microscopy
measurements on granular metals, that it is the apparent cut off of the tunneling to non-nearest-neighbors that
brings about this behavior. In particular, the percolation cluster is shown to consist of the nearest-neighbors
subnetwork of the full tunneling network.
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The electrical conduction in composite systems comprispercolation theory. In particular, agreement was found, by
ing an intricate network of conducting and insulating phasespplying Eq.(1), with universat? or nonuniversal*®values
is determined by two mechanisms, percolation in a continuef t. However, the meaning and the valuesgf which were
ous conducting netwotkand/or tunneling® between iso-  found from these fits, were not discussed, and the applicabil-
lated conducting particleggrains, crystallites, ett. In the ity of the above phenomenological percolation approach has
pioneering works on such systems, these two mechanisnypt yet been justified.
have been considered separatély:*>®In particular, for a When attempting to find such a justification and the
high enough content of the metallic phase in granular meta'%eaning ofx., one immediately notes that a system of sepa-

a conpnuou.s netwqu IS fqrmed t?y the coalescence of th?ated conducting particles with tunneling conduction jsri-
metallic grains. This continuity yields, as expected fromori incompatiblé® with the percolation picture. Geometri-

« P ; 7 ; _ R v |
classical” percolation theory,the typical power-law depen cally, no two particles are in conta¢and then no well-

dence of the electrical conductivity on the vol % of the ; . .
. . defined percolation cluster and percolation threshold are
conducting phasa: . . . .
apparent and electrically all particles are in contact with
each other by tunnelin@and then no percolation transition in
the electrical properties is expecieth the composites con-
sidered, we have a homogeneous network of tunneling con-

that was derived by fittingP Eq. (1) to the experimental data ductors, to which we refer_here as a_ll-connect(_ad tunn_eli_ng
on granular metals is in excellent agreement with that exN€WOrk (ACTN). The question that arises then is how is it
tracted from structural and other physical dhtawhich that, in spite of _th|s global tgnnghng connectl\_/lty of the ngt—
shows the formation of a continuous metallic network. More-Work, the electrical conduction in corresponding composites
over, the conductivity exponent was found to be very close tds governed by the very well-defined percolationlike
the predicted universal value of=2.0, confirming that the behavior:*** The purpose of the present paper is to resolve
value derived experimentally fax. is exactly the(global  this issue, thus providing an a posteriori justification for
geometrical connectivitythreshold that is considered in per- applying®*3415161718the percolation approach to the
colation theory:® On the other hand, in contrast with the analysis of noncontinuous conducting networks. In particu-
expectation from percolation theofya considerable finite lar, we will show thatx, has a well-defined meaning in such
conductivity was observed in the regime »fx, (the so- systems, and argue that the ACTN can be reduced to a well-
called dielectric reginft’), where a continuous metallic net- defined percolation network, such as in porous nf@dia
work is absent. This conductivity was attributed to interpar-where the geometrical and electrical networks coincide. To
ticle tunneling®**°However, while the theories proposed this end, one would like to obtain local current maps of these
to account for the electrical conductance in this regime haveystems, or a geometrical-statistical property that can ac-
considered the tunneling within a single pair of adjacent pareount for them, such as the fractal dimension of the current-
ticles, the global electrical connectedness of the tunnelingarrying percolation cluster.
conduction network has not been discussed. This approach Following the success of the application of conductance
was also carried over to other compositésyhere the par- atomic force microscopyC-AFM) to granular metafé and
ticles do not coalesce or fugeor any x. our ability?? to derive experimentallywith high accuracy
While a priori justified, the latter approach has been ig-that fractal dimension of the percolation cluster in carbon
nored by numerous authors, and transport in systems lackingack-polymer compositesCBPCO, we have applied this
a continuous geometrical network of the conducting phasanethod to the present study of granular metals. The basic
such as carbon black-polyntét®14and othet®'® compos- idea of this work on Ni-Si@ composites is then to discrimi-
ites, was analyzed in terms of percolation theory. Surprisnate between various current maps by their fractal dimen-
ingly, an excellent agreement was fodhtf*1>etween sion. As we show below, this approach is found useful for
corresponding experimental results and the predictions gbroviding an answer to the above questions, for granular

o (X=X0)", 1)

wheret is a corresponding critical exponent. The valueof
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metals in thex<<x. regime in particular, and for two-phase 105E ——— T T T T3
composites where the conducting particles are geometrically L 3
separated in general. 10° _ S _
The Ni-SiO, films, 2.5-5.5um thick and 5 mm wide, s ]
were deposited as we described previotishn Pyrex sub- N ]
strates by cosputtering of Ni and SiOThe cosputtering w10 ] 3
method " enables a continuous variation of the metal content  § 3 L E
(vol % Ni) along the deposited film, where one end is Nirich o 107 F Ml 196 3
and the other end is insulator rich. The typical size of the Ni L o~ (x-0.52) 7 1
particles increases continuously from 4 nnxat35 vol % to 10°E '.." ]
10 nm atx=50 vol %, to a continuous network at= 90 vol Lol ]
%.4523.24F0r the electrical measurements, Cu-Au electrodes e i ]

were predeposited on the substrate, with a separation of 2.54 02 03 04 05 06 07 08 09 10
mm. The resistance along the substrate sections was deter- )

mined by a standard four-probe technique. For the C-AFM Ni content (vol.%)
measurements, some of the samples were cut out, leaving on

h | | de th d | d FIG. 1. The dependence of the conductivity of our Ni-giO
each sample an electrode that served as a counterelectro ecH?nposites on the metallic contefih vol % of Ni). The curve

the scanning conducting AFM tip. For these measurement§epresents a fit of the data above the geometrical percolation thresh-
we have used samples with Ni contents of 24, 28, 35, 47, 6Qy|q x, to Eq. (1).

