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Many current-carrying conductors are subject to
electric fluctuations (of the voltage or current) whose
spectral density S(f), i. e., the mean square per unit
frequency band, does not tend to a finite value with de-
creasing frequency /, but, on the contrary, increases.
Usually S(f) is proportional to 1//, but frequently S(f)
~f~", where a is somewhat larger or smaller than unity.
This type of noise is called flicker noise or 1// noise,
or finally excess noise. t l ] tt is observed in a great va-
riety of conductors and electronic devices, and not only
in solid conductors but also in liquid electrolytes.0 It
turned out that voltage fluctuations on a membrane of a
live (i.e., nonequilibrium but quiescent) nerve also
satisfy the 1// law.B 3 2 ) The 1// noise is particularly
large in inhomogeneous conductors, such as carbon
microphones, island-type metallic films, conductors
with poor contacts or with a developed surface, and in
many semiconductor devices. The upper frequency lim-
it at which the 1// noise becomes noticeable, i. e., the
spectral density of the noise increases noticeably with
decreasing frequency, reaches many kilohertz in very
noise grainy conductors. As to low frequencies, 1//
noise was traced in a large number of conductors and
electronic devices to ~ ΙΟ^-ΚΓ* Hz. It is important
that the spectral density of the noise exhibits in this
case no tendency whatever to saturation, i. e., to ap-
proach a finite value at/= 0. Progress in the technique
of measuring noise spectra at infralow frequencies
merely decreases the lower frequency level, but cessa-
tion of the growth of S(f) with decreasing frequency was
never observed if the 1/f noise was observed in a large
frequency band (in some electronic devices, the \/f
noise was traced in a band extending in frequency over
κ 10 orders of magnitude). This is what makes the 1//
noise a paradox. After all, !odfS(f) is the mean square
of a fluctuating quantity and should be finite. At the
same time, in the presence of 1// noise this integral di-
verges at the lower limit. Moreover, according to the
Wiener-Khinchin theorem, S(/) in a stationary system
is double the Fourier transform of the fluctuation cor-
relation function F( tx — f2) in time

S (/) = 2 j d («, - / , ) «*·«•- f•>/? (i i - ί 2 ) , ω - 2.-t/.

It follows that the derivative with respect to frequency
is

4)See the brochure'1 4 3 for a survey of the investigation of 1//
noise in semiconductors and semiconductor devices as well
as of theoretical models.

2>A l/f-type spectral density has been found also for non-elec-
trical fluctuations. It turns out that the amount of insulin
that a diabetic must have to maintain his blood sugar content
fluctuates for different patients (the diet being fixed), and a
correlation analysis has shown that the spectral density of the
fluctuations obeys the 1// law in a wide range of frequencies^33

It is known that the fluctuation correlation function
in time is an even function of the time difference t1 - tz.
It follows therefore that the derivative bS/Βω should tend
to zero a s / - 0 , and S(f) should tend a s / - 0 to a finite
value with a zero slope. There seems to be no way at
present to reconcile the 1// noise with this theorem.

Another manifestation of the same paradox is the fol-
lowing. According to the general premises of correla-
tion theory of fluctuations, the frequency dependence of
the spectral density S(f) (and the associated dependence
of the fluctuation correlation function on the time differ-
ence F(tl- T2)) are determined by the same character-
istic relaxation times of the system that are observed
in the response of the system to an external perturba-
tion. However, the responses of systems with consid-
erable 1// noise do not reveal relaxation times long
enough to be regarded as responsible for the 1// noise.

The aforementioned paradoxes are related by some
authors to the nonstationary character of systems that
exhibit 1// noise, i. e., to the fact that these systems
have an average time variation.C4J Many mathematical
models have been proposed, in which 1// noise is ob-
tained. However, no connection whatever was proposed
between these models and any physical systems or mod-
els of physical systems. Moreover, there is likewise
no experimental proof that conductors or devices with
considerable 1/f noise are nonstationary to a sufficient
degree.

