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1/f noise in nonlinear inhomogeneous systems
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1/f noise has been measured in detail in a composite system of carbon-wax mixtures using a range of bias
(V) that covered both linear and nonlinear regimBg:V characteristics have been obtained and exhibit
structures that can be correlated to those of conductance. It is found that the variafoeitb&r by the
conducting fraction oWV is described by the same power laRf, but with different exponents 1+0.2 and
~3, respectively. HereS is the relative noise power and is the chordal resistance. The noise data are
consistent with results obtained earlier with/ or dI/dV measurements. It is shown that the data can be
explained by the addition of tunneling bonds as a result of applying voltage. Similar measurements have been
carried out for comparison in samples of conducting polymer ag@,\Which follow Mott's variable-range
hopping conduction and, thus, are different from mixtures. Differences in noise behavior with respect to the
composites point to the usefulness of extending noise measurements to nonlinear regimes in other physical
systems[S0163-182106)01142-3

. INTRODUCTION films.* This means that the functioR as given by Eq(1)
must contain quantities that strongly depend upon the details

Resistance fluctuations have been measured in diverss microstructure of the system. For example, measurements
physical systems, both homogeneous and inhomogeneous.dk noise in discontinuous films show
common property of this type of noise, irrespective of the
nature of a given system, is that the power density varies as
1/f* in the frequency {) domain where\ is order of unity
(hence the name fl/noise, also known as flicker noise
Apart from this 1]‘)\ Variation' the power Spectrum is re- wherew is close to 2. The phySical Origin of such different
markab|y featureless. Homogeneous syst@r@q pure met- R dependence lies in the nature of the distribution of fields
als or semiconductoysare ideal for studying fundamental Which are random in inhomogeneous samples due to random
properties of 1ff noise2 On the other hand, inhomogeneous Microgeometry, in contrast to being ordered in homogeneous
samples provide oppurtunities for studying new features ofamples.
1/f noise in an enlarged space of additional variables like Examples of studies of the flicker noise in inhomogeneous
microstructural parameters, applied bias or current, etcSystems found in the literatures include composites of con-
other than the usual frequency. Differences between the twguctors and insulatof$] solid-state device3sliding charge

kinds of systems with reference to noise have already beeensity wave(CDW) systems;** granular matalerials such
recognized Consider a generalized version of Hooge's em-aS carbon resistors, cermet thick films,* ZnO varistors;

S~R~R?, 3)

pirical formuld for the relative noise power, and conducting polymerS.A strong motivation for all these
studies has been the possibility of usindg hbise measure-

Ss Sy S Vo ments as a probe for further understanding of the underlying

S§= R v2™ rIfTR( R), 1) complex conduction mechanisms in those systems. A com-

mon feature of the inhomogeneous systems is nonlinearity in
where Sy=(5X?) is the spectral density wheX=R,V,l is  conduction at a sufficiently large bias where the resistance is
the fluctuating variabld. is the current through sample when no longer independent of the applied bias or current. There-
V is the applied dc voltageR is the resistance defined as fore, a study of electrical transport including noise, to be
V/1. The value of the exponent, is believed to be indica- complete and more useful, should cover both linear and non-
tive of whether the noise is a driven phenomengp+#0) or  linear regimes in inhomogeneous or disordered systems.
a result of equilibrium resistance fluctuationg,&0).1 All In this paper we will be primarily interested in the prop-
the above relations are assumed to hold at a particular freerties of the 1 noise in nonlinear systems. We present de-
quency. The form of the functio® depends upon the par- tailed results obtained in carbon-wax compostfe¥. Lim-
ticular system under consideration. In homogeneouded data obtained in the conducting polyifefCP) and

samplesS is usually proportional to the resistanBeso that ~ vanadium dioxide (YO,) systems are also presented for
comparision. All these samples show nonlinear conduction at

S~R~R. 2 room temperature as a function of the applied voltage. We

pay special attention particularly to those features which are

The noise amplitude in a inhomogeneous system is knownharacteristics of noise in nonlinear regimes. Nonlinearities
to exceed greatly that in a homogeneous system of companay arise in either of two possible ways: existing conduction
rable resistance. This has been seen in artificially fabricatethechanism being affected by the driving bias or new con-
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duction channels coming into play as a result of the applie&nd 2.1 in the random-void model, in two and three dimen-
bias. Thus, it is expected that the behavior of tHerfdise in  sions, respectively, while in the inverted random-void model
the nonlinear range will be strongly influenced by the par-o~0.87 and 2.4 in two and three dimensions. On the experi-
ticular mode of the conduction mechanism that comes intanental side, there seems to be substantial evidénckid-
play and, hence, its study should be useful to gain a betténg present workthat S~RY"~21 holds inboth two (gold
understanding of transport properties in general. Apart fronor silver filmg (Ref. 5 and three dimension&arbon-wax
nonlinear solid-state devices whose noise characteristioRRef. 25 in contradiction to the theoretical predictions. This
have been measured primarily for practical reasons, there ak@lue of w is close to that in the random-void model in
very few nonlinear physical systems whose noise propertied=3 but is very different from the predicted values of two
have been studied systematically. CDW systétisrovide  continuum or the discrete lattice models dr=2. Even in
an interesting example of nonlinear transport that has beethose cases where the values wfhave been found to be
studied by several groups. ZnO varistors have been alselose to some predictions of the two modéts=0.9 and
studied in nonlinear regimé.These studies point to several ~3.4—6 in film>?® w~3 in AgPt-TFE(Ref. 23], the physi-
questions that relate specifically to description of the noise irtal basis for choosing one model over another is not clear.
nonlinear regimest1) In a nonlinear system the chordal re- Several author€>?’have mentioned tunneling as a probable
sistanceR=V/I is generally different from the differential source for discrepencies between experimental and theoreti-
resistanccR=dV/dl. Which R is relevant in the noise defi- cal values ofw, although not always using convincing
nition? (2) Is there any relation betwee®(V) andR(V)?(3)  argument$. Mantese et al?’ suggested a two-component
Do the fluctuations retain their statistical properties in themodel that took into account explicitly an additional compo-
entire range of applied bias? We aim to address these issuaent from tunneling conduction in explaining the measured
in the discussion of our results except the third one whicmoise in metal-A] O;. Recently, there have been
will be treated elsewhere. suggestions that discrepencies between experiments and

