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Fluctuations of 1/ f Noise and the Low-Frequency Cutoff Paradox
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Recent experiments on blinking quantum dots, weak turbulence in liquid crystals, and nanoelectrodes
reveal the fundamental connection between 1/ f noise and power law intermittency. The nonstationarity of
the process implies that the power spectrum is random—a manifestation of weak ergodicity breaking.
Here, we obtain the universal distribution of the power spectrum, which can be used to identify
intermittency as the source of the noise. We solve in this case an outstanding paradox on the non-
integrability of 1/f noise and the violation of Parseval’s theorem. We explain why there is no physical
low-frequency cutoff and therefore why it cannot be found in experiments.
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The power spectrum S(f) of a wide variety of physical
systems exhibits enigmatic 1/f noise [1,2] at low
frequencies

const

s~ 5,

where 0 <y <2. (D)

Starting with Bernamont [3], in the context of resistance
fluctuations of thin films, many models of these widely
observed phenomena were put forward. Indeed, 1/f noise
is practically universal, ranging from voltages and currents in
vacuum tubes, diodes, and transistors, to annual amounts of
rainfall, to name only a few examples. A closer look at the
phenomenon reveals several themes which demand further
explanation. The first is that 1/f noise is not integrable:
2o S(f)df = oo, due to the low-frequency behavior,
when 7y = 1. This violates the Parseval theorem from which
one may deduce that the spectrum of a random process is
integrable (see details below). So, how can we find 1/ f noise
in a laboratory if a mathematical theorem forbids it? One
simple explanation would be that the phenomenon has a
cutoff at some low frequency, namely, that below f < f
Eq. (1) is not valid. Experimentalists have therefore carefully
searched for this cutoff, increasing the measurement time as
far as is reasonable: three weeks for noise in metal-oxide-
semiconductor field-effect transistor (MOSFET) [4] and
300 years for weather data [5]. No cutoff frequency is
observed even after these long measurement times. This is
one of the outstanding features of 1/f noise. A second
old controversy, related to the first, is the suggestion of
Mandelbrot [6] that models of 1/f noise for v = 1 should
be related to nonstationarity processes, although the nature of
this nonstationarity is still an open question [7,8]. Further,
experiments find that at least in some cases the amplitude
of the power spectrum varies among identical systems
measured at different times, but the shape and in particular
the values of the exponent y are quite consistent [1,2,9].
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This means that a 1/f spectrum is a non-self-averaging
observable, at least in some systems.

While these observations where made long ago, the
verdict on them is not yet out. However, recent measure-
ments of blinking quantum dots [10-12], liquid crystals in
the electrohydrodynamic convection regime [13], biore-
cognition [14], and nanoscale electrodes [9] shed new light
on the nature of 1/f noise. These systems, while very
different in their nature, reveal a power law intermittency
route to 1/f noise. This means that power law waiting
times in a microstate of the system are responsible for
the observed spectrum. This approach was suggested as a
fundamental mechanism for 1/f noise in the context of
intermittency of chaos and turbulence, with the work of
Manneville [15]. Subsequently, it has been found in many
intermittent chaotic systems [16—-19] and has been used
successfully as a model for transport in geological forma-
tions [20]. For a quantum dot driven by a continuous wave
laser, this mechanism means that the dot switches from a
dark state to a bright state where photons are emitted and
that sojourn times in both states exhibit a power law
statistics that is scale free [21,22]. Waiting times probabil-
ity density functions (PDFs) in these states follow ¢ (7) ~
770+ and 0 < a < 1. The dynamics is scale free because
the average sojourn times diverge, and we expect weak
ergodicity breaking [23,24]. This means that the power
spectrum remains a random variable even in the long
time limit [25,26].

Here, we investigate the non-self-averaging power
spectrum and show that indeed this observable exhibits
large but universal fluctuations while the estimation of y
is rather robust. Our work gives experimentalists a way
to verify whether a data set exhibiting 1/f noise belongs to
the intermittency class, and this we believe will help
unravel the origin of an old mystery of statistical physics.
We also remove the paradox based on Parseval’s identity,
showing that as t — oo the integrability remains and that
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there is no cutoff frequency f,. So, experimentally search-
ing for this “lost”” low frequency might be in vain.