72, 80, 87, and 92 vol %. The details of our C-AFM appa-
ratus and the procedure of our measurements were presentagd The determination d is carried out by measuringy, as
recently? and will not be repeated here. We point out, how-a function of the “window length™L. In this procedure, we
ever, that the spatial resolution of the current images wasonsidered L values that are much larger than the particle
limited only by the pixel size(typically 10x10 nnf) and  size but much smaller than the correlation length expected
that, since the tip was scanning more than 1 mm from thdor a percolation network in the vicinity of. (tens of mi-
counterelectrode, the measured current images reflect twarong. For the latter regime, one expects the scaling
dimensional cross sections of the three-dimensional macrdsehaviof A;LP with D=1.5 (D;=2.5). On the other hand,
scopic conduction network. We refer to areas of the imagas one departs from the percolation threshdd, should
where current from the tip to the counterelectrode is detectedpproach the homogeneous, Euclidian dimension of space,
as “conducting islands,” and the lowest current that we con-.e., 3. The two-dimensional images should yield accordingly
sider in the analysis of an image is denoted as the “cutoffa value ofD = 1.5 in the former X just abovex.) regime and
current” 1 .,.%% Obviously, the total area covered by the con-a value of D=2 in the latter §>x.) regime. Indeed, we
ducting islandsA;, depends on the chosép,. The larger have previously found this behavior for the CBPC sysfém.
the considered,, the smaller the\;, since only lower re- The corresponding results of our present study on Ni;SiO
sistance paths of the conduction network are included. Weamples are shown in Fig. 2. The behavior in Fit) Zor
point out that no correlation was found between the AFMx<x, reveals conductance associated with the network of
topographic images and the C-AFM images, implying thattunneling transport in the sample. The new observation, in
the current maps reflect mainly the electrical properties otomparison with the findings on CBPC, is that the fractal
the bulk of the samplé dimensionD decreases with the increase of thg value

To characterize our samples, we show in Fig. 1 the depereonsidered in the analysis. This effect is beyond the experi-
dence of the conductivity on the Ni vol %. These results aremental error or the statistical errof the log-log fiy that is
much the same as those obtained on many granuldandicated in the figure. The important consequence is that the
metals™*>?For x values beyond a certain critical valug,  type of the current network that participates for edgh
the electrical conductivity follows the expected universalvalue isdifferentand that for the high, values, only inter-
percolation behavior witl~2, as shown by the correspond- grain tunneling resistors that are lower than a given value are
ing fit to Eq.(1). The value oix.=52 vol % found here is in included in the observed conducting network. The high
excellent agreement with previous electrical and structuraimages thus correspond statistically to the contribution of the
measurements performed on this syste?*?The non-  lowest resistors of the network, i.e., to currents that trans-
negligible “excess” conductivity in thex<x. regime is at- verse the sample via a route that consists mainly of particles
tributed, as mentioned above, to intergrain tunnélfft®  that are separated by the typical tunneling distatieere,
and it is that regime which is of interest here. “nearest neighbors}. In contrast, the low ., values include

Turning to our C-AFM measurements, we show in thecurrent paths that are added to the above interadjacent grain
insets of Fig. 2a) typical current images for a sample of 35 paths. These additional paths correspond to lattg@neling
vol % Ni for two values ofl .,, 0.05 and 0.5 nA, in the upper resistors that are either removed nearest neighbors or origi-
and lower insets, respectively. It is clearly seen thain-  nate from higher-order neighbors. Hence, the network de-
creases with the decreasel@f. For finding the fractal di- fined by the highest,, values is similar to the one encoun-
mension of the three-dimensional percolation clubtgr we  tered in fused-particldS (or porous media-like
recalf? thatD;=D + 1, whereD is the fractal dimension of composite$;?” namely, a bona fide percolationlike network.
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FIG. 3. (Color onling An illustration of small parts of an
ACTN. The gray(green circles represent the conducting particles
and their white shells represent the effective tunneling rahgehe
thick segments represent the tunneling connections between nearest
neighbors, while the thin segments represent tunneling connections
® D_187+0.03 between higher-order neighbors. The relation between the size of
/016‘6(\% 1 the particles and the tunneling range is illustrated for granular met-

