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Dynamical Current Redistribution and Non-Gaussian 1/f Noise
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Dynamical current redistribution (DCR) in noisy resistors is discussed. Contrary to a common
assumption in many theories and in the interpretation of many experiments, DCR can cause large-
amplitude non-Gaussian (NG) noise for statistically independent fluctuators. NG effects are predicted
to be large near the percolation threshold and near the metal-insulator transition. We report the first
observations of NG noise in semiconductor superlattices and attribute this to DCR. We also show that
DCR is the most likely explanation of NG noise in several other systems. [S0031-9007(96)00027-0]

PACS numbers: 05.40.+j, 72.70.+m

Physical systems with a large number of degrees obf the network elements, ang, are the corresponding
freedom ubiquitously demonstrate Gaussian fluctuationsurrents through each element. Whether explicitly or
(noise) as a consequence of the central limit theorem [1jmplicitly, most conventional analyses of the statistics
All correlation functions of Gaussian noise of an orderof experimentally observed resistance noise [5-8,12]
greater than 2 can be expressed in terms of first- andnd many theories of noise in resistor networks [10]
second-order correlation functions [1]. Non-Gaussianityassume that the local resistance fluctuations are small.
is therefore naturally quantified by the deviation of high-Consequently, they invoke a generalized Cohn’s theorem
order statistics (order greater than 2) from the expectatiofGCT) which is first order in the local fluctuations,
for Gaussian noise. 1 &

High-order statistics of resistance noise have been mea- SR(t) = 7 Z (ig(1))28ry (1), 2
sured in such diverse systems as epitaxial Si ¢2%i:H a=1

[3._5]' GaAs [6], amorphous metal alloys [7], metallic where ¢ is time, (---) indicates a time average, and
spin glasse_s [_8], and type |l supercondgctors [9]. Often,(sra(t) — (1) — (ra(t). If the sample is relatively
non-Gaussianity has been taken as a signature of ﬂucwﬁ'omogeneous, the central limit theorem requires that

tor interactions [5_.8]' For class[cal co.nductlon, Coa.rsecSR(t) in Eqg. (2) be Gaussian for statistically independent
graining of the resistor allows discussion of the NOIS&, \ctuiators in the limit of largeV.  Often an ensemble

llg :he g:ontt(;xt of tg:lalsst,lcalt percf[olat!otn re}S'Sth n?w\;prkjbf statistically independent, thermally activated fluctuators
xtensive theoretical treaiment exists of NOISe N NIX€dy, i 5 gistribution of activation energy barrief3 (E) has
topology resistor networks, in which the elements are st

%een postulated [13—16]; I&1( £, E, ®) be the power

gﬁgﬁalgug}ggpﬁ:‘s:nftogaggatg;s tLleo]I'imﬁ”g‘?r'ssr'gg:?/’ﬂSg_spectrum of the statistical variable of a model fluctuator
. o [for example, a two-level system (TLS)] withi being the
tuations of the elements, where the noise is necessari

Gaussian ctivation energy barrier an® the temperature. If we
: L assume sample homogeneity, the power specSUmmof
The present Letter addresses the opposite limit of larg P 9 4 P pecs

local resistivity fluctuations. The key distinction betweenf}ne sample re&stancils

the two cases rests in the importance of dynamical current SO(f) = ] SO(f,E,0)D(E)dE 3)
redistribution (DCR): When one element of a resistor net- ' 0o

work quctqates to a larger resistance, it will carry IOwerli)ecause the GCT requires that the autocorrelation func-
current while other elements in parallel current paths mus

i . tion of 6R be a sum of the autocorrelation functions of
carry higher average current. Systems with large local re

sistivity fluctuations will in general exhibit non-Gaussian the 5r, weighted byi(1))*/I%. The detailed behavior of
- (1) . . . . . .-
(NG) noise due to DCReven for noninteracting statisti- §° ' in simple metal films has been explained semiquanti

. tatively by assuming a broa® (E) in Eq. (3) [12,14,15].
cally independent fluctuatorsAlthough the consequences . .
of DCR will be maximal at the percolation threshold, we The GCT presented as Eq. (2) is the bridge between the

. . (1) . _
report experimental evidence for DCR and NG noise in "\CrOSCOPIC phenomencB™ and the macroscopic mea

(1)
several materials away from the percolation threshold. suredS™ of Eq. (3).

