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ABSTRACT

Excess current noise in random walk models with a fregquency -
independent conductivity is studied from a general point of view.
By introducing a "dynamical" diffusion constant, it is shown that
the current autocorrelation function in an external field probes
the equilibrium dynamical diffusion constant autocorrelaticn
function. From this a number of results, previcusly shown for
particular models, are derived . Also, it is shown that the
external field current autocorrelation function is proportional
to the equilibrium autocorrelation function for the absolute
value of the current. Thus, the excess noise spectrum probes the
equilibrium speed autocorrelation function. In the treatment
advanced here, the study of excess current noise in random walk
models reduces to a study of the stochastic point process
constituted by the particle jump times. This point process
contains all information about the noise. As an illustration of
the general theory, the CTRW model is briefly reviewed and a
simple derivation of the excezss noise in the model is given.
Finally, the role of fermistatistics in models for 1/f noise is
discussed. It is argued that number fluctuation models, i.e.
models with long trapping times, are incompatible with
fermistatistics. On the other hand, it is shown there is a
peculiar "single particle” 1/f noise which is due to
fermistatistics but has nothing to do with the observed 1/f
current noise.




1. INTRODUCTION

Electrical 1/f rnoise has beern a major puzzzle in soiid state
physics for many years and is still far from understood
f1-111. This noise is found at'low frequencies in apparently any
conducting solid in an external electric field. 1/f¢ noise.is
always Observéd together with white noise, the origin of whichvis
well understood, and therefore 1/f noise is often referred to as
excess rnoise. 'One may speak of excess current noise in a
constant vdltage cireuit or excess vﬁltage roise in a constant
éurrent circuit. fhe spectra of the two are always identical and
.only excess current noise will be discussed here.

Experimentally, the spectrum of excess quwent.noise-is givenr
'Aby

Sexeys = K 7= w

‘where (2& Iis the averape cuwreﬁt in the electric field E , V
is the volUme.af the sémpie, K‘ ié a constant, and the exporient
é“ié close to ohe. The case a=1 “has given name to the
subject: l/f'noise, where f is the freduency. The fact that the
noiée.is propoftional to (Iz: suggesfs it is the resistaﬁce that
'Fluctuates and consequently one often speaks about 1/f resistance
fluctuations. If Peally.the resistance fluctuates, however,
there should be 1/fF fluctuations in thé magmitude of the Nyquist
noise iﬁ zero external fieid. This was shown actually to be the
case by Voss and Clarke in 1976 (123 . Their work was a major

‘ breakthrough because it éhowed 1/f noise is an equilibrium
phenomenbn éhd,is not created by the rather strong electric

fields usually applied when measuring 1/f excess rnoise. The Vass



and'Clarke experiment raised the'mbvious question: How can ricise
fluctuate, being itself due to fluctuations? It was soor shown

that %luctuations in the magnituie of the Nyquist roise isrdge to
or voltage fluctuations [13,14], implying these fluctuations are
ron-gaussiar.

Durirg the eighties there has been corisiderable interest in
randcm walk. models for 1/f noise. These models are proabably the
simplest one can think of as a means of gettirng a better
urderstanding of the purely statistical properties of the naoise.
In particular, the appeararce of rorn—gaussian equilibrium current
fluctuations can be studied in detail. In sec. & of the presenf
paper we study gereral features of the current voise in rarndom
walk models. The treatment is centred arcund the concept of a
"dyriamical" diffusion cornstant. In sec. 3 the comtinucus time
random walk (CTRW) model for 1/f noise is briefly reviewed as an
illustration of the gereral theory. Finally, section 4 contains
a discussion where the role of fermistatistics for the
application of random walk models is emphasized. It is argued
that any model for 1/f noise based on lomg trapping times,
including the CTRW model in its multiple trapping realisatiorn, is

incompatible with fermistatistics and is therefore urmrealistic.
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* 2. EXCESS CURRENT NOISE IN RANDOM WALK MODELS