Transport properties of composite systems have been thteeories may originate partly from the strong non-
subject of many theoreticd?> and experimental Gaussianity in samples particularly closepia However, no
investigation$®~%’ for a variety of reasongsee Ref. 6 for quantitative results are available yet for estimation of effects
further referencgs Apart from its practical values, a com- of the non-Gaussianity on the noise exponents.
posite system is usually modeled by an ideal random resistor The discussion in the last paragraph is actually valid for a
network (RRN) that offers an excellent opportunity for linear network only. The literature contains references to dis-
studying theoretically the current or voltage distribution cussions of the noise in at least two networks consisting of
leading to multifractalit§*° in an inhomogeneous system. A explicitly nonlinear element®-3*Kenkel and Stralé¥ con-
mixture of conductors and insulators is characterized by thgidered a class of resistors whokd/ characteristics are
conductor fractiorp. The length scale in such a percolative given by
system is set by the correlation length having an exponent
v. The latter, together with the percolation probability expo- V=r|l|*sgn(l), (5)
nentB, determines the geometrical properties of the conduct-
ing clusters’® Transport properties require different expo- wherea>0. Rammal and Trembldy showed that the noise
nentst and k. The resistance of a composite system tends ton such a network is determined essentially in the same man-
diverge asp approaches from above a critical valpe, ner as in the linear network except that(and other multi-
called the percolation threshold:R~Ap~" where fractal exponentsnow become a function of. Notice that
Ap=p—p..2 It has been found?°that the relative noise in this case the chordal resistance is same as the differential
amplitude S in a percolating system also diverges as theresistance except for a constant factor. The analysis, how-
threshold is approached from the conducting side. Expresseslier, used a generalized resistance defined/&% which is
in terms of experimentally more accessible resistance, thproportional to the chordal resistance at a constant current.
noise is given by Another approach is to consider elements each one of which

possesses a linear component and a cubic nonlin€Arity:
S~Ap *~R®, (4
i=ow+ogd (6)

where w= «/t. Numerical simulatior® on discrete random
lattices obtainedv~0.87 and 0.75 id=2 and 3, respec- Wwherei is the current flowing through a conducting bond and
tively. However, it was soon realiz&f>?° that to make v is the applied bias accross the bowd. and o5 are coef-
comparision with experimental results meaningful requiredicients of the linear and nonlinear terms, respectively. A
taking into account the continuum nature of real samplessmaller o3 corresponds to weak nonlinearity and a smaller
This is due to the fact that the bond resistances in continuunr; to strong nonlinearity. It was shown that the noise power
models are given by a power-law distribution rather than dn the linear regime in this model is related to the average
flat one in the discrete lattice model and that the noise ivalue of the cubidi.e., nonlinear coefficient,{o3). But the
expected to be more sensitive to microstructure than macrgroblem of the noise in the nonlinear regime was not consid-
scopic resistanc®. Two models—random void and inverted ered. One example of this model is the small nonlinearity
random void—were considered. The random-void modektaused by the joule heating in a disordered medium. An
consists of a conducting matrix with insulating holes and theexperimertt has been performed on an artficially generated
inverted random-void model has an insulating matrix withrandom resistor network using this principle. Except for the
conducting holes. Tremblagt al?! predicted thatw~3.2  heat-induced nonlinearity, we are not aware of any other
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TABLE |. Parameters of carbon-wax sampl&, is the linear  0.1% of the sample resistances used for noise measurements.
resistance. 2 v, is given bySy~ V2" at low bias.wy is given by To reduce extraneous noise sources due to thermal drift and
S~R*V for a given sampleS, andS are noise power at a constant electrical pickup, the sample holder was kept inside a prop-
current and relative noise, respectivelyis the chordal resistance. erly grounded enclosure made of copper. A constant current
from a programmable constant-current soui¢eeithley,

Ro(kQ2) 2+ 7% @y model 224 was passed through the sample. The correspond-
40 1.7 5.9 ing voltage fluctuations, measured using a digital multimeter
65 20 3.2 with an integral time of 16.66 msec, were stored in a per-
92 17 17 §ona| computer at an int_erval of 250 msec. Data were taken
200 18 g in sets of_ 1024 data points which fgmhtated performing of
450 15 21 fas_t Fourier tra_nsforms. The resulting power spe¢sa2
600 17 3.9 points were typically averaged over 10-20 sets at each cur-
' ' rent level. These steps were repeated for different currents
700 1.3 4.5 (typically 20) for a particular sample. The noise spectral den-
900 2.0 4.6 sity was obtained in the frequency range from 7 mHz to 2 Hz
;ggg 12 gg and at dc voltages up to 25 V. To examine it as a function of

the applied bias, an average noise at 0.5 Hz was used

throughout this work. For this purpose, the noise power was

experimental system which has been interpreted by either JFSI _averaged over all data sets at a flxe_d current and then

the two nonlinear models mentioned just above Obtained as the average over a b{:\nd of five frequeribms

A systematic study of the flicker noise in combosites cov-tWeen 0.492 and 0.507 HZ’. both inclusieentered around
0.5 Hz. Samples were monitored to detect any possliie

ering both linear and nonlinear regimes is presented her%ab resistance drift during an experiment by switching be-

Et%recror(‘;]irs)z:glec;gamsasstlé:ﬁg]el?l: Wc%rr? dilsgncarr'gﬁ r?]lgrm;r:v(fween the currently applied bias and a low bias. Such moni-
y g poly oring was, however, practicable only before a sample