Parseval’s identity and 1/ f noise.—We consider a mea-
surement of a random signal /(#) in the time interval (0, 7), so
that its Fourier transform is I,(w) = [1 I(¢) exp(—iw?)d? .
The power spectrum S,(w)=[I,(w)I;(w)]/t is considered
in the long measurement time limit. The ensemble average
power spectrum is {(S,(w)). Note that, in an experiment with
one realization of the time series, for example, a measure-
ment of the intensity of a single molecule or a quantum dot,
the ensemble average is not performed, although in experi-
ments one introduces smoothing methods which reduce
the noise level of the reported power spectrum [27].
More importantly, note that the integral over the power
spectrum is

0 1 (]
f S{(w)dw = " f dw [t dt; exp(—iwt;)I(1;)
—00 —00 0

X [t dt2 exp(ia)t2)1(t2)
0

2
=27 " P(t))ar, )
tr Jo

where we used a well known identity of the delta function
[P dwexp[—iw(t; — )] =278(t, — 1;) and S,(w) =
S,(—w) by definition. For any bounded process, be it ergo-
dic or nonergodic, stationary or nonstationary, I%(t) <
(Ima)?, and hence [* (S/(@))dw = 27 (I )% So, the
integral is finite for a wide class of processes. As a conse-
quence, the nonintegrable 1/f noise is strictly prohibited.
The classical way out was to assume a violation of the 1/f
behavior in the limit of f — 0.

The ensemble average of Eq. (2), under the additional
assumption that the process reaches a stationary state,
reads lim,_o, [ (S/(w))dw = 27(I?). If the system is
ergodic, ie., 1> = [{I?(f)dt'/t — (I*), we have for a
single trajectory I(#')

[e )

lim S (w)dw = 2m(I?). 3)

—oo J _

Thus fluctuations of the total area under the power
spectrum are an indication for ergodicity breaking.

Model.—For simplicity, we consider a two-state model,
with a state up where I(t) = I, and down with I1(f) = —1,.
The sojourn times in these states are independently iden-
tically distributed random variables with PDFs (7). Thus,
after waiting a random time in any state (called an epoch),
the particle chooses the next state to be up or down with
equal probability. The waiting time PDFs have long tails
(1) « 7~0+9) with 0 < a < 1; hence, the averages of
the up and down times are infinite. The Laplace t — A
transform of these PDFs is for small A: /(1) = 1 — (7A)%,
where 7 is a scaling constant. This is a simple stochastic
model of a blinking quantum dot, for which typically a =
1/2, although 1/2 < & <1 was also reported. A different

model would be alternating between the two states. These
processes are also known as a random telegraph signal [28].

Note that the random process I(r) with N internal states
and possible different waiting time distributions can
describe annealed trap models used for glass phenomenol-
ogy [24] or for continuous time random walks describing
the motion of single molecules in live cells [29]. Our
results for N > 2 are structurally similar to those for
N = 2 but deserve their own discussion, which will be
presented in a longer paper. For these models, we have
derived detailed expressions for the power spectrum of
the process I(#) and its statistical properties.

Statement of the main results.—For o < 1, the expecta-
tion value of the spectrum is not constant but decreases
with measurement time (S,(w)) = t* !0, (w). Expanding
the #-independent function o, (w) for small frequencies w,
one finds a typical nonintegrable 1/f noise

S =l

=t @
In general, the value S,(w) of the spectrum is a fluctuating
quantity even in the  — oo limit. The statistical behavior of
the general class of processes for large ¢ (for pairwise
disjoint w; # 0) is fully described by the convergence in
distribution of

( St(wl) S,(a)n)
(Si(@1))" " (Sw,))

where Y, is a random variable of normalized Mittag-
Leffler distribution with exponent @ whose moments are
(Y"y = n!I'(1 + a)"/T'(1 + na) [30]. The &, are indepen-
dent exponential random variables with a unit mean. For
a =1, the Mittag-Leffler random variable becomes
Y, = 1, so that the powers S,(w;) of different frequencies
become independent exponentially distributed random
variables—a result known for several ergodic random
processes [31]. In the case of weak ergodicity breaking
(a <'1), the whole spectrum has a common random pre-
factor Y, which shifts the complete observed spectrum.

Many procedures for the estimation of the spectrum
from one finite time realization are designed to suppress
the statistical fluctuations due to the uncorrelated random
variables ¢&; [27,31]. These cannot account for the fluctua-
tions of Y,, common to all estimators of a given realiza-
tion. For these procedures, the prefactor affects all
estimated values for the spectrum. However, being a com-
mon prefactor, it does not affect the shape of the estimated
spectrum so that such features as 1/f noise can be detected
independently of the realization.