To simplify.the discussion we considew.Just cne particle which
performs .a random walk iﬁ ong dimension on a lattice with lattice
constant a . No assumptiornn is made abocut the underlying
dynamics which does riot have toc be markovian. It is assumed the
direction of any single jump is rahdﬁm; via the fluctuation-—
dissipation.theowem this ensures a frequency-independent
conductivity. I1f the particle jumps at times T; we assign to it

a “dyﬁamical" diffusion constant, D(t), defined by
2 .
- _Q ( \) .
D)= - ot-ul . | @
' A : , A : ,
- D(t) is characterised by

| (V(?)V('P)ke = ZD(f) 5&-'&1) i @

where v is the velocity, or

00
D_ H—‘) = jo (VH) ‘{H'P'C)Z_é dT . ‘ (4)

Here,(. Zﬂ denotes a "restricted ensemble average" by which is
meant an average over the trajectories of all particles with the'
same D(t) , i.e. with the same Jump times. The time average of

D(t) is the ordinary diffusicn constant D

' . (o
D = (D(‘&» = l;r'-)"‘m ‘j’—'o“ D(# dt . _ (5)
| 0 | |

The relevarce of D(t) to the excess current noise becomes clear

when the current in an external electric field is evaluated. In

W



a weak field it is slightly more praobable for the particle to
Jump to one side tham to the other. To lowest order in E the
total jump priobability does not charnge, however, and the*particlé
still jumps at times ‘rl . The restricted ensemble average

current is thus proaportional to the equilibrium D(t)

<j-(t)>5’m= ‘% DH‘) (6)

where q is the particle charge, and k and T have their
usual meaning. The constant of proporticonality follows from
Pequifing the time average of eq. (€) tarabey the Nernst-Einstein
relatian. The measured current noise ié the caosine transform of
the current autocorrelaticon function. Sirnce the currents at

different times within the restricted ensemble are urcorrelated,

one has

<_T (‘t) T{0)>E' e <I(i)>[:‘, re < 3_(0)>E re

2
) vwpe ().

l

«7)

N

Wher averaged wver the whole ensemble of possible jump times this

leads to

v
(T@3I).= 4575- <D(%)D(0)> (29 (e

where < )‘ on the right hand side denctes awn equilibrium average.
Ta abtain the total current autocorrelatiorn function one should
add to this expression a white noise term proportiona” to 8(t) .
This term is rnot of interest here. According to eq. (8) the

excess ricise measures the spectrum of dynamical diffusion




constant fluctuations in equilibrium.
The autocarrelation fuhctibn (DCLID D)) has a simple

physical interpretation. From eq. (2) it follows immediately that

<D('I:)D(°)> = th_.l P(-Ho) | (‘1:70) (9)

where p(tlo) denates the probability density for a Jump at time
f giver: tﬁe pafticle Jumped at t=0 . Except for a numerical .
constant,,low frequency excess roise is thus the cqsine transform
of lﬁ(flo) £151. lzf noise implieé'lang time correlations inv
this probability. The particle or the medium in which it Jumps
somehow'has a long term memory. For an ordinary random walk, bn

'.tHé other‘hand, p(t]o is corstant and'there is no excess
poise; | |

ngewalising the above results to more than one particle is

straightforwawd.‘ stumiﬁg the particles are indépendent ard nori—
inferécting, e gJust lets {TJ' dericte the collection of jJump

: fimes for all the partiqlea. I generalising to d dihensions‘
the factor 2 inveqs.(E) etc should bé replaced by 2d . Equat ions
like (&) and (8) app}y unchariged where J  is nowy, of course, the
qomponent.of thevcurremt in the direcfion of the field. Nq new
featﬁres appear and in the rest of thé paper only the one-
dimeﬁsional case will be corsidered. The important thing, which
ié independene of the dimension and rumber of particles, is that
all information about the noise lies in the stat;stical
properties of the collectiocns of jump times ‘ti . In statistics
’é’stachastic collection of times is referred to as a "point
process'. The study of point‘procegses is a mature branch of the
theéfy-of stochastic proceéses (1&-181. Point processes have

