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Resistance Fluctuations in Thin Bi Wires and Films

D. E. Beutler, T. L. Meisenheimer, and N. Giordano
Department of Physics, Purdue University, West LafayetteIn, diana 47907

(Received 7 July 1986)

We have observed fluctuations in the low-temperature resistance of small-diameter Bi wires, and Bi
films. These fluctuations appear most clearly as a function of time. They become larger as the sample is
made shorter, and as the temperature is reduced. Their magnitude and temperature dependence are in
reasonable agreement with the recently developed theory of "universal" resistance fluctuations in one-
and two-dimensional conductors. According to the theory, the fluctuations we have observed are due to
the motion of single (or a small number of) scattering centers.

PACS numbers: 71.55.Jv, 72. 15.Lh, 73.60.Aq

When one discusses the properties of a disordered sys-
tem, it is common to consider an average over the impur-
ity distribution. This is equivalent to performing an
average over an ensemble of statistically similar systems,
and is usually appropriate for describing a real macro-
scopic system. However, recent work has shown that for
a disordered conductor, ensemble averaging is sometimes
not appropriate. ' In this case, the relevant length scale
which determines if a system will "self-average" is the
phase-breaking length, L&, which is the length over which
an electro' loses phase coherence, typically by inelastic
scattering. A system whose dimensions are comparable
to or less than L&, must be treated as a single member of
an ensemble of statistically similar systems. It is then
necessary to estimate the fluctuations of a given property
as one considers different members of the ensemble. The
theory predicts that the fluctuations in the conduc-
tance, 6'G, have a universal magnitude which is of order
e /h. These fiuctuations have been observed in narrow
Au and Au-Pd strips (i.e. , wires), ' and in narrow
metal-oxide-semiconductor field- effect-transistor- type
structures. " ' In this paper we report observation of
fluctuations in thin Bi wires and films. The fluctuations
that we find appear, in some cases, to be due to the
motion of single scattering centers.

Thin Bi films were produced by dc sputtering onto
glass substrates which were cooled to 77 K. They had
resistivities of 2.4&10 0 cm at 4 K. Thin (i.e., very-
small-diameter) wires were fabricated from these films

by use of substrate step techniques. '

Results for the resistance as a function of temperature
for a wire which was 460 A. in diameter and 60 pm long
are shown in Fig. 1. Each symbol represents an average
over approximately two minutes of measuring time, and
the different readings at a given temperature were ob-
tained approximately fifteen minutes apart. It can be
seen that there are fluctuations among the values ob-
tained at any given (fixed) temperature. Above about
0.8 K, the magnitude of these fluctuations is approxi-
mately constant, and is equal to the noise in the
resistance-measuring system. However, at lower temper-
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FIG. l. Resistance as a function of temperature for a thin
Bi wire.

atures the fluctuations are seen to grow much larger.
These are the universal conductance fluctuations. We
also note that in Fig. 1 the resistance levels off, or even
decreases somewhat, at the lowest temperatures. This
behavior can be understood in terms of a competition be-
tween localization and electron-electron interaction
effects. It is not of interest for the present discussion,
and will be considered in detail elsewhere. '

The results in Fig. 1 show that the universal fluctua-
tions can be observed in a single sample. According to
the theory, ' a single scattering center must move at
least a distance kF ' to effectively change from one
member of the ensemble to another. If in addition, kFL,
is of order unity, where L, is the elastic mean free path,
this will, on the average, cause a fluctuation in the con-
ductance BG-e /h. For our Bi we estimate kF ' —3.9
A, and kFL, —2.0. The motion of scattering centers can
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thus lead to large fluctuations of the sample resistance
with time, even when the temperature, etc. , is held fixed.
This is precisely the behavior seen in Fig. 1.

Figure 2 shows results for the "peak-to-peak" fluctua-
tion, observed in measurements like those in Fig. 1, as a
function of temperature. Here we show data for the wire
considered in Fig. 1, and also for a film whose length,
width, and thickness were 16 pm, 8 pm, and 70 A, re-
spectively. For both samples the magnitude of the fluc-
tuations is seen to increase as the temperature is re-
duced. There is a large amount of scatter in the data,
which is inevitable given the nature of the phenomena,
and the manner in which we have measured the fluctua-
tions. However, in both cases the fluctuations at the
lowest temperatures are about an order of magnitude
larger than at the highest temperatures. Simultaneous
measurements on much longer samples, which would not
be expected to exhibit the universal fluctuations, showed
fluctuations only at the level of the system noise at all
temperatures. In addition, measurements on samples of
difl'erent sizes, both larger and smaller than those con-
sidered in Fig. 2, showed that the universal fluctuations
become larger as the sample size is reduced.