Motivation of the results.—We focus here on the two-
state model introduced above. Let 7; be the ith waiting time
and y; = =1 the value taken during this waiting time. We
denote by T; = Y/ 11 7, the end of the epochs. If n(z) is the
number of completed waiting times up to time ¢, we can
approximate by ignoring the waiting time in progress at ¢

)—» Yolbroon &) 5)
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n(t)

ft drexplion)I(1) = Z dj(w), with
’ =1 (©6)
1 - (T
d,(w) = ix;expliT; )L expliwr;)
w
With this approximation, one obtains
l n(l)
Slw) =~ 3 d(w)d(~ o). (7

kll

Assuming that n(z) is for large ¢ independent of the waiting
time of a single step 7; and using (x; x,;) = 8,13, we get for
the ensemble average [32]

(s (@) = " 6y @)y (- )
)2 — Hiw) — H(—iw)
~ 2 t

; NG

w

It has been shown that n(r) = Y, r*/[I'(1 + a)7%] [33,34].

Therefore,
2t 2= Jio) — P(—iw)
(S = Fi oy e
213 cos(am/2) 127!
=~ M +a) ol as w—0. (9

The last line shows the typical 1/f noise [26]. It is important
that the observation limit ¢ — oo is taken before the fre-
quency limit w — 0.

We motivate the main result Eq. (5) with the help of a
random phase approximation. The random phase approxi-
mation assumes that terms of the form exp(inj) are just
random phases, and any average over them vanishes.
Especially, (d; (vy)---d; (v,))=0 if »T; +---+
v,T; # 0 for some T;’s (the v being *w). Lookmg at
the second moment of Eq (7) to show the convergence in
distribution by the method of moments [35] and using (8),

n(t)

S

k1, p,g=1

(S2(w)y=— ( i~ w)d(w)d, ()

=t—2<n(t)2><d1 (@)d\(—w)y* =2AYoXS (0))*, (10)

where we ignored terms with k = [ = p = ¢ as there are
only (n(r)) of them. The factor 2 stems from the fact that
the sum in the first line of Eq. (10) has contributions for
k=1, p = q and for k = g, [ = p. In contrast to this, for
the term (S,(w;)S;(w,)) with @; # w,, this symmetry
factor will not be present. Following the same steps as in
Eq. (10) gives

(Si(@)S (@) = YINS (@)XS((wp)).  (1D)

This shows the equality of the second moments of Eq. (5).
The equality of the higher moments follows similarly by
using combinatorial methods to determine these symmetry

factors. We see that the random number of jumps n(z) is
responsible for the Mittag-Leffler fluctuations while the
random phases generate the exponential noise [32]. The
exact proofs for the general model will be published in a
longer paper.

Until now, we considered the case that the measurement
starts with a renewal. In several circumstances, it happens
that the measurement starts at a time AT after the process
has started. If the measurement time goes to infinity as AT
stays constant, one can show that this does not change the
result (the first waiting time is a residual lifetime [34,36]
which can be neglected for large ¢). The distribution of n(z)
in the case that AT and the measurement time are of the
same order of magnitude has been considered by one of
the authors (E.B.) [37]. As the common prefactor is
determined by the statistics of n(f), we conjecture that
the Mittag-Leffler statistics is replaced by the results of
Ref. [37] in this case.

Numerical results.—We simulated the two-state model
with I, = 1 for different lengths of time series and differ-
ent «. The waiting times were generated by using a uni-
formly distributed random number 0 < X = 1 and setting
T=c,X /% The constant ¢, was chosen such that
(n(1)) = 10000. The ensemble consists of 10000 realiza-
tions of the time series.

In Fig. 1(a), we have plotted different realizations of
S,(f). The stochastic fluctuations inside and between the
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FIG. 1 (color online). (a) S,(f) plotted for different realizations
(a = 0.5, t = 10%). Inside each realization one has fluctuations
following exponential distributions. Different realizations are
shifted with respect to each other due to the random prefactor
Y,. (b) Ensemble average of S,(f) plotted for different lengths ¢
of the time series. One sees the decay of the spectrum (S,(f)) =
0.101771/2f=3/2 [Eq. (9)] both in time and frequency. The cross-
over frequency is around f. =~ 0.51/¢ [Eq. (14)]. The simulations
perfectly match the theory [Egs. (9) and (13)].
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realizations are clearly observable. In Fig. 1(b), the en-
semble average of the power spectrum for different lengths
is plotted. The 1/ f spectrum and its decay with observation
time is clearly visible. Note that at very low frequencies we
find S,(w) = const independent of frequency—an effect we
will soon explain.