- been applied in the study of photoelectron statistics, cosmic ray




showers, kinetic theory, populatior growth, telephone traffic,
etc. Ar important class of point processes is the class of so-
called doubly stochastié poisson:pracesseé; Ar example is tﬁe
Jump times 'ti for a particle performirmg a random walk where the
Jump probability at time t X(t) , is itself a stochastic
process. Here one may define a second kind of time dependant

diffusion constant, '5(€) s by

L

’D—(t) = —- X(t) . | <1‘o)'

2

While ‘B(t) is of course different, from D{(t) , their
statistical properties are identical: For the average over a
particular realisation of ¥(t) it is ea%y to see that

(DH;,) Dl{u)zl*): BH:!) I B—(th) . Averaging this expression aver

all possible 'X(t)’s leads to
{ D)+ D)= D) Bt |

Thus, ocur definition of D(t) in eq. (2) is consistent in the
case where the ordinary diffusion constant really does fluctuate
in time via a time dependent Jump probability.

We row turn to the problem of expressing the current
autocorrelation function in arn external field in terms of
equilibrium current fluctuatiorns. Focusing attentiorn an
diffusion constant fluctuations according to eq. (8), we note that
the integrated dymamical diffusion constant counts the riumber of

Jumps, N , irn time <t :

N: 2-2 D(‘I:‘)d‘l‘:‘ (12)




For the variance of N one has

.<(A N)’-Z = 4 [j 5@({ i")}dt'dt“ ( J<D y))di>

= —aq_—'jo(.t--[) CD(T)dL

where Cb(t) is the autocorrelation furction for the dyramical

diffusion constant,
C (T <D D(0)> - D (14)

- Equation (13) leads to

" The next step is to relate the right hand side to averages of the

aka
displacemernt in time ¢t AX('!:) The quantity <€ Xw> is an
' +ika
average of a pre dnct of indeperdent factors @ and thus

<e—4kAXH:)> < COSU(k0> . (16)

From this equation averages of all powers of AX&) cari be found.

For the first two rmorn-zero averages one finds

«,3)( [f)) o(k,_<coslv(ka> - at < N>




In particular, the fourth order cumulant of AXR) , ;

axMds {@XE> -3 {AXIHD, 1= given by
XD = at (3¢ (AN>Z)+-2<N>J

Since <N>t is always proportional too t , eq. (18) in conjunction

with eq. (15) implies [19-&2]

I B (%) |
CD(‘E)" T <AX (-t)> (19)

Equat iorn (19) was first derived by Kuzovlev and Bochkov as a

consequence of

9 th 4
AKAXR)Y, ~ k%) D)4t -
<€ > - <£ g l (Z0)

derived for "slowly fluctuating” D) [20l. Their definition

af D(t) is not obvicus, but eq. (20) is rot valid for any
reascnable definition of DI(t) as long as a)0, since it does

not apply even in the case of an ordinary random walk with a
constant D(t) : For D(t)=D eq. (20) reduces to ‘M(e"kdx“))s_kzpi
which implies (AX(‘”[H)=0 . In reality (AXYgDd t in this
case since cumulants are additive and Ax(‘t) is a sum of

independent increments. Instead, eq. (20) must be replaced by

<£4k4X('l’)> < e Zb\(cokaa))j D > (21)

which jJust combines eqs. (12) and (16). Fer a=50 eq. (21)
reduces to eq. (£0). This limit, however, is only permissible in
certain models, From eq. (21) it is pu ssibhle to derive eq. (19)

directly by expandivg the logarithm mf the equation to fourth



order in K s but we found it mdre instructive and alsc useful
below to arrive at>éq.(19$ via averages of N and its
fluctuations.