Vﬁ]o“ \é‘/:r'g;girgnkr:r:'én é?fehra\éi::lno'[::svigi?r:e'riggguré(t)ig'nreached the “saturated state.” Otherwise, currents were in-
Ene?:hanisms different from those |pn com osi?es After theCreaseOI in steps monotonically. After every change in cur-

) S P ' rent, sufficient time was allowed to pass for the sample to
present review of ¥/ noise in inhomogeneous systems as

currently available in the literature, we present experimenta] tabilize before data were acquired again. At a very high
>Nty . ' P P . —sample current a drift was observed. Results reported here
details in Sec. Il and results in Sec. Ill. The results exhibi

o . . . . twere obtained with samples at voltages where there was no
several pecularities of inhomogeneity. The noise continues

ner ven thouah the resistance k n decreasin By negligible drift in the linear resistances.
crease even though the resistance keeps on decreasing as g o4 pe mentioned that aliasing can occur in any dis-

o po e oy e f o v 1o samplng method such a te presentone, ety i
PP . y troducing some error in the spectrum power. The error at 0.5

M7 due to the power at 3.5 Hz is estimated to be about 7%.

parisions With.r_elevalnt previous works are made ".ind eXiSt'n.giowever any antialiasing measure was considered to be un-
models are critically judged and adapted to explain the quali- X

tative features of the results. Finally an overview of Somelmportant in_th(_e context of the present work where .the focus
issues related to the noise iﬁ nonlinear regimes is made iIs on the variation of noise power with thg apphed bias r.ather
Sec. V, particularly highlighting the unresolved ones than with fr_equency, and the.effect of aliasing at a pe}rncul_ar
C : frequency is expected to be independent of the applied bias.
The noise level of electronic devices used in these experi-

Il. EXPERIMENTAL ments was compared to that of the sample and found to be

Low-frequency excess noise power was measured Op;ss by at least five orders of_miagn.it.ude. The noise from the
disk-shaped10 mm in diameter, 2 mm in heightarbon- ~ Contacts was expected to be insignificant compared to that of
wax samples under dc excitation by sending constant cuthe sample noise as the contact areas were large. The order of
rents at room temperature. The samples used for noise mefi2gnitude of the noise levels in a sample was same when

surements are similar to the ones as in Ref. 16 where furthépeasured by applying a const_ant voltage across_the sample
details can be found. This system has a low valug.obf and recording the corresponding current fluctuations. Volt-

0.76% by volume and an exponentequal to 2.1. Resis- age fluctuations were also recorded by sending a constant
tances of the samples chosen in the present study rang&H”?nt through the sampl_e drawn from a battery_ and having
from a few tens of R to MQ (see Table)l The powdered a wire-wound ba_lllast resistor connected in series, and the
mixture of ferric chloride(0.1 mo) doped polypyrrole was same level of noise power was observed.

pelletized in disk-shaped samples under a pressure of 7 ton/

cn?. These .conducting .polymer samples exhibited var_iable— . RESULTS

range hopping conductidfi.Pellets of powdered vanadium

dioxide of the same shape have also been prepared using theFigure 1 shows typical noise power spectruggf) in a
same technigue. All measurements were made using pressedrbon-wax sample with linear resistarRg=880 K2 as a
circular brass electrode contacts in a two-probe configuratiofunction of frequencyf at three different voltages. Each
to avoid capacitive coupling among different segments of theurve has a basic flfeature in that the slope marked on the
sample. These contacts have resistances typically less thanrve is of the order of 1. The same is true for samples of
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FIG. 1. Log-log plot of three noise spectral pov&i(f) vsf for 1 1
a sample of resistance 0.88(Mat three voltages\(). Each solid 105+
line is a fit to a power law. The applied voltage and the correspond- 3
ing value of the power-law exponent are indicated on each curve. 41.5
N 10°%4 2
different resistance§.e., p). Slopes in various samples were NE %
within the range of 0.9—1.3. No apparent correlation between = ] v ~
slopes and sample resistances or applied voltages in thees 1074 =~ t '_1'0
range studied could be detected. ]
Figure Za) shows the voltage dependence of the excess ] ~ Vo ; )
noise power at 0.5 HZsolid symbol$ and the resistance 1084 \ﬂ\u‘gr tos
(R=VI/1, open symbols of a carbon-wax sample with y 1
Ro=92 k). The error inS, may arise from two sources: 10
The first one is statistical, the relative error being equal to 2 L —
1/\5N, whereN is the number of data sets at a particular 107 10° 10 102
current and is between 10 and 20; the second one is current- V(v)
to-current fluctuation in a given sample. The magnitude of
the statistical error is about the size of a symbol in Fig),2 FIG. 2. Plots ofS, vsV for two samples of linear resistances as

whereas the second error could be guessed only from thehown in(a) and(b). The arrows roughly delineate three regimes as
data and is perhaps the dominant one in the present case. Itdiscussed in the tex¥/, and Vg denote onset and saturation volt-
evident that the noise curve is quite structured. Thus, theges for the nonlinear conductance. The solid lines are fits as dis-
determination of the structure will be limited by the finite cussed in the text. Dashed curves are only guides to eyes. Typical
number of voltages at which noise has been measured. Tisatistical error inS is as indicated.