, ; Given the direct observation of physical interactions
Cohn’s theorem for(;;&sto;znetworks states that [11] between discrete fluctuators [17], high-order statistics
_ a

= o (1) have been employed to study fluctuator interactions when

Ira 2 the noise signal from individual fluctuators cannot be

where R is the resistance between two chosen nodeggsolved [2,5-8,12,18]. The modulation of the activation
I is the measurement current, are the resistances energy of one fluctuator by other fluctuators results in
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“spectral wandering” [14]; that is, the integrated power inof two TLS resistors. Let; denote the faster fluctuating
some bandf;, = f = fy will have a large variance and network element. For a series circuit the GCT is exact,
will itself have a power spectrum reflecting the frequencyand the simulation in Fig. 1(a) shows no spectral wan-
modulation of fluctuators by their neighbors [12]. This dering, i.e., the contribution to the noise power fram
power spectrum of the spectral wandering has been nameésl independent of the state . However, for a paral-
the “second spectrum” and is denoted 8 with a lel circuit [Fig. 1(b)], the amplitude of the fluctuations in
frequency variablef, [2,12]. For noninteracting TLS’s, Rparaiier due to the switching of, is explicitly dependent
the GCT leads to a whit8? at low f, [12,18]. Spectral on the state of,. The spectral wandering due to DCR is
wandering with a nonwhit&® has therefore been taken unaccounted for by Eq. (2).
as a fingerprint of interacting fluctuators [5—-8,12]. Monte Carlo simulations of the normalized second
The above conclusion is unambiguous in the limit ofspectras'® of the series and parallel networks are shown
small local fluctuations and relatively homogeneous transin Fig. 2 for several values ofr/(r) for r; and r,.
port, such as for the disordered metal and metallic spinThe second spectrurf® is normalized by the square
glass samples studied by Weissman and co-workers [7,8pf the integrated power in the band., Fy) to yield
However, DCR can generate strongly NG noise for larga® [19]. As Ar/{r) and hence the DCR increase,
local resistivity fluctuations or strong transport inhomo-the non-Gaussianity of the parallel circuit monotonically
geneity. Consider a hypothetical resistor with only twoincreases. In contrast® for the series circuit (dashed
fluctuators with characteristic frequencies separated bgurve) is independent oAr/(r) and is less than 25%
more than an order of magnitude. Take the fluctuators tabove the Gaussian background (not shown).
be statistically independent TLS’s. The relative positions It is convenient to writei, (¢), r,(7), and v, (¢) for a
of the two fluctuators determines whether the resistor imetwork as the sum of time-averaged and time-varying
more accurately modeled by a series or a parallel circuiparts:i,(t) = (i, (¢)) + di,(t), etc. Hence,

(Wa() = (ia(Ora(t)) = (o) (ra(t)) + (8ia(t)ra(1)),
0va(t) = (ial(t)Ora(t) + (ra(t))8in(t) + 8ia(t)Sra(t) — (Sia(t)Sra(t)).

Tellegen’s theorem [18,20] provides the exact relations| cently reported in simulations of a dynamical resistor net-
work at the percolation threshold [23]. Although noise
18V(t) = Z(la(t)>5va(t) near the perc_olation threshold has also been studied by
several experimental groups [24], we are unaware of any
experimental investigation of high-order statistics of the
Z (Vo (£))8iq(1) noise in this regime. Existing theory for noise near the
a=1 percolation threshold requires that the local fluctuations
be small and the noise be Gaussian [10]. We conjecture
that the absence of universality and the often poor agree-

2

for a constant-current experiment. It can then be show

that ment between theory [10] and experiment [23] is due in
1 & part to DCR.
6R(r) = 2 Z ia () {(ia(D))0ra(t) — (Sin(t)dra(2))}. Farther from the percolation threshold the situation is

@) less clear; however, the absolute value of a correlation
function such agéi,(t)drg(t)) will decrease only as a
Equation (4) is exact to the extent that the fluctuatorslipole [x(«, 8)|~¢ at long distancex(a, 8) for dimen-
are stationary and the time averages consequently wediond [25]. We note that many experiments have failed
defined. The DCR contributes to the momentss&f(z)  to find long-range spatial correlation bf f noise, as was
calculated from Eg. (4) through correlation functionsdiscussed in Ref. [12]. However, all such experiments
of the form{iyi(t),...,ian(t)8rgi(t),..., 8rgu(t)), such  measured the cross correlation of the noise signal between

terms are absent if the GCT is used. pairs of electrodes in series along thin wires; this electrode
The question immediately arises as to the size of theonfiguration is insensitive to DCR.
contribution to eithelSY) or S by DCR in real sam-  Three examples of materials with NG resistance noise

ples. To first nonvanishing ordééi,(r)6r, (7)) scales as are discussed below. In each case the NG noise is most
(Aro/{re))? [21]. The GCT is therefore an excellent ap- naturally explained by DCR, rather than by the direct
proximation to Eq. (4) for materials in whichp/p <1  interaction of fluctuators.