@ z als in(a) and for carbon black-polymer composites(b.
~_* D=1.83+0.03
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10 3 A //*0;_;\5‘- D=1.76 +0.04] The above picture is further supported by the results that
il B /}0"/?'\(\!’* ] are shown in Fig. @) for x just abovex.. Here, we expect
/ Pl 1 a priori the fractal dimension of the connected continuous
' D=1.69 +0.04] metallic network, i.e.p;=2.5. We note, however, that if we
] also include now the tunneling contribution in this regime, as
was previously suggested by other autHSra,homogenous
tunneling component will be added to the percolation system
of the continuous metallic network. Hence, the valueDgf
should increase toward3;=3 with the decrease df,,, as
. observed. The whole framework of our explanations is vali-
3 dated by the results shown in Figic2 Here, we see that far
oD - 196 <0011 above the percolation threshold= 92 vol %) where a genu-
/005‘\% o] ine homogeneous-continuous network exists, the observed
\e0” : dimension is essentially 3, independent of the valué.f
/ "D =1.9440.02| For comparison, let us mention that for the CBPC the value
s B0 bt of D3 was found to change from 2.5, in the vicinity xf, to
/ ’ e 3, for x>x,, butno dependencen | ., has been observéd.
WE s ~ N0 ] Another, independent, observation that supports that the
. s above interpretation is derived from the bias dependence of
> e _#o® ] the fractal dimension, which is found to increase monotoni-
i / 1 cally with the tip’s bias. For example, for=35 vol % and
s /' T | xc=0.05nA, the value oD3; was found to increase from
] 1.54 at 2V to 1.73 at 3.1 V. Indeed, further conducting chan-
& (©) nels_, invqlving tunneling between particles with Iarge( inter-
0a s oo o8 os ; part!cle distances, are expected to open up v_wth the increase
' ’ ‘ ' ’ ' of bias?® These channels add to the conduction paths in the
Window Length [um] ACTN, resulting in a more homogenous network, and con-
FIG. 2. (Color onling The dependence of the fractional area S€Quently a higher value @ (and ofDy). .
covered by the “conducting islands” on the “window’s length,” for ~ OUr interpretation of the above results now explains well
a few values of the current cutoffa) for a sample ok=35 Nivol ~ Why the_percolation predictédractal dimension has been
%, and an applied tip bias o¥/=2V, (b) x=60 vol %, V observed for the CBPCregardlessof the value ofl . In
=1.6V, (c) x=92 vol %, V=1.5V. The insets show 85um?  contrast with the small effective radius of the conducting
current images measured on ttre 35 vol % sample, for two values particles(and then the relatively small distances to particles
of the currant cutoff, 0.05 nAupper insetand 0.5 nA(lower insej. beyond the nearest neighBdr in the present granular metal
The maximum current in both images is 5 nA. systemsR(GM), the effective radius of the carbon patrticles,
R(CB) (~100nm), is very large in comparison with the
In contrast, the very low,, values correspond to an ACTN typical tunneling distance (a few nanometeys®'’ Hence,
that is homogeneous and thus the fractal dimension of ththe interparticle surface-to-surface distance of the next near-
current paths network approaches the regular dimension @st neighbors is so much longer in comparison with the cor-
the systemD =2, D3;=3). responding distance of the first nearest neighljetsich is
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of the ordet®” of d) that the conduction between a given trate the network in the granular metals and in Figh) 3he
particle and a non-nearest-neighbor is negligitéeen in  network in the CBPC. In the former case the thick segments
comparison with the conduction in the “insulating” polymer represent the effective network only for hidh, values,
matrix). This picture then explains our finding ahly D while in the latter case these are practically the only ones that
=2.5, as well as the “pure” percolationlike behavipas are effective, for any value df,,. The above interpretation
manifested by agreement with E€L)] that was generally @also explains the meaning of, in all composite systems
observed for the CBP&13 The fact that a “geometrical” Where the transport is carried by interparticle tunneling. The
percolationlike correlation length was foulfidn CBPC is ~ €xperimentally determined value of, is the percolation
also well-explained now. This is since the correlation lengthf?réshold of an electrical network in whidnly the tunnel-
was determined by an electrical, rather than a structuraf9 Petween adjacent particles contributes to the conduction.
measurement, and thus, as explained above, the correspond-FO”OWIng all the above, we can conclude that our C-AFM

ing electrical system is a percolation clusterlike system, wdh€asurements discriminate between various conducting net-
works. In particular, when the contribution to the conduction

see then that for all practical purposes, the CBPC condqu only due to nearest-neighbor tunneling, the system be-

ohnly via zearﬁst-naghbor ‘“”%‘3;5‘% Thef_é?BPC ccl)n§t|tut aves as a genuine percolation system. This explains the pure
then, as do the porous materials, bona fide percolation e colation behavior that is observed in many composites
systems. The above interpretation is illustrated in Fig. 3ynere the conducting particles are geometrically separated

where we show two small ACTN systems in which the in-from each other and where these are much larger than the
terparticle tunneling connections are indicated by connectmgunne"ng range.

segments. The thick segments correspond to nearest-
neighbor tunneling connections and the thin segments to This work was supported in part by the Israel Science
higher-neighbor tunneling connections. In Figa)3we illus-  Foundation.
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