noise data seem to have three identifiable regimes indicated

roughly by two labeled arrows and characterized by differentoltages greater thaW, is rather small in the figure but
slopes. In view of the nature of tt&-V curves in Figs. 2—4  corresponds to one where the noise curve assumes an overall

let us define a quantity given by concave shape with the slope being larger than that in the
second regime. The value ¥t is of the order of voltages at
dinS, which dI/dV was found to approach saturatibhThis sug-
2ty= dinv* @) gests correlation of the noise pows8y with the nonlinear

conductance. Let us denojen the third regime byys which
The first regime at voltages less thdp represents a power- is clearly less thany,. Similar data as in Fig. (@) of an
law relation, indicated by the solid line with a slope of 1.73 another sample wittRy,=2 M are shown in Fig. @)
(vo = —0.27). Clearly,y is equal to the constant, in the  where the first regime is less and the third regime is more
first regime. The second regime betweénandV, is dis-  extensive than those in Fig(é). Here again the indication is
tinguised by the fact that the noise in this regime increasethat y;<vy,. The limited range of the third regime and fluc-
less rapidly than in the first regime. The voltaggat which  tuation in the data make it very unreliable to conclude from
the departure from the power-law behavior occurs is seen tthe data alone whethey; is constanti.e., power law or is a
be close to the onset of nonlinearity wherefréhstarts de-  function of V. Later it is shown thatys is indeed a function
viating rapidly from its linear value. The third regime at of V. 2+vy, along with Ry of some samples used in the
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102 10" 10° 10’ 102 v(v)
V(V) FIG. 4. Log-log plot of S, vs V for conducting polymer of

) ) linear resistance as shown. The solid line is a fit as discussed in the
FIG. 3. Log-log plot of normalized noise pow&;(f)/R”V vs  text. The dashed curve is only a guide to eyes. Typical statistical
V. Slopes are as indicated. Valueswj are given in Table I. error in S, is as indicated.

present work is presented in Table k2, has an average of s change in slope occurs coincides with the onset of non-
1'7i0'_2' o ) ) . linearity. The data after the onset of nonlinearity cover more

In Fig. 2 it is seen that even while the resistance continuegan four orders of noise power and are tentatively assumed
to decrease as the applied bias is increased beyond the onggtpe governed by a power law. We hayg~—0.9 and
voltage, the absolute noise power keeps on increasing, albejf —1 The data in vanadium dioxide are similar to those in
slowly. This behavior is contrary to that in homogeneousconducting polymer. In this casg, and y, are about—0.9

. . . . o . . . S .

systems. Th.|s gives rise to the possmmty that }he noise suity 0.5, respectively. Significant deviation from the qua-
ably normalized by some function of the varying resistancéy aiic dependence of the noise power on the applied voltage
may be described by a single function. That it is indeed s0 i%s thus found even at low voltagddinear regimes The

shown in Fig. 3 where the san% of Fig. 2 is plotted after  yagheqd curve represents the best fit of the e/ to a
being normalized byR“V. Values ofwy used for these two ¢, ction

samples as well as for others are given in Table I. The dis-
tinct structures in Fig. 2 are no longer there and the data of 247 b
each sample fall in a single line. This means that for com- Sy=V exga(Ro/R)™], ©)

posites, the noise (.)f a sample atiaed pas afunction of \\oreq-0.6 andb~1.8. The particular choice of the fitting
the bias can be written as function in Eqg.(9) was prompted by the fact that while the
Sy~ V2RV, ®) resistance decreased by a factor of 5 only, the noise ampli-
tude increased by more than four orders of magnitude. It is
Equation(8) holds inboth linear and nonlinear regimes. In worthwhile to remember that with the fitting function involv-
practice, in cases wherg, could be reliably determined as ing an exponential, the fitting parametersand b are very
in Fig. 2@), S,/V?*” was fitted toR®v by treating the susceptible to any noise in the data. Hence the values should
power wy as a fitting parameter. This ensured that the log-be treated with some caution. For the purpose of comparing
log plot of S,,/R®v vs V has the same slope ast3,. In  noise behavior of the three systems, we plot the generalized
other casege.g., the sample witlR,= 2 MQ in Fig. 2b)]  relative noise powe&’ =S/V70 at 0.5 Hz normalized by its
where y, cannot be reliably determined, the powey was  value in the linear range as a function\éfas shown in Fig.
found by trial and error. In such cases 2, was assumed to 5. Differences and similarities among the three systems in
be equal to the slope of a plot such as shown in Fig. 3. Fitthe nonlinear range are clearly brought about in this particu-
for most of the samples were good but valueswgf were lar plot.
found to have some degree of scatter as evident in Table |. Figure 6 shows plots o8, vs V for several carbon-wax
wy has an average of 3 (excluding the value of 5)9Gen-  samples of different resistanc@=., p). It is evident that the
erally, wy is larger than 2 vy,. variation of the noise witlR in the nonlinear regime is much
Figure 4 shows similar data as in Fig. 2 but obtained in dess than that in the linear regime. The log-log plots of the
conducting polymer sample. The noise data are seen to havwise spectral densit$, vs Ry are shown in Fig. 7 for vari-
only two distinct regimes characterized by two differentous samples at 0.1 drb V asmarked. Over a wide range of
slopes. However, in this case the noise at large bias increaskigear resistanceR,, the data at 0.1 Mopen circley are
more rapidly than at lower bias in contrast to the situation infitted by a power law with the exponeri=1.7+0.2(4).
carbon-wax. However, as in the latter, the voltage at whictSincew= «/t andt=2.11° x~3.6. Corresponding values in
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FIG. 7. Log-log plot of noise powe®,(f) at 0.5 Hz vs initial
FIG. 5. Plots of normalized’(=S/V0) vsV of three types of  sample resistandg, for V=0.1 and 5 V. The straight lines indicate
disordered systems. power laws with exponents as indicated. Typical statistical error in
Sy is as indicated. However, sample-to-sample fluctuation is much
the saturated state awe~0.5 andxs~1.1. It may be men- larger than the statistical error in a single sample.
tioned that no substantial difference was noticed using the

noise power at another frequency such as 1 Hz. characteristic dependendgigs. 2—5. Dependence db, on
V, on the one hand, is different in linear and nonlinear re-
IV. DISCUSSION gimes of a given sample and, on the other, is also different
among various systems with different conduction mecha-
A. General nisms. This supports the expectation that the noise in the