[7,8,14]. On the other hand, near the percolation thres- First, NG resistance noise has been reported:{8i:H

hold the correlation length for the pair-connectedness coffilms [3-5]. Transport by an interlocking network of
relation function diverges [22], and long-range DCR isfilamentary conducting paths is required by the observa-
necessarily present. Non-Gaussian fluctuations were rgion of telegraph fluctuations witldR(r)/(R(z)) ~ 0.01
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@ heterostructures with interfacial roughness. For exam-
ple, inhomogeneous current distributions resulting from

4.0
s 7 interface roughness in GaA&lGaAs tunnel structures
_@ 3.0— are well documented [26,27]. The effective network for
§ such a device consists of 2D sheets of low-resistance ele-
~ ments (representing the GaAs) connected by a low density
2.0 of higher-resistance elements (representing the thinnest
(b) regions of the AlGaAs). As transport through the thin
=~ 10— % points in the barriers is sensitive to nearby charge trapping
= centers [26], large fluctuations of the local tunnel current
= are present and DCR is expected.
8 0.67_ An experimental study o§? for GaAs/Al o sGag AS
MQ" superlattices (SL’s) is reported below. The samples
0.5 — studied were 50-period GapAal, Gay,-As SL's with

; ] ] quantum well and barrier thicknesses of 80 and 20 A, re-
time (arbitrary units) spectively. The barriers we@ doped with Si to achieve
FIG. 1. A Monte Carlo simulation of the noise signal from @ final carrier concentration of0'? cm™ in the quan-
series (a) and parallel (b) arrangements of two resistors thdum wells. The samples were mesas with cross seetion
are statistically independent TLS's fluctuating between 1 and (00 um X 100 um. All measurements were performed
2 a.u. with a ratio of characteristic frequencies of 30. with the applied bias in the growth direction, i.e., from
the base of the SL mesa to its top. Previous TEM and
[4]. Parmanet al. [5] report power-law behavior is®®?  transport measurements of devices from the same wafer
at low frequencies and infer long-range cooperative reardemonstrated large interfacial roughness, resulting in ser-
rangements of hydrogen-bonding configurations. The repentinelike current paths through the device [28,29]. The
sult may be more reasonably attributed to DCR with onlydata reported here are in the low-bias Ohmic limit, far be-
shorter-range structural rearrangements of the material. low the electric-field-induced localization regime [28,30].
Second, farther from the percolation threshold, a largeThe data presented below were obtained with standard
dimensioned (0.2 mm longx 1 mm wideX 1 um thick) ~ constant-current dc four-probe noise measurements [12]
granular carbon-composite resistor was recently founet room temperature. The experimental arrangement and
to have a large nonwhite® [19]. Fluctuator interac- the computations involved in the calculation ©f' and
tions spanning the dimensions of the sample would bef the expectation §® for Gaussian noise have recently
unphysical, but large DCR is expected for such a systenheen presented in detail [19].
Granular materials should be a valuable testing ground The power spectrum for one of the SL mesas studied
for the importance of DCR in resistance noise. is shown in the inset of Fig. 3, fofs. = 0.5 mA and
Third, the small fluctuation limit is inappropriate for (V(z)) = 151 mV. The deviations from simple power
doped crystalline semiconductors; fluctuations in the stattaw behavior are typical of doped semiconductors in
of the charge trapping centers can have large effects owhich the noise is dominated by charge-trapping cen-
both the local carrier concentration and mobility [14].ters with well-defined characteristic activation energies
An extreme case where DCR is important is for planar
-1
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FIG. 2. Simulateds® for the circuits of TLS resistors from f (Hz)

Fig. 1. The chosen frequency band is an octave wide below the

characteristic frequency of the faster TLS. The dashed curve iEIG. 3. Inset: The normalized power spectrus) =

s@ for the series circuit. The remaining six curves, from top S /(V)? for a GaAgAl ,Gay-As SL, as described in the text.
to bottom in the figure, ara® for the parallel circuit with  Main panel:s® for the same device. The selected frequency
Ar/{ry = 0.8, 0.4, 0.2, 0.1, 0.05, and 0.025, respectively. band is (2.4 kHz, 12.0 kHz).
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