In Fig. 3 we show the resistance of the thin film con-
sidered in Fig. 2 as a function of time. Here the resis-
tance was measured once every second, and the sample
was monitored continuously. We see that the resistance
is constant (aside from the system noise) for relatively

long periods of time, but that abrupt transitions occur at
which the resistance switches to a new value. In addi-
tion, the sample resistance often switches back to its
original value. This behavior is consistent with the inter-
pretation mentioned above; namely, the resistance
changes occur when a single scattering center changes
location. The resistance then switches back and forth
between two different values, as the scattering center
moves between two different, and nearly energetically
equivalent, positions. The magnitude of the switching
events seen in Fig. 3 is the same as that of the fluctua-
tions seen (at the same temperature) in Fig. 2, indicating
that the two different measurements refer to the same
fluctuations. Hence, we believe that the fluctuations seen
in Figs. 1 and 2 are due to switching events like those in

Fig. 3. While many of the events we have observed are
similar to Fig. 3, some show much slower changes,
occurring over a span of many minutes, suggesting that
many atoms are involved in some kind of structural rear-
rangement. Nevertheless, these slower fluctuations are
of the same magnitude as the fast fluctuations shown in

Fig. 3. This will all be discussed in more detail else-
where. '

The theory predicts that the magnitude of the conduc-
tance fluctuations, for a sample whose dimensions are
less than the phase-breaking length, is, on average, given
by2 s SG=-e2/h. A sample which is larger than L& can
be thought of as a combination of independent subsys-
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FIG. 2. Magnitude of the fluctuations, as derived from mea-
surements like those in Fig. 1, as a function of temperature for
two samples. Open circles (right scale) are for the wire con-
sidered in Fig. l. Filled circles (left scale) are for a thin film;

this sample had a low-temperature resistance of approximately
7900 A. The lines are the theoretical prediction 8'Gl,. the solid
line is for the wire and the dashed line is for the film. For both
samples the noise at the highest temperatures is, to within the
uncertainties, equal to the system noise. Note also that the
system noise has not been subtracted from these results.
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FIG. 3. Resistance as a function of time for the thin film
considered in Fig. 2, at T 0.19 K. The rapid fluctuations
seen, e.g. , for times less than 500 s, are due to the system noise.
The fluctuations of interest here are the changes in the resis-
tance which have a magnitude of approximately 15 Q for this
sample. Such switching events, which are due to the universal
fluctuations, occur here at time —1200 and 2900 s. The digi-
tizing resolution of the apparatus was 1 A, and this is also visi-
ble in the figure.
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tems, each of size L& (in length and/or width). If one as-
sumes that all of the subsystems are fluctuating indepen-
dently, one finds' ' hG =(LPL) ~ e h, in one dimen-
sion, and

6G =(W/L )' '(LJL) e /h,

in two dimensions. Here L and 8'are the sample length
and width, respectively. However, it is possible that only
one of the subsystems fluctuates, while the rest are
"inactive. " In this case one finds a different result,
BG~ =(LJL) e /h, in both one and two dimensions.
The sample size can be measured very easily, and the
only other (sample dependent) parameter in the theory is

L&. This can be obtained from magnetoresistance mea-
surements of weak-localization effects, ' which we have
performed on these a number of other similar sam-
ples 1 6 20

The results in Fig. 3 suggest that only a single subsys-
tem is fluctuating, and if so, BGi is appropriate. If we
use the results for L& obtained from magnetoresistance
studies, they yield the lines in Fig. 2. We see that the
theory is too low by about an order of magnitude. Given
that the theory of subsystem averaging is only a qualita-
tive one, and the experimental uncertainties in estimat-
ing quantities such as kF, L„and L& from independent
measurements, this level of agreement is reasonable. It
is quite conceivable that a quantitative treatment of the
averaging effects could yield corrections which could
bring the theory into agreement with our results. '

Another source of uncertainty in the analysis concerns
precisely how to (experimentally) properly average the
sizes of the fluctuations (e.g. , peak to peak versus rms),
and also not discriminate against, for example, the small-
er fluctuations. These problems can and will be ad-
dressed in future experiments. It is also conceivable that
the fluctuations we observe are due to fluctuations in
many subsystems. The predictions for this case are
about a factor of 10 higher than the lines in Fig. 2, and
are thus in somewhat better agreement with our results.
However, the results in Fig. 3 seem to suggest that in
this case only one subsystem is fluctuating, and hence
that 66i is indeed appropriate.

It is important to put our work into perspective with
previous results in this area. First, our sample dimen-
sions, as compared with L&, were much larger than in
previous experiments, which has allo~ed us to test the
theory in the limit in which a significant amount of en-
semble averaging occurs. Second, we have been able to
use magnetoresistance measurements in conjunction with
the theory of weak localization to determine L& in sam-
ples which are the same, or essentially the same, as
those in which the fluctuations have been studied. In
many of the previous experiments this was not accom-
plished (as the fluctuations themselves sometimes made
this impossible), and L& could only be estimated from
measurements on much larger samples. Third, our re-

suits for Bi films appear to be the only measurements so
far of the fluctuations in two dimensions. Finally, our
samples exhibit the fluctuations most clearly as a func-
tion of time, in contrast to nearly all previous cases,
where the fluctuations were observed as a function of
magnetic field and/or Fermi energy. z3

In summary, we have observed resistance fluctuations
in thin Bi wires and films. We have presented detailed
results for the magnitude and temperature dependence of
the fluctuations, and also for the temporal behavior. Our
results are in reasonable agreement with the theory of
universal fluctuations in disordered conductors. So far as
we know, this is the first quantitative, or even semiquan-
titative comparison with the theory of Feng, Lee, and
Stone. Our results indicate that, as proposed by those
authors, it should be possible to use these fluctuations as
a tool to study the dynamics of scattering centers in

disordered conductors. For example, it is clearly impor-
tant to determine if the impurity motion observed via
measurements similar to those in Fig. 3 is thermally ac-
tivated, or involves tunneling. This and similar questions
can be answered by future experiments.
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