Data presented so far indicate quite unambiguously thaw¥hole range of applied bias could be useful as a probe of
while the noise spectral density in the frequency domain retransport properties in disordered materials. Let us first con-
mains insensitive to a change in the conduction behaviogider the conclusions that follow from general consider-
(Fig. 1), it as a function of the applied bias does show aations. Note that the identities in EL) still remain valid

providedR is the chordal resistanc¥/Il. As long as a sys-

tem is in linear regimdi.e., low V), R and, hence, the gen-
eralized relative nois&’ are constant, i.e., independent of

107 o applied bias. In real sampleg, may have a nonzero value.
] o When v,=0, §'=8. Both R and R are expected to be
104 o G0 %o oo°°° smooth functions of their arguments, nameéi/andV, re-
] 6 O_,ole'i spectively. Then, it follows from EqJ1) that initially at low
10-7_; o 0 0o q,_. - voltagesS, will be dominated by the strongly varying factor
3 al of V2* % (provided 2+ v, is not small. As the applied bias
s - is sufficiently increased, nonlinearity in conduction will be
~ 10 3 - more pronounced. Naturally, the mechanisms that are re-
NE ] sponsible for the nonlinear effects will also cause noise to
> 1075 deviate from the power-law behavior in the linear regime.
i Hence, correlation of the noise with the onset of nonlinearity
1019 o 25MQ as seen in Figs. 2 and 4. appears quite natural. Generally,
E : Sy(V) will have characteristics closely related to those of
1] ° 16 R(V). This has been amply demonstrated in systems like
10773 = 028 CDW conductors such as TaSRef. 10 and organic
] conductors® From Eqs.(7) and(1) we can obtain a general
10712 R S expression ofy:
10° 10° 10 10
V(V) V dR dR

=Yt = == o0
FIG. 6. Plots ofS, vs V of three carbon-wax composites of ) )
linear resistances as shown against each curve. The solid lines i\t |.0W bias y~v,. In al! ourlsamplesd R/dV<O0; i.e., the
dicate the power-law fits up to the onset voltage. Typical statisticaresistance decreases with bias. ThusMorV,, depending

error inSy is as indicated. on the sign ofdR/dR, ys will be less or greater thary, .
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derstanding of its behavior. Initially, the conduction is
Ohmic at smalldc) bias. When the bias is increased beyond
Vo a certain valueV, called the onset bias, the conductance
starts increasing from its linear value. As the bias is further
increased, the differential conductance tends to saturate at a
higher level. Thus, the nonlinear behavior of a composite
system is governed by two voltage scales: the onset voltage
V, and the saturation voltag¥., which characterize the
@ approach to saturation. Bot, andV, scale with the linear
conductance., asV,~3.° andVs~3"* wherex,~0.4 and
Xs~0.06. The saturated state at high voltages/¢) has the
transport exponertt, different from the corresponding value

in the linear regime, t. In fact, ts=ct where
c=0.76+0.071" Such a state has been called an “altered
percolation system.”

Gefen et al®® proposed a model that, in spite of some
limitations particularly at high bia®'’ gives a reasonable
description of nonlinear conduction at low bias in a compos-
ite and correctly predicts the scaling of the onset bias. This
model, called a “dynamic random resistor network”
(DRRN) model, considers a network consisting of conduct-
ing and insulating bonds with the conducting fraction
vs Will be, in general, a function o¥. Figure 8 shows sche- p>p.. An insulating bond has the property that if the volt-
matically a situation wherey decreases after the onset of age across it is larger than a certain critical voltage it be-
nonlinearity (/ ~V,) and then keeps increasing, giving the comes conducting. For sufficiently low applied voltage
Sy-V curve a concave appearance Y0 V,. Obviously, it  across the network the current flows only through the back-
is the nature of the conduction mechanism that will deterbone of the percolating system so that the conduction is lin-
mine the exact nature of the curve after the onset of nonlinear. As the applied bias is increased, some insulating bonds
earity. Differences between composites and other two sysill have voltages accross them exceeding the critical volt-
tems as seen in FlgS 2,4, and 5 are indeed due to differeabe and, hence, will start Conducting' thereby Causing mac-
conduction mechanisms in these systems. Composites afgscopic conduction to be nonlinear. In real samples, there
prototypes of a percolation phenomerfdnit is generally il pe conducting clusters branching off the backbddan-

believed that nonlinear conduction in composites result%”n | ; ; ;
; : 6.37 g cluster$, separated by insulating regions of very small
from tunneling between dangling clustéfs>*"In contrast,  yigths. It is expected that tunneling or hopping conduction

conduction mechanisms in the other two systems are dq,v : C
; . 1838 : ill take place through such regions, thus providing extra
scribed by variable-range hopping;® but the mechanism paths for electrons. It must be clearly understood that the

for nonlinearity remains ambiguous. tunneling in thenonlinearregime just described is different

From Eq.(1) we haveS,~ V2" % in the linear regime. On . . .
the average(y) is foun‘(ajS\t/o be~—03 in carbon—gwax and from the oneli.e., two-component fluctuatiorronsidered by
~ 09 in the CP and 30, samples. The value of, in several authof$®%%n thelinear regime. The latter is of no
' 4 ' 0 Jelevance here.