Defxnxng as. usual the fourth ﬁrder cumulant of the velocity by

), v(t,) Vi), Vit = LV £V VIR - (VI Vi)

- <\/(‘t¢)V(‘£3>><V(‘t;) v(t4)> .
~ <V(‘t/) V(ﬂ;.)>< V(+)V(t, )>

[(X]
N
A

equatiorn (19) can be rewritten as

t T
CD () 35 J:; ‘J dr! <VH:), vir),v(zY, V(o)>,

"The rxght hand s;de is the Burnett cneff1c1ent Eh s 221, Equation
(Eé) was dEPIVEd by Kuzovlev and Bochkov [201 fram eq. (20), and
alsc by Nieuwenhuizern and Errst from & different point of view
re2l. .The iattér authors define a "fluétuating diffusion

coefficient"”, D(t,T) , by

D('tl—l:):' 'ZI_- %[(X(‘b)ﬁ){(’[})z_ ) (&4)

They then proceed to show for the markovian random walk model
' 2
- \
urud_er study that CD:- <D(‘t{ I) DH{'C'» - D ‘ is actually a function
 of t-t' only which abeys eq. (23).

Combining eqs. (8), (14) and (23) we firally arrive at

<31t)ﬂ0)> <37 +(55 Jdr‘ a(:" &) 3) T TEy . o

Sirnce cumulants are additive, this equation implies the excess
T
current roise is proportional to (775 /V as in experiments

(eq. (1)). Qctgally; fhis follows also directly from eq. (8). It



was first shown for a random walk model by Tunaley [E31.
Equations like eq. (25) has been derived by a riumber of authors
[13,i4,20581,22,243{ thEﬁeby greatly clarifyfng and simplifyirg
the subject by reducing the current roise in an external field to
equilibrium cuwrrent fluctuations. We riote here that it is
actually possible to express (J(t)J(O)% in terms of

equilibrium two point correlation functions. Sirce
j('t) - qq (.&"Li - D(‘&) (26)
: a )
L
equation (8) cari be rewrittern as

(st = (FE) Lmwlsely  (220) <

where the right hand side is, as usual, an equilibrium average.
This result is simpler than eq. (25) and, perhaps, more
aesthetically pleasing. But it is less gerneral than eq. (25)
gince it explicitly involves the lattice cornstant and thus
depewrds on the existerce of a lattice.

For the gemeration of 1/f roise one rmeeds long time
correlations in the fluctuations of D(t) . Actually, noise that
varies approximately as 1/f is obtained anly if (L(8) is almost

o ' . ) i _h"fﬁ“*‘w,
constant, typically varying as log(t) to someVpower., One may
imagivne two different ways of gererating 1/f ricise. The orne case
is that of "gerwirne" mobility fluctuations, i.e. when the random
walk is a doubly stachastic Poisson point process with 1/f noise

in the ?;(t) fluctuations of eq. (10). The octher case is when
lonng time correlations in D(t) arise because of occasional long

trapping times of the particles. Here one must assume the

existerce of a broad spectrum of trapping times exceeding the

10




longest experiﬁental times. This may be regarded as the case of

nuﬁber fluctuations since a Chargé_carriér trapped fﬁr the whole

pericd of observation for all practical purpﬁaes is non-existent.
IWE close this sect ion by showing that only 1/f noise with

strong fluctuafions in the numbér of jJumps is observable. By

strong rnoise is here meant noise obeying

» < (AN)1> > < N> ' | (£8)
N - L + At
» i
arn the relevant time scale. This is the criterion for N
fiuctuations huch larger thaﬁ for an ordinary vahdom walk where
there is eduality in eq. (&8) on account of the Poisson
stétisfics. Both the mobility and the trapping mecharniism may
‘gsatisfy eq. (£8) which rules out only the casé of very weak
mobility ?luCtuations. To show eq.(EQ) we calculate first tﬁe
white noise in eqﬁi_}ibr*it.tm. From 3": qqZIJ(t*T;) we get
o L .

immediately

W'M'}'C, ]- £ | ] ' (29)
S where the number of jumps per unit time,(”h:/t y 1s of course
indeperndent of t . In a weak exterral field there is a slight
increase in the white noise which, however, is insignificant for

[22,22)

the present calculatior” Sirnce Qpﬂ)varies only‘very slowly one has
| 2y it L ab LAV .