The \/f noise has been the subject of a tremendous
number of studies—more than any other noise mecha-
nism. We must bear in mind out also the applied as-
pect of the problem: the 1// noise limits the sensitivity
of many electronic devices operating at low frequencies,
particularly amplifiers, and leads also to instability of
the phase and frequency of high-frequency generators.

Many studies have been devoted to the elucidation of
the mechanism of the 1// noise in various systems. In
a recent cycle of articles, Clarke and co-workersc5~91
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explain to a considerable degree, albeit not fully, the
nature of the 1// noise in metallic films and demonstrate
the equilibrium character of l//-noise sources in films
of both metals and semiconductors.

Clarke and Voss have made a number of measure-
m e n t s " 1 " of the spectral density Sv(f) of the fluctuations
of the voltage at the terminals of long (250-2000 A)
homogeneous films of a number of metals and alloys at
room temperature in the range from ~ 10"1 Hz to ~ 1 kHz.
The samples were in the form of narrow "necks" (10
x 150 μπι) between broad sections of the film. Films of
gold, silver, copper, bismuth, and manganin were in-
vestigated. In all cases but one, the flow of current
gave rise to voltage fluctuations with a spectrum Sjfi/)
proportional to 1/f. The remarkable exclusion was the
alloy manganin, the resistivity of which at room tem-
perature is practically independent of temperature:
Ι β I = R'11 dR/dT | < 10"4 deg"1. When the average voltage
U on the sample is varied, the spectral density Sv(f) of
the voltage fluctuation changes in proportion to U2.
These results indicate that the low-frequency voltage
fluctuations on the sample are due to fluctuations of the
temperature Τ averaged over the sample volume: these
fluctuations modulate its resistance, and this leads to
voltage fluctuations when current flows in the sample.
Then Sv(f)= υζβ* Sf(f), where Sj.(f) is the spectral den-
sity of the fluctuations of the temperature averaged over
the volume of the sample.

Clarke and VossC5>e:l have also measured the correla-
tion of the fluctuations of the voltage at the ends of two
parts of the same bismuth films, separated by a cer-
tain distance L. The measured fluctuation voltages as
functions of the time, δ Ui(t) and 6Uz(t) on each of two
parts of the film were automatically added and sub-
tracted, and the spectral densities S+(/) of the sum 6 ^
+ 5U2 and S_(f) of the difference δί^ - δϋζ were mea-
sured. The quantity

is a measure of the correlation of the fluctuations 6Ui(t)
and 6U2(t), since it is equal to zero if these fluctuations
are not correlated and to unity if they coincide.

Η the voltage fluctuations are due to temperature
fluctuations, then the heat flow through the sample, de-
scribed by the heat-conduction equation, should cause
the fluctuations in both parts of the film to be correlated
at low frequencies and uncorrelated at high frequencies.
Namely, if Β is the thermal diffusivity coefficient of the
metal, then during one period of the oscillation (time)
1/f the heat traverses a distance on the order of \(f)
= (D/ir/)1 / z. One should expect a decrease of C(/) as a
function of the frequency to take place at λ(/) = L. This
was indeed the case, confirming that the 1/f noise is
due to fluctuations of the sample temperature.

The integral /Jd/Sf (/)= (δ Γ ) 2 is the mean square of
the temperature fluctuations. Its value in thermodynam-
ic equilibrium is known from thermodynamics, viz.,
(6T)2 = feT2/C, where k is Boltzmann's constant and C is
the sample heat capacity, equal at room temperature to

3kNa (Na is the number of atoms in the sample). It
follows therefore that in metal and semimetal films, in
the region of the 1/f noise, the ratio Su/Ui should be
inversely proportional to the number of atoms Na. This
distinguishes the objects under consideration from ho-
mogeneous semiconducting samples, whose spectral 1/f
noise density was found by Hooge to satisfy the empiri-
cal relation"0 3 (see also t l l > 1 2 ])

where α is a constant approximately equal to 2 χ 10"3

and Nc is the number of carriers in the sample. Indeed,
the 1/f noise in the films of the semimetal bismuth is
approximately the same, at equal Na, as in metals, al-
though the free-carrier density in bismuth is lower by
several orders of magnitude.