carbon-wax is small and agrees with those obtained in se , ) i
eral composites earlié??* signifying that noise can be as-  Upon comparison of Fig. 8 with the data of carbon-wax

cribed to equilibrium resistance fluctuations. But it is evidentCcOMPosites in Fig. 2, one observes considerable similarity
from Table | thaty, tends to be definitely less than 0. Values Petween the two in that the noise curves indeed appear to be
of vy, in the other two systems show that equilibrium resis-a power law at small voltages and are generally concave after
tance fluctuation alone cannot account for the noise even ifhe onset of nonlinearity. However, the noise curves in real
the linear regime.y, was earlier found to lie between Samples have plateaus in the second regimes just after the
—0.5 and—0.3 in polypyrrole thin-film resistors’ It was  onset. In view of the behavior of the conductance described
suggested that a shot noise component which varies lineargbove, this is not surprising. There are two characteristic
with the current or voltage may be responsible for negativesoltagesV, and V. The smaller one/, has been already
values ofy,. It may be noted that most of the inhomoge- identified with the onset voltage. The voltage 0.3 V in
neous systems found in the literatures have had noise mefgig. 2(a)] at which a noise curve changes its slope has been
surements performed only in the linear region of the applielotted as a function of the initial conductant&R,) of
bias although not always stated so explicitly. Next we condifferent samples. The slope of the log-log plot is found to be
sider the results of the carbon-wax system in detail and a-0.4 which is in very good agreement with the value of the
model to explain qualitatively those results. The other twopnset voltage exponent determined earlier fiom (Ref. 16
systems will be considered later. andd1/dV (Ref. 37 measurements at the room temperature.
The value ofVg is of the order of voltages at whiathl/dV
were found to approach saturatibnThis confirms the cor-
Studies of nonlinearity in gold filni§ and carbon-wax relation of the noise powes, with the nonlinear conduc-
mixtures®17%in the last several years led to increased un-tance. Interestingly, Mantesa al?* observed in Ni-AbO,

slope=Y,

FIG. 8. Schematic plot of a type &,-V curve whose slope
decreases at the onset voltagg. See text for further discussion.

B. Carbon-wax: Sy-V curves
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composites that initially the noise amplitude increased qua- 0.6
dratically with the applied voltag¥. As the latter exceeded

a certain value, the noise amplitude increased only linearly.

Both these variations were reported to have taken place in ~ 0.41 - W
the Ohmic regime, somewhat contrary to the observations in :
the present work. However, no explanation was given. The

8,/S=5

fact that the variation at higher voltages was less than that at 0.2

low voltages is consistent withs<<y, found in this work _ t
(see Fig. 2 Kusy and Kleinpenninf measured noise in ) 0.0

ZnO varistors mostly in the linear range. But some measure- ‘Q

ments extended to the nonlinear range as well. It was found l 3
that S in this case also decreased in the nonlinear regime as  -0.2
in composites. Since a varistor sample can be thought of a
network of ZnO grains and thin insulating layers separating
the grains, a model involving tunneling channels as in com- -0.4
posites may explain the data.
Sy-V curves are structurally similar 16V curves. But the 0.6

question of an exact relationship still remains open. Anem-  “ 7' 0% T g o6 08 1.0
pirical answer is provided by E@8) which, as recast below, r/r,

may be considered a generalized version of @j.

FIG. 9. Plot to indicate the effect of adding a parallel resistor of
— 2+ yopw ®
Sy=AVTTRy(R/Ro) ™, (12) resistance; (inset, dotted lingto a single resistor of resistance

whereA is a constant. To emphasize, we restate again thaf"Set solid line on relative noiseASis the change in the relative
wy(~3) is different froma(~1.7). Equatior(11) gives the noise. S, apd S;, are relative noise powers of the resistorsand
noise amplitude in a closed form as a functiorVodt a fixed "t "eSPectively.

p and, thus, is useful in describing the noise in the whole _ o _ _

range ofV. An explanation of(11) should provide an addi- C. Modeling of noise in nonlinear composites

tional challenge for modeling the nonlinear state, in general, |n conductor-insulator mixtures such as the carbon-wax
and the saturateltered state, in particular. The result may system the relative noise decreases Withfter the onset of

be compared with the bias dependence of the noise found ifonlinearity(Fig. 5). This is essentially due to the increase in
CDW systems where the latter was givenlofR/dV.'® Us-  the number of fluctuators, which generally results in the de-
ing the knowledge of conduction in large bia# is possible  crease in the noise amplitude. It is recalled that the nonlin-
to derive from Eq(11) some relations among various quan- earity in the DRRN model arises from the appearance of
tities. For largeV>V; in the saturated state, thie//dl ap-  extra parallel conduction channels with the increase in bias.

proaches the asymptotic valée.(p) so that In the context of noise this means that the nonlinearity is
accompanied by an increase in the total number of fluctua-
R~R,V/(V—N\), (120 tors or, equivalently, the system size. We now show that

wherel is a quantity denendin onlv. Thus. usina E addition of parallel resistors to an existing network, under
(12 in E (1% S, z;/t Iarp Ry cogulc:jpbe rye.writter; as 950 certain conditions, does lead to a decrease in the total noise

9. ' 9 of the network. For this purpose, it is sufficient to consider
v \ev the result of the addition of a single resistor in parallel to a

~\V2+trRe- (1 0oyl 13)  given network. Consider a singl®@hmic) resistor of resis-

Sv 5 VY (13 _ =4 .

tancer and relative noise, (inset of Fig. 9. Let us connect

an anothefohmic) resistor of resistancg and relative noise
Srt to it in parallel and denote the noise of the parallel com-

In the above we have used the fact tRat~R,°, wherec is
same as defined earlitt Using Eq.(13) in Eq. (7) one ob-

tains an expression foy in composites fol>V,: bination byS,,,. Using composition rules based on Cohn’s
theoreni® the change in nois@\S=Sp,—S; , can be written
wy as
Y=Yl (Wh—1) (14
. , : X(1-y)+2
Equation(14) confirms thaty,< vy, . The relation also shows AS=—-§,x (1+—x)2 , (15

that ys increases withV and asymptotically approaches
v, . ConsequentlyS,, should be a concave function gffor ) o
V=V, as shown schematically in Fig. 8 and Fig. 2. The solidwherex=r/ry andy=5; /S;. AS is plotted in Fig. 9 as a
lines in Fig. 2 are fits of resistance and noise power forfunction of x for different values ofy. It is seen that for
V>V, to Egs.(12) and (13), respectively. The values of small x or larger; the noise decreases irrespective of the
used were 1.3 and 1.4 fR;=92 k() and 2 M) respec- noise level of the parallel resistor. However, if the latter is
tively. Excellence of the fits indicates how well two indepen-too noisy (i.e., y>1), the noise may increasé& §>0) for
dent transport measuremefite.,dI/dV and nois¢corrobo-  largex. Figure 10 shows two more examples of a modified
rate each other. star triangle(uppe) and a simple fractallower) in the form
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r The second term on right-hand side is negative since
6G>0 and is of the order of;. The first term may be

written as
9aVa?| [ 9aVadV,
% 4( GV? )( V2 '

For bonds far from the bong3, éV,~0. Furthermore,
3.0.V,8V,=0 as a consequence of Kirchoff's l&#Even

if the weight factor of fractional power dissipation makes
this sum nonzero, the first term is expected to be less than the
second term so that noise should decrease. The condition that
g be small should be easily met in real samples as tunneling
bonds are expected to be of much higher resistances than
those of regular bonds.