In a second step, we want to check the statistical prop-
erties described by Eq. (5). To isolate the Mittag-Leffler
fluctuations, we have calculated the spectrum for a fixed set
of N frequencies w; and determined the values

S(w;)
TN z<s (@) (12)

As the exponential distributions are uncorrelated, they
average out for sufficiently large N, and the value taken
by M should be distributed as the Mittag-Leffler distribu-
tion Y,. We have compared this for different « values. The
histogram of M values with the Mittag-Leffler density is
shown in Fig. 2 for « = 0.2, « = 0.5, and « = 0.8. A
good agreement with the theory is apparent.

These two tests on the numerical data can also be easily
applied to measured data by checking for the decay with
t'7% and comparing the distribution of the frequency
averaged spectrum with a Mittag-Leffler distribution. The
existence of these two properties hints at an intermittency
caused 1/ noise.

Removing the nonintegrability paradox of 1/f noise.—
As mentioned in the introduction, the 1/w? ¢ noise is
nonintegrable [{’(S(w))dw = oo due to the low-frequency
behavior. This in turn violates the simple bound we have
found. To start understanding this behavior, notice that
the random phase approximation breaks down when
w = 0, as the phase wT, is clearly nonrandom. Hence,

1.2

N a=0.2
0.8,

0.4F

0.0
0.6f

04r
0.2r

0.0

probability density of M

04l 0=0.8
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value of M

0.0

FIG. 2. Distributions of the frequency averaged spectra M
[see Eq. (12)]. The lines are the analytic probability densities
of the Mittag-Leffler distributions (1 = 10%).

the distribution of the power spectrum in Eq. (5) is not
valid for v = 0 and this case must be treated separately.

For w = 0, we have for a single realization S,(0) = I’
with the time average I = [ I(¢')df' /1. For ergodic pro-
cesses, the time average I is equal to the ensemble average
(I). However, for nonergodic processes under investiga-
tion, the time average I remains a random variable even in
the infinite time limit [25,38]. For the two-state process
introduced above, we have I = I,(T" — T~)/t, where T*
is the total time spent in states up or down. The value of 1
follows an arcsine-like distribution [25,34,38,39]. This
simply means that, for a given realization, the system
will spend most of the time either in state up or in state
down, and hence T is random, which would not be the case
for an ergodic process.

This has a consequence for the nonintegrability of the
power spectrum. As S,(0) = I’t, the spectrum at zero
frequency tends to infinity, but for any finite measurement
time it is finite. For the two-state model, we have on
average (S,(0)) = I3(1 — a)t. So, indeed, theoretically,
there is a low-frequency cutoff of the divergence of the
1/ f spectrum, and we now define a crossover frequency w,
for the transition between the zero-frequency limit, where
arcsine statistics takes control (failure of random phase
approximation), and higher frequencies, where the
Mittag-Leffler statistics takes control. This frequency is
defined by merging the two behaviors,

a—1
(S,(@0) = C—p = (5,(0)) (13)
We see that
= (/e (14)

The values of (I?) and C can be obtained from measure-
ments or from theory, for example, for the two-state model
(I*)=13(1—a) and C = 213 cos(am/2)/T(1 + ). More
importantly, we see that the crossover frequency depends
on the measurement time as 1/¢. Although at first sight it
is surprising, this is the only way how such a crossover can
take place in the absence of a characteristic time scale for
dynamics: The measurement time itself sets the time scale
for crossover. Additionally, 1/t appears as the frequency
resolution of the discrete Fourier transform typically used
in spectral analysis. Importantly, experiments report a
lowest frequency at f = 1/1.

We see that the increasing measurement time merely
stretches the domain of frequency where the 1/f noise is
observed, which is clearly seen in the numerical simulations
[see Fig. 1(b)]. There is no point in increasing measurement
time in order to better identify the crossover since a time-
independent crossover frequency does not exist. Thus, the
1/f noise stretches to the lowest frequencies compatible
with measurement time (of the order of 1/¢). This resolves
the nonintegrability paradox. The amplitude of the power
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spectrum itself is also decreasing in time, in such a way that
integrability is maintained. Namely,

fw<S,(w))dw ~ (Ptw, + /oo Ct* Y w* *dw
0 .

_ 2-a (@)1~ )1/ (@2)
1l -«

(15)

is indeed finite and time independent.