SD(U)A(J‘H:CD&) and eq. (13) implies CDH;)g F + where tT=w' .,

Combining these results we get for the excess current roise

(. 'z>
-SexCIT («) "<-' qzal( ?{TE‘) ¢ @'\é) )

/ f=(~)l (30)
In lirnear response theory QaE/ KT (1 ard the criterion for

11




measurable excess noise reduces to eq. (28).

This condition

is

independent of the sire of the system since both sides of eq. (28)

are additive.

18




"3. EXAMPLE: EXCESS NOISE IN THE CONTINUQUS TIME RANDOM

WALK MODEL

Orne way ﬁr the other 1/f noise arises from long time
carfelations in the diffusicon comstahf fluctuations. This may
caceur for instarce via occasional very long trapping times for
the change carriefs. The simplest exémple of this is the
continuous time random walk (CTRW) model of Montroll and Weiss .
(zsl. Here the Jump probability at any time is akfunction orily
of the time elapsed since the preceding jump. The CTRW madel was
first applied to the 1/f noise problem by Tunaley [23]1 and later
by Nelkin and co-workers E24,263; Tﬁé central quantity in £his‘
model is the waitiﬁé time distribution furction, q%t), which is
thg-prcbability density for Jumpé the time t after the létest
Jump. In ghe language of étochastic paint procésses, the.
sequence ﬁf Qa;ting times is a so-ralled renewal prmceés‘[16,273.
in this section wé calculate the excess rioise from ‘ﬁ%é]. This
was first dore by Tunaley (23] but is repeated here as.an |
illustbation of the gerneral theory of sec. 2 énd also becausé the
belpw derivation is simpler than that of Tunaley.

If the pawtiéle Jumps at  t=0 we let 4{g‘(t) dercte the
prqbability densify fof the rith Jump_hereafter cecurring at time

t . vaiouély one has

+
/\h\-ﬂ (t) = Jo Y (E-T) ¥ (T) dT—' S (@D

For the function f(t) defined by

‘ .g({:),: Z WY, () (32)

n={

13



equation (31) implies

t
j(t)"w{t) : J;f{(t—t) 4(’(7:) dt 7 (33)

- Taking the Laplace tranmsform of this eguation ocne gets

;1$%~ﬂnbkrirﬁﬂipl$) , or

\;V(S): ;\\F(S) ' . (34)
| | ~ AF(s) )

The quantity p(t'o) occu?ring'in eq. (9) i Just f(t) and thus

Sy () = Xl - @ lI-Jo;('L-) cos(wtide
exc p ),

DL
(35)
2 a* . \_ 2a%
= =5 Re;(tw)——-D Re —=r '\‘r’() -1 -
This is Tunaley'’s result for the excess rnoise [23]. It is

conveniernt to write ‘?&) as & sum of expornential decays,

q¢9’<x¢ ) s where the average 1s aver a distribution of jJump
. : X _ a® 4 .

rates [24,261. From this (S (Y.‘Ts"‘ ard D= Z-£¥)>  which

substituted into eq. (35) yields

Sexc W)=

2 — | ;,
Re - = %— J_M<W>‘w (36)

) tﬂ“ )

SeXc (W= ‘1‘(3? __TM< X-:i“>" - h] . (27>

A simple example yielding 1/f noise is the case aof all x';

equally likely:

14



p(¥)= — (28)
PUI= ¥ ) ¥ 4¥4 X,
where Xm'“ ((Xo is assumed. One may think of xa as a phornon

frequericy and Xhh as corresponding to lorng waitiwg times, e.g.