D. Disordered materials

g Now we discuss noise in two other disordered systems,
I namely, conducting polymer and,&,, which are essentially
a one-component system and, hence, different from mix-
tures. Data from another such syst¢éAnO) were obtained

FIG. 10. Two examples of simple networks. The upper one is £2€oré” in both linear and nonlinear regimes but were pre-
star triangle and the lower one is a one-dimensional Koch curve of€nted without highlightings,-V characteristics as done in
stage 1. Dotted bonds represent additional parallel bonds. Figs. 4 and 5. A comparision of the two systems with Fig. 8

shows that the noise curves change very rapidly from a
of a one-dimensional Koch curve of stage 1 where the addepower-law behavior a&¢ <V, to another apparent power-law
resistors are shown with dotted lines. The change in noise fdvehavior(constantys) for V>V, . There is also no indica-
the modified star triangle is tion of any second voltage scale as in composites. In this

case we can derive an empirical expression for thiecurve

S,x [8x%+13x—2xy+6 at high voltages using E¢9). Assuming that,~ V/?* s for
AS= = | T xr 3y (18 v>v,, we havev?* 7s~V2* Yexga(R,/R)"] so that
d that for the Koch f stage 11 V[T "
and that for the Koch curve of stage 1 is IN_(YS onnV (20)
Six [ 2x3+2x%+ (4y—1)x—1 °
AS=-—- BT (17)  for V>V, andl =V/R, for V<V,.

The most important difference between compositég.
AS in both cases shows same qualitative behavior as in Fig2) and conducting polyme(Fig. 4) is that ys is negative in
9. the former but positive in the latter. In other words, the noise
The decrease in the noise of a network due to the additioincreases at a faster rate wkhin the nonlinear regime than
of resistors in parallel as examplified by the above resulté$n the linear regime in the two disordered systems. The
appears quite plausible when we consider the general expreasnalysis of noise data in disordered materials is hindered by
sion of the noise in a networ¥ a credible theory to explain the experimental data on nonlin-
earity in such systemt®. Thus, in the absence of a guiding
5253 (%)2(&)4 theory, it may be instructive to consider different situations
Te | G V]! that will cause the relative noise to increase with the bias.
One possibility is the addition of parallel conduction chan-
where S, is the relative noise of a conducting borgl, is  nels as in the DRRN model for composites. It is seen in Fig.
conductance of the bond andV , is the voltage accross the 9 that in a certain parameter rande.g., r/r,~1 and
bond. The addition of a resistor in parallel is equivalent toS, /S,~1), AS can become positive; i.e., the relative noise
changing the conductance of that particular bond from 0 to fncreaseswith the addition of a parallel resistor. To see
small valuegs. This leads to an increase n the network \hether such a possibility may exist in the case of systems
conductances by 6G=g,V/V” whereVy is the voltage  expibiting variable-range hopping conduction, we note that
accoss the bon@ when the network is held at a fixed volt- the electronic transport in such systems may be mapped into
age V. For a change of conductance of the boidthe  an equivalent random resistor netwdPkConduction in the
change in the total noiséS, can be determined using Eq. nopping mechanism, which is a phonon-assisted quantum-
(18) to first order ingg as in the following: mechanical tunneling of an electron from one localized state
) 3 5 4 to another, is influenced by an external field. The probability
_ Ya E Vo _ Ya E E of an electron transfer between the sites randomly distributed
ASIS=2, 4 > 2 A .
m G \% \% o G V) G in space and energy depends exponentially on the external
(19  field. With the increase in field, the hopping probability of

(18)
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the electrons increases and the electrons can hop to more aiohear) resistance. In two other systengsjs not a relevant

larger distant sites. This will lead to a rearrangement of theparameter to change the resistance which is usually changed

equivalent network and, hence, the equivalent resistance @y varying the temperaturé.In the linear rangsi.e., low

the network changes. This fact can be pictured as followsV) the value of the exponent is 1.7 (Fig. 7) which is same

After some critical field extra paths are generated in the sysas that found by Chen and CHwlso in carbon wax. How-

tem which are similar to the original paths and the resistancever, it has been already nofatiat the explanation in terms

of the system decreases as a result of these extra parallef number fluctuation of the charge carriers in tunneling put

paths. forward by the authors is untenable. As discussed in the In-
Another possibility is to consider a network consisting of troduction the value of the exponent cannot be explained at

elements which are assumed to possess the following simpl&esent satisfactorily by any existing theory.

nonlinearl-V characteristics: At high voltage, this system enters into a saturated state
W characterized by a different conductivity expongntvhich
V=rql+rol9, (21) s less than the usual conductivity exponenin this state at

wherer,,r, are two constants ang>1. Forr,<O0 the net- V=2 V, the noise exponenb; is found to be 0.5Fig. 7)

work resistance will decrease with the applied bias. Suchich is less thanw in the linear range, i.e., 1.7, and even
elementall -V characteristics have been considered edflier €SS than unitfEq. (2)] in a homogeneous sample. Tha

for composites but their prediction regarding the onset curiS /€S thanw may be rationalized by the fact that a sample
rent exponent, was found to be at variance with the experi- (€nds to be more homogeneous in terms of the conducting
mental observations. In fact, the same is true also in case Qond distribution as the bias is increased. Following this
the conducting polyme® Nevertheless, the calculation of '09iC, one would then expect that as a sample approaches the
S for such1-V as in Eq.(21) serves to bring out several saturated state the noise exponent would monotonically de-

features of noise in nonlinear regimes. Obviously it is notcréase(from 1.7) towards unity. Thus, the fact that the value

possible to calculate analytically for an arbitrary network, ©f @s IS less than 1 cannot be reconciled by this argument.