Thus, we conclude that the power spectrum is integrable,
as it should be. This seems to indicate the generality of our
results since a crossover frequency is only found in few
experiments. From a different angle, assuming that the
natural frequency is also the limit of measurement
w, ~ 1/t, we must demand the decrease of the amplitude
of power spectrum with time to maintain integrability
as required for bounded signals. This, together with the
universal fluctuations of 1/f noise [Eq. (5)], is a strong
fingerprint of power law intermittency. The tools developed
here can be tested in a vast number of physical systems.

This work is supported by the Israel Science Foundation.
M. N. thanks Daniel Nickelsen for a careful reading of the
manuscript. The calculations were carried out on HERO
(High-End Computing Resource Oldenburg) at the
University of Oldenburg.

[1] M.S. Keshner, Proc. IEEE 70, 212 (1982).

[2] F.N. Hooge, Physica (Amsterdam) 60, 130 (1972).

[3] J. Bernamont, Proc. Phys. Soc. London 49, 138 (1937).

[4] M. A. Caloyannides, J. Appl. Phys. 45, 307 (1974).

[5] B.B. Mandelbrot and J. R. Wallis, Water Resour. Res. 5,
321 (1969).

[6] B.B.Mandelbrot, IEEE Trans. Inf. Theory 13, 289 (1967).

[71 M. Stoisiek and D. Wolf, J. Appl. Phys. 47, 362 (1976).

[8] P. Dutta and P. M. Horn, Rev. Mod. Phys. 53, 497 (1981).

[9] D. Krapf, Phys. Chem. Chem. Phys. 15, 459 (2013).

M. Pelton, D. G. Grier, and P. Guyot-Sionnest, Appl. Phys.

Lett. 85, 819 (2004).

M. Pelton, G. Smith, N.F. Scherer, and R. A. Marcus,

Proc. Natl. Acad. Sci. U.S.A. 104, 14249 (2007).

P. A. Frantsuzov, S. Volkan-Kacsd, and B. Jankd, Nano

Lett. 13, 402 (2013).

L. Silvestri, L. Fronzoni, P. Grigolini, and P. Allegrini,

Phys. Rev. Lett. 102, 014502 (2009).

A.R. Bizzarri and S. Cannistraro, Phys. Rev. Lett. 110,

048104 (2013).

P. Manneville, J. Phys. (Paris) 41, 1235 (1980).

[16]
[17]
[18]
[19]
(20]
(21]
[22]
(23]
[24]
[25]
[26]

[27]

140603-5

T. Geisel, A. Zacherl, and G. Radons, Phys. Rev. Lett. 59,
2503 (1987).

G. Zumofen and J. Klafter, Physica (Amsterdam) 69D,
436 (1993).

A. Ben-Mizrachi, I. Procaccia, N. Rosenberg, A. Schmidt,
and H. G. Schuster, Phys. Rev. A 31, 1830 (1985).

T. Geisel, J. Nierwetberg, and A. Zacherl, Phys. Rev. Lett.
54, 616 (1985).

H. Scher, G. Margolin, R. Metzler, J. Klafter, and B.
Berkowitz, Geophys. Res. Lett. 29, 1061 (2002).

P. Frantsuzov, M. Kuno, B. Janko, and R. A. Marcus, Nat.
Phys. 4, 519 (2008).

F.D. Stefani, J.P. Hoogenboom, and E. Barkai, Phys.
Today 62, No. 2, 34 (2009).

X. Brokmann, J.-P. Hermier, G. Messin, P. Desbiolles, J.-P.
Bouchaud, and M. Dahan, Phys. Rev. Lett. 90, 120601
(2003).

J.P. Bouchaud, J. Phys. I (France) 2, 1705 (1992).

G. Margolin and E. Barkai, Phys. Rev. Lett. 94, 080601
(2005).

G. Margolin and E. Barkai, J. Stat. Phys. 122, 137
(20006).

W.H. Press, S.A. Teukolsky, W.T. Vetterling, and B.P.
Flannery, Numerical Recipes in FORTRAN-The Art of
Scientific Computing (Cambridge University Press,
Cambridge, England, 1992), 2nd ed.

S. Ferraro, M. Manzini, A. Masoero, and E. Scalas,
Physica (Amsterdam) 388A, 3991 (2009).

E. Barkai, Y. Garini, and R. Metzler, Phys. Today 65,
No. 8, 29 (2012).

W. Feller, An Introduction to Probability Theory and Its
Applications (Wiley, New York, 1971), Vol. II.

M.B. Priestley, Spectral Analysis and Time Series
(Academic, London, 1981), Vol. 1.