ohe day or one year. For the whole range of intermediate

freq Lencies <(x+iiu)">z'x:' L.\(X,/,;w) and

~_U T | ~ 27l |
S_"“ = W ud Lin (%)) ~ lMll(x,/'u) W

~o
where ?\2 VO/X,_.“'" . We thus find 5ex(llv)o(.w where

Z . ' _ (40)
(%)

At ordinary laboratory frequencies ore has xzo.q . This madel

«= -

méy be termed>fhe "standard model of 1/f rivise" since it is
prgbably the Simplest exactly salublé Pandom.walk madel giving
l/f'excess ﬁoise. Of course 1/f noise is built inmto the model
via eq. (38). This is equivalent to a waiting time distribution
function w£)£t~2' [28] above vx..;h- y which implies a |
logarithmically divergeﬁt avérage waiting time. The excess noise
of the standard model is identical in furnctional form to the
expﬁessian ﬁérived by Kuzovigv and Bochkov for a scale—invariant
random waik [fO,EOJ. Their derivation is based orm eq. (20) which
has been criticised above. It is rnot quite trarmsparent, alsc the
.factor h&ﬁ irn eq. (39) is absent in their caleculation of the

excess noise.



4. DISCUSSION

Randam walk models provide'é simple framework for
understanding the fluctuation-dissipation theorem. It is
therefore an obvious idea also to use these mogéls for getting a
better understanding of low frequency resistance fluctuations.
Varicus random walk models have been studied with this purpose
C19-24, 26, 28-301. In this paper a general Fwaméwﬁwk for
discussing excess roise in rarndom walk modelé has been propdsed.
Following previous work, ir sec. € we focused on the concept of a
fluctuating diffusion constant, the "dymamical” diffusion
constant D(t) . While the exact definition of D) hithéfto
has not beern clear, we here use a definitiorn &f D(t) which- - is
simpler thawn previous definitions. For all practical puwpmséé,
however, it is identical to these sirnce the expressions for
(DEIDO)) in eqs. (139) and (23) are identical to those givern by
Kuzovliev and Bochkov (13,301, and Machta, Nelkir, Nieuwerhuizen
and Ernst [21,22]. The relevance of D(t) to excess current
noise is shown by eq. (8) according to which the current
fluctuations in an external field directly probes the equilibrium
(D(E)D(O) . An important gereral prapewty‘of random walk models
is the fact that the roise is proportiornal to Cﬁi and inversely
propartiomnal to the volume or any otheF extensive property like
the number of charpge carriers. This faollows immediately from
eqg. (8) since D(t) and autocorrelation furnctions are additive.

As an example of arn application of the gereral formalism, rote
that eq. (16) is valid also in a time-dependant exterral field.
From this it is straightforward to show that in a sinuscodial
field one firnds the so-called 92; noise [31-331 which is

directly proporticornal to the magnitude of the 1/f noise in a

16



constant field. R weakness ﬁf‘the Forméiism of sec. & should be
" mentioned, namely that ft apparently does not easily allow for an
ekact calculétioﬁ af the white.noise in an ektewnal fieid.

Though insignificant in ;he linear regime, there is aﬁ
interestingiémall increase in the white-noise when the field is
turﬁed oY [EE,éE]. |

The dynamical diffusion constant is proporticnal to the

apsalute value qf the current. This leadg to a simple expression
for the éufrewt fluctuatimné irn an éxfeﬁnallfield ih tewmé of
'quilibrium fluctuations (eq. (27)), a result which can be

rewritter in terms of autccorrelation furnctions as
| B -2
<(j(ﬁ-{r)=\(T(o)j(J>E)7Eé (—ﬁ%) <(1:Lt)l-(lil>) lr(o)|~<lrl>> ] 41