The spectral density Sfr (/") of the temperature fluctua-
tions can in principle be calculated by solving the heat-
conduction equation with fluctuating heat sources, if the
heat-transfer conditions inside the film and on the con-
tact with the substrate are known. However, none of
the theoretically investigated models of temperature
fluctuation in a film has led to a spectrum in the form
1/f in an appreciable frequency band.

It follows from simple physical considerations that in
the film temperature-fluctuation spectrum should have
two characteristic frequencies that are connected with
the film length and width I and w: fl = D/tiii and fz = D/
mvz. They are the reciprocals of the times of propaga-
tion of the heat along and across the film, respectively.
Calculation yields at / »fz a spectral density Sf (/)
~/" 3 / 2 and Sj (/)= const at / « Λ . Clarke and Voss have
constructed a model-dependent function Sf(f) with a
constant value at / « / 1 ( proportional t o / " 3 / 2 at / » / 2 ,
and was set proportional to 1/f in the interval between
/j and / 2 in accord with the experimental data. The re-
quirement that this function be piecewise continuous and
the equality !^dfSf(f) = kTz/C define completely the
model-dependent function Sj. (/) and consequently also
S £,(/). In the region between fi and/2 we have

ci3+21n(!/u>)]
(1)

This function agrees very well quantitatively with the
measured values of Syif), a fact regarded as one more
argument in favor of the assumption that the 1/f noise
observed in metallic films is due to the equilibrium
fluctuations of the sample temperature. In experiment,
however, the 1/f noise was observed by the authors also
at frequencies much lower than / t , although in the deri-
vation of (1) it was assumed that at these frequencies
Sj.(f) does not depend on the frequency. It must appar-
ently be recognized that the right-hand side of (1) de-
pends very weakly (logarithmically) on the length I and
on the frequency fu

We emphasize once more that Clarke and Voss have
postulated that Sf{f) is proportional to 1/f. What re-
mains unclear is which of the possible physical reasons
(say singularities of heat transfer on the film-substrate
interface) gives rise to a fluctuation spectrum of this
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form. The extent to which the conditions of heat trans-
fer on the film-substrate interface are important was
demonstrated by Clarke and Hsiang.c7>8] They measured
the spectral density of the voltage fluctuations at the
ends of thin tin and lead films in the region of the transi-
tion from the superconducting to the normal state. Some
of the films were deposited directly on glass (type A
samples) and the other part was deposited not directly
on a glass or sapphire substrate, but with a thin layer
of aluminum 50 A thick between the film and the sub-
strate (type Β samples). It was established that the
aluminum interlining improves greatly the thermal con-
tact between the film and the substrate, and decreases
its thermal resistance.

In current-carrying samples of type A, the spectral
density of the voltage fluctuations was proportional to
1// and Uz^/V, where V is the volume of the sample.
In type A tin films Sj,(/) followed strictly the semi-em-
pirical formula (1), while in lead films it was smaller
by a factor of 5. On the other hand in type Β tin films
there was no 1// noise: Sv(f) did not vary changing
frequency below approximately 30 Hz. The presence
of aluminum interlinings altered the form of the spec-
trum in the Pb films: to proportionality to /" 1 - 1 (type
A) gave way to a proportionality to /"°·8 (type B), i .e. ,
the noise increased more slowly with decreasing fre-
quency. In addition, in samples of type Β there was a
much smaller correlation of the fluctuations in two parts
of the film separated by a definite distance L (see above)
The understanding gained from these experiments of the
factors that determine the 1// noise in films in the re-
gion of the transition from the superconducting to the
normal state has made it possible to develop a super-
conducting bolometer with an appreciably lower
noise.1 1 3 3

A very important observation, which can help under-
stand the mechanism whereby the 1// noise is produced
in metallic films, was made by Clarke and Voss.[5>el