Instead we focus on the noise of a single element and attem(ft”“OSt same results are obtained\at10 and 20 V. The
to draw conclusions for a general network. Let us defindWO €xponentsws and  are, however, related. From Eq.

Sy=(6r2Ir2),8,=(5r2r2), and S;,=(8r,6r,/rqr,). Here (13 itfollows easily that
1’71 2'12

the notaﬁon is as u§ual. In terms of these definitions we have w=0—(1-C)wy. (24)
the relative noise given by
The above relation is interesting in the sense that two quan-
S=(81r212+ 8,r312%4 280 11,1 T 1)/V2. (22)  tities w andw, by definitions must involve different samples

Thi ion il h lexi h h .. with differentp’s whereaswy, is obtained basically with only
IS equgtlon llustrates the complexity when the NOISE 155ne sample at a time. Large uncertainities in the quantities in
characterized by more than a parameter. From (B8) it

o . R Eq. (24), however, make the relation rather less useful. Put-
follows that ifeither of r, andr, is zero, the noise is inde- ting = 1.7 andwy~3 in Eq.(24) givesw,~ (1+0.6) com-
pendent of bias. In particular, we obtain an unexpected b%ared to O 50 1\</:ietermined directly s o

interesting result that a network of nonlinear elements de-
scribed by such a strong nonlinear relation as @&yfails to
exhibit the voltage-dependent noise. It may be recalled that
the noise data in ZnO-based varistors which are thought to It is quite evident from the previous discussion t@t_

be described by a relation like E¢5) were explained by v characteristics of inhomogeneous or disordered systems
invoking contribution from tunneling. To examine the varia- can be quite structured and are somewhat analogots/to
tion of S with bias, we calculate the derivative of EQ2)  characteristics in carrying information on transport proper-

V. CONCLUSIONS

with respect to current: ties of these systems. Not only should measurements of these
two characteristics be useful in understanding especially the
_ -1_ _ i
d_SZZ(a_ 1)ryr,l@ rao(Sy—S1)l” . r1(81~ 51 _ nonlinear conduction, but it could be also used for verifying
dl \ the consistency of a transport model as has been done in the

(23 case of composites. We described how results obtained from

Assuming thatS; > S, andS,>S;, it follows from Eq.(23)  Independent measurements @f/dV in composites were
thatds/d| is always positive for ,<0 and small . In other useful in interpreting the noise data in a consistent manner.

words, a random resistor network consisting of nonlinear el! the same way, it is hoped that the noise data would prove

ements such as given by E@1) allows an increase in the useful in building a suitable model of nonlinearity in the
relative noise with the bias as shown in Figs. 4 and 5. Howdisordered systems. It is well known that the noise involves

ever, whether an arbitrary network will exhiliin apparent the fourth moment of the current distribution whereas the
powér law for S-V in the nonlinear range remains to be resistance involves the second moment. Hence the noise is

verified. expected to be more sensitive to any change in the current
distribution as a result of the onset of nonlinearity than the
resistance. For example, not only is the sign of change in the
relative noise power after the onset of nonlinearity different

Let us now discuss variation of the noise amplitude due tdrom that of the resistance in Mott systems, but also the noise
microstructural factors in composites. The later are charadncreased by more than four orders of magnitude while the
terized by the conducting fractiop which determines the resistance decreased by a factor of 5 only.

E. Noise exponents in composites
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It is significant that the functional dependenceSafn the R is varied by changing the bias. It will be interesting to find
resistance varied by eithep at a fixed V or V at a  outwhat happens to these functional formdRgss varied by
fixed pis given by the same power law although the expo-changing the temperature which is expected to alter bond
nentwy at afixed Vis different and larger than the expo- resistances in a system differently than the bias. Tempera-
nentw at afixed p. This once again highlights the differ- ture, unlike in homogeneous systems, plays a strong role in
ence between the usual random and the correlatethe systems under investigation. In ZnO-based varisifs,
percolation problems. The nonlinear states of the compositesas varied using temperatute.It was observed that
are examples of a correlated dynamical percolation sysfem.R~R, but has a functional dependence Wryualititatively
The linear states correspond to the usual random percolatigimilar to that of a composite.
problem. The saturated states at high voltage are where An unresolved issue concerns the valueygf It has a
dI/dV becomes constant anfl’ also tends to a constant small negative value in composites but is significantly differ-
value[Eq. (13)]. These states have both transport exponentsnt from zero in disordered materials.
ts and wg different from their values in the linear regime. A
proper model of this state is still lacking. This is also empha- Note added in proofWe came to know of the following
sized by the fact thab, is less than unity. The reasons for references which are relevant to the present work. A. A.
the relatively large sample to sample scatter in the values dbnarskii, A. E. Morozovsky, A. Kolek, and A. Kusy, Phys.
wy are also not clear. Rev. B53, 5596(1996; A. E. Morozovsky and A. A. Snar-

Through the introduction of the functioR we have tried  skii, Int. J. Electron73, 925(1992; Sov. Phys. JETB8(5),
to suggest a framework to analyze the noise data in the entirt066(1989.
range of applied bias. Generally speaking, the form of the
functionR shogld be a charac;teristﬁc of the p_articular nature ACKNOWLEDGMENTS
of inhomogeneity or disorder in a given physical system. We
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