See Supplemental Material at http:/link.aps.org/
supplemental/10.1103/PhysRevLett.110.140603  for a
more detailed version of this approximation.

J.-P. Bouchaud and A. Georges, Phys. Rep. 195, 127
(1990).

C. Godréche and J.M. Luck, J. Stat. Phys. 104, 489
(2001).

P. Billingsley, Probability and Measure (Wiley, New York,
1995).

M. Politi, T. Kaizoji, and E. Scalas, Europhys. Lett. 96,
20004 (2011).

J.H.P. Schulz, E. Barkai, and R. Metzler, Phys. Rev. Lett.
110, 020602 (2013).

A. Rebenshtok and E. Barkai, Phys. Rev. Lett. 99, 210601
(2007).

A. Rebenshtok and E. Barkai, J. Stat. Phys. 133, 565
(2008).


http://dx.doi.org/10.1109/PROC.1982.12282
http://dx.doi.org/10.1016/0031-8914(72)90226-1
http://dx.doi.org/10.1088/0959-5309/49/4S/316
http://dx.doi.org/10.1063/1.1662977
http://dx.doi.org/10.1029/WR005i002p00321
http://dx.doi.org/10.1029/WR005i002p00321
http://dx.doi.org/10.1109/TIT.1967.1053992
http://dx.doi.org/10.1063/1.322327
http://dx.doi.org/10.1103/RevModPhys.53.497
http://dx.doi.org/10.1039/c2cp42838e
http://dx.doi.org/10.1063/1.1779356
http://dx.doi.org/10.1063/1.1779356
http://dx.doi.org/10.1073/pnas.0706164104
http://dx.doi.org/10.1021/nl3035674
http://dx.doi.org/10.1021/nl3035674
http://dx.doi.org/10.1103/PhysRevLett.102.014502
http://dx.doi.org/10.1103/PhysRevLett.110.048104
http://dx.doi.org/10.1103/PhysRevLett.110.048104
http://dx.doi.org/10.1051/jphys:0198000410110123500
http://dx.doi.org/10.1103/PhysRevLett.59.2503
http://dx.doi.org/10.1103/PhysRevLett.59.2503
http://dx.doi.org/10.1016/0167-2789(93)90105-A
http://dx.doi.org/10.1016/0167-2789(93)90105-A
http://dx.doi.org/10.1103/PhysRevA.31.1830
http://dx.doi.org/10.1103/PhysRevLett.54.616
http://dx.doi.org/10.1103/PhysRevLett.54.616
http://dx.doi.org/10.1029/2001GL014123
http://dx.doi.org/10.1038/nphys1001
http://dx.doi.org/10.1038/nphys1001
http://dx.doi.org/10.1063/1.3086100
http://dx.doi.org/10.1063/1.3086100
http://dx.doi.org/10.1103/PhysRevLett.90.120601
http://dx.doi.org/10.1103/PhysRevLett.90.120601
http://dx.doi.org/10.1051/jp1:1992238
http://dx.doi.org/10.1103/PhysRevLett.94.080601
http://dx.doi.org/10.1103/PhysRevLett.94.080601
http://dx.doi.org/10.1007/s10955-005-8076-9
http://dx.doi.org/10.1007/s10955-005-8076-9
http://dx.doi.org/10.1016/j.physa.2009.06.036
http://dx.doi.org/10.1063/PT.3.1677
http://dx.doi.org/10.1063/PT.3.1677
http://link.aps.org/supplemental/10.1103/PhysRevLett.110.140603
http://link.aps.org/supplemental/10.1103/PhysRevLett.110.140603
http://dx.doi.org/10.1016/0370-1573(90)90099-N
http://dx.doi.org/10.1016/0370-1573(90)90099-N
http://dx.doi.org/10.1023/A:1010364003250
http://dx.doi.org/10.1023/A:1010364003250
http://dx.doi.org/10.1209/0295-5075/96/20004
http://dx.doi.org/10.1209/0295-5075/96/20004
http://dx.doi.org/10.1103/PhysRevLett.110.020602
http://dx.doi.org/10.1103/PhysRevLett.110.020602
http://dx.doi.org/10.1103/PhysRevLett.99.210601
http://dx.doi.org/10.1103/PhysRevLett.99.210601
http://dx.doi.org/10.1007/s10955-008-9610-3
http://dx.doi.org/10.1007/s10955-008-9610-3