They measured the time variation (relaxation) of the
temperature of a metallic film that had been heated by
current (the temperature was determined by measuring
the resistance). In one case the heating was pulsed,
and the authors monitored the return of the temperature
to the preceding value. In another case Joule heating
was turned on instantaneously and subsequently kept
constant, and the approach of the temperature to the
new higher value was measured. It is interesting that
although the relaxation of Tp(t) after the application of
the pulse power lasts only several hundredths of a sec-
ond, the relaxation of Ts(t) after a steplike application
of the power is much slower and is noticeable after sev-
eral dozen seconds. The Fourier cosine transform of
the function T,(t), i .e . , /odf T,(i)cos«i, behaves like
\/f while the frequency /= ui/2ir changes by several or-
ders of magnitude. At the same time, the Fourier co-
sine transform of the function Tp(t) is independent of /
already at / <, 10 Hz. Thus, in the case of the 1// noise,
the noise spectrum coincides with the spectrum of the
real part of the response of the temperature to the power
input to the sample, but just to a stepwise application of
the power. There is no theoretically incontrovertible

explanation of this regularity.

A large number of workers searching for the mecha-
nism of the 1// noise have attributed this noise to the
onset of instabilities in the conductor under the influ-
ence of the current flowing through it. These theories
seem to contradict the fact that in many conductors the
spectral density Sj,(/) is proportional to the square of
the average current (or to Uz) in the region of the 1//
noise. This means that the current makes it possible
to observe only those resistance fluctuations which are
present also in the absence of the current. The follow-
ing experiment by Clarke and VossC6>9:l confirms this
once more in a rather illustrative manner.

It is known that the spectral density of the fluctuation
of the voltage on the terminals of a resistor R shunted
by a capacitor C is given by the Nyquist formula Sv{f)
= 4£ΓΛ/(1 + ω2τ2), where r = RC. Voss and Clarke
passed a fluctuating voltage picked off an InSb semicon-
ducting film through a spectrum analyzer in a frequency
band Δ ν from ν. to vt. The lowest frequency of the
transmission band was ν. » 1/2πτ = 500 Hz. The ob-
tained signal δ(7Δι<(ί) was squared. The quantity P(t)
= W2^, fluctuated about the mean value given by the Ny-
quist formula:

dvikTR (1 + 4 J T W ) -
<kT

v;1 —v;1).

The right-hand side of this formula contains the mean
values of the fluctuating Γ and R. The low-frequency
(/«!/_) fluctuations of P(t) about Ρ are caused by two
factors: the fluctuations of Τ and R, contained in the
Nyquist formula, and the random character of the Ny-
quist sources themselves of the voltage fluctuations,
i .e . , the randomness of the scattering of the carriers
in R. The first cause would produce fluctuations of
P(t) (we shall designate them SPext(t) even if Γ and R
were not to fluctuate). Therefore

6P(<)

The last term corresponds to fluctuations of R which
are not connected with δ Τ.

The spectral density of the fluctuations of P(t) at low
frequencies / « u_ is given by a formula which follows
from the fact that there is no correlation at all between
the three sources of the fluctuations of P(t):

Ρ'

At f«v. the function SPfat does not depend on / and it
can be shown that it is equal to 2 /*• dv S% (v). There-
fore if ST or SR contains a part proportional to 1//,
then at sufficiently low frequencies it is precisely this
part which becomes decisive. The measurements of
Clarke and Vosste>9:l have shown that below 1 Hz the
function Sp(f) varies like 1//.

It must be emphasized that the investigated samples
were in a state of thermodynamic equilibrium: no cur-
rent was made to flow from an external source. It can
therefore be concluded that the sources of the 1// noise
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are in equilibrium and that this noise is not due exclu-
sively to violation of the equilibrium by the flowing cur-
rent or to the appearance of various current instabilities.

As already mentioned, investigation of the 1/f noise
has been the subject of a tremendous number of studies.
Most experiments were made on systems that produce
an intense 1// noise or are important from the point of
view of practical applications, but are physically so
complicated, that it is extremely difficult to identify the
processes that may possibly be responsible for the
noise. A tendency to study simpler systems has been
observed recently. Although these systems have a
much lower 1/f noise, they lend themselves to physical
experimentation. One can hope that this will lead to a
solution of the problem that is half a century old.
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