Aralogous to the frequency-—-dependent cmnductivity which probes

ttocorrelation

noisé spéctrum tﬁus probes tﬁe equilibrium gpeed a
fuﬂctidn. .But it should be Pemeﬁbéwed fﬁat a frequency
indeﬁendent cunductiQity must be assumed fm defivé eq. (41), anrd
also‘thét fheiwandom walk takes place on a'latticé. Equation
(41) canriot be expected to appl§¢%:nerally. For this fg be the
case; orne shodld be able to defivie a characteristic length tao
play the rale o% the lattice constant a in eq. (41), Thé only
possibility forlthis seems to be tﬁ let a be the lergth for
which a2 kT at fields marking the onset of non-linearities.
Sirnce, however, ron-linearities invalve rew physics which is in
\general uncorrelated to 1ihear responise phenomena, there is

' Iittie hope this approach car be gererally valid. Thus, eqg. (41)
must be limited tc lattice models.

The unified formalism for excess current vroise in random walk

17




models developed above pravides a convenient starting point for a
discussion of general properties of 1/f rnoise. In particﬁlaw,
the point prdcess approach makes it possible to throw some light
on the ald controversy as to whether 1/fF nois; is due to mobility
or to number,fluctuatiané Eé,gl. We enc this paper by giving a
general argument to the effect that fermistatistics rules out the
rumber fluctuatiorn mechanism. Mability fluctuations éorwespmnd
to noise in the effective charge carrier Hami;tqnian, whereas
number fluctuations due to occasional deep trapping ié noise
gerierated by the Hamiltonian itself. In the language of point
processes, the standard example of mobility fluctuations is the
case when the jump times T constitute a doubly stochastic
Poisson process, while the standard example of trapping noise is
the case when 1, is a rerewal process, i.e. when we have a
cortinuous time random walk, This case 1is nan-markovian and
therefore in a serse unphysical, admittedly, but the CTRW madel
is equivalent to a markoviarn multistate trapping model where the
roise then is irndeed generated by the Hamiltonian [E86].

Irn sec. 3 the excess noise in the CTRW model was calculated.
A simple example termed the standard model was worked out in
detail. This model is one aut of the class of CTRW madels
discussed by Nelkin and Harrison [EE&].- In the multistate
trapping realisation of the CTRW, the stardard model corresponds

to a density of energies, € , given by
#r)
P(E) aC QXP( /kT : (42)
Though this implies only very few deep trapping states, in the
course of time all energies are equally likely occcupied because

of the Boltzmarnr factor to be multiplied to eq. (42) to get the
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probability, Thus, thE'standan(model is Jugt ancther example of
the oldl idea af 1/fF rnoise arising when allAactivation energies
are equally likely. At thé same time the stahdard model
satisfieé'the.requjwemgnt for 1)f rioi se giQen by Nieuwerhuizen

and Ernst, namely an exponential density of states [2&,28].

]

A temperature-dependert density of states as in eq. (48) arises
in a system of fermions. Here a sirngle particle feels, in a
fermierergy, PQH_ (5) , which is giver by
| - £-¢r
(£) & nig) e KT (545) 3
P‘H‘ = _ F (43)

where h(S) is the ordinary density of states. qu g‘constant

‘ h(l). eq.(4é) is obtaired. Equatian (43) implieé 1/f noise in
thé»mqtion qf éhe single paﬁticleé, a point we will Pepurﬁ-to
vbelow; While intghestihg on its cown, this has nqthing to do with
ﬁhe‘oﬁservedtl/f resistance fluctuations, however. This is
‘becédse the:mean—fieia approximation d;e; ot apply due to strong
intéfparticle cobrelations:. Below thé fermi}evel the particle
number fluctuations (in ore eﬁeréy levei) are expcorentially
small, ((4")z>= {rX{)-h) << I\'lh) (341, whi le for independent
particles ore would héve {(AN*)=4) (because of the Poisscrn
statistics), i.e. much larger Fluctuations!

We now extend the above and argue that fermistatistics
actuqlly kills any 1/f noise madel based on the trapping
mechanism. Basically, one may imagire two different ways of
producing long trapping times. The first case involves hopping
between localised states of similar energy separated by various
long tunneliing distarces or large energy barriers. In this

case, inevitably, there is a strong fregquercy—deperndence of the
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conductivity and models of this kind cannot explain thg usual
case of 1/f fluctuations in a frequency-independent conductivity.

(Note that McWhorter’'s model based orn turrelling to surface

states [3] is no£ ruled out by this argument which is only
cancerred w??h,pQ;k gnd isptrop;c 1/f noise.) The second Wé! gf
having long trapping times is that of trapping into deep
energies. This only works for irndeperndent partic;es with the
peculiar dehgity of states of eq. (42). For fermions, the ths;ty
of states abaQérthe fermienergy is not temperature«depehdght; arnc
below the fewmilevél, where eq. (43) does apply in a mean-field
sense, the particles are rnot indeperndent as discussed already.

To summarise the effect of fermistatistics, it has been argued
that for fermisystems 1/f resistarnce fluctuations carnnct Serdue
to veccasional deep trapping of the charge carriers. The number
fluctuation mechanism thus can be ruled cut on gerneral grounds,
and e.g. the CTRW model in the multiple trapping realisation is
not realistic. Thus, assuming the rnoise is markovian, the rnoise
must be caused by mobility fluctuations. The central problem,
which till today remaims largely unsclved, is to identify the
origin of the mobility fluctuations.

While fermistatistics rules out rnumber fluctuations, it
implies on the other hand a pecul iar kind of "single particle”
1/f roise: The motion of a single lccalised fermion exhibits 1/F
noise as a consequerice of eq. (43). In principle this is
cbservable, sirce, for a system of fermions described by a masfer
equation (an implicit assumpticon in the argument), there are no
quarntum cocherence effects and, in effect, the particles are
classical and distinguishable. Similarly, atoms cocr ions
diffusing in a disordered medium with a distribution of available

potential minima alsoc exhibit single particle 1/f rnoise, since



they behave as fermions becaﬁse of their strong repulsion. This
should be ébsevvable‘by mcnit oring the motion of tracer atams or
ions in time. o

Except for the.above argumernits rulirg cut ruaber fluctuétians,
the.cause 6f ;/f roise has rnot beern discussed in the present
bapef. We feei there is ro simple and gernerally valid
mecharnism explaining 1/f noise. Rather, 1/f noise may awise from
a nuﬁber of. di fferent me;hanisms thch prabably, orne way or the
other, involve iattiée defects oVercoming or tunnelling.through
barriers. Followiné thi% line of fhought, 1/f ricise and its
dependernce on temperature, etc, provides important information.
about the sclid undeb.sfudy. Note that while SQ,C{aﬁ pr@bes ‘ :
on}y (D(t)D(D)>‘ fhere is an enormous ammumt of informafion ' ;o
hiddern in the higher order corfelatian of D(tfl. This is
illﬁstﬁated by tﬁe fact fhat the total amount‘of information in N

the noise is contained in a function of tw

| Pl = (e?‘N){: | ' - |

o variables

(44)
while 5¢xclw)'is ornly a function of one variable. The fact that
o . &k&_ just +he spectrum
there is more to  the riocise¥Vhas beeri emphasized already 10 years
aga by Voss in a discussion of linéaﬁity of the 1/f rnoise
mechanism [335]. fhe‘higher order correlationé of J(t) and
thereby D(t) are accessible today by digital tecﬁniques and their
determination shaould provide a meavis of distirguishing between
various models for 1/f roise. Dthéw promising lines of research
is the measqrament of 1/f roise aniscotropy [11], and the problems i
éf staticrnarity of the noise and thé dependence of the rnoise on
the anrealing state (in any system with long relaxation times the
possibility of "glass tranéitions* shaould viot be forgotten). -

1/f roise is still mainly an experimental field ard it seems a

Y
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lot of work refains to be dorie here before reliable thecorieés can

be arrived at.
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