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Two-level resistance fluctuations have been observed in clean metallic constrictions of sizes 40-8000
nm?>. At low temperatures the measured values for the activation energies, attempt frequencies, and
scattering cross-section changes of such two-level fluctuations suggest that we are observing defects mov-
ing between metastable configurations. The strength of observed interactions between fluctuations has
been estimated. At high temperatures interactions dominate the noise dynamics, causing complex fluc-
tuations that evolve slowly in time to produce a 1/f noise spectrum.

PACS numbers: 72.70.+m, 61.40.+b, 72.10.Fk, 73.50.Td

Many models of the excess low-frequency or 1/f noise
in conducting systems rely on the superposition of in-
dependent Lorentzian-spectrum noise sources with a
broad range of characteristic times.! Although the
source of the Lorentzian spectra varies from model to
model, evidence that thermally activated defect motion is
the predominant microscopic mechanism in metal films
has been accumulating.’™® In this Letter we report on
observations of discrete resistance fluctuations in small
(<8000 nm*) clean copper nanobridges between three-
dimensional electrodes. These fluctuations provide a
direct test of the standard Lorentzian model and allow
detailed study of the microscopic mechanism. We pro-
pose that these fluctuations are the resistive effect of in-
dividual defects fluctuating between metastable config-
urations.

Samples are fabricated by electron-beam lithography
and reactive ion etching to pattern a hole in a 50-nm-
thick suspended Si;N4 membrane. The device region is
then formed in a single processing step by our rotating
the sample in high vacuum while evaporating copper, so
that a 200-nm coating of metal is deposited on all ex-
posed surfaces. The low-temperature elastic-scattering
length of electrons in bulk films formed in such an eva-
poration is A, =180 nm, on the basis of residual resistivi-
ty. Scanning electron microscope studies of arrays of
these holes show that each opening on the patterned side
of the membrane is about 40 nm, while the openings on
the other side are much smaller. The largest-resistance
nanobridges are so resistive (3-200 Q) that the opening
on the far side of the membrane must be small compared
to the patterned-side opening, so that it dominates the
resistance. A schematic of the device region is shown in-
set in Fig. 1.

We approximate our sample geometry by a lengthless
constriction between massive electrodes. The resistance
R of a small constriction of radius a between massive
electrodes can be approximated by

R=p/2a+4pr/3ra?, ¢))

where p is the resistivity and A is the electron mean free
path.”® Note that since pe1/A there is a resistivity-
dependent term and a resistivity-independent, geometri-
cal term. If the geometrical term dominates the resis-
tance (equivalently, if A>>a), an applied voltage is
dropped almost entirely within a distance a around the
orifice, and at low temperatures the derivative of the
resistance with respect to voltage is an angular average
of the phonon density of states times the electron-phonon
interaction strength, a measurement known as point-
contact spectroscopy.’® Figure 1 shows a typical phonon
spectrum for a 15-Q device. Good point-contact spec-
troscopy confirms the validity of our sample geometry
approximation and shows that the effective device di-
mensions are small compared to the electron mean free
path.

Figure 2(a) shows an example of the simplest type of
low-frequency resistance noise observed for temperatures
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FIG. 1. Typical phonon spectrum for a 15-Q nanobridge at
4.2 K. Inset: Schematic of the device region (not to scale),
where a is the radius of the smallest constriction. Because of
the high quality of the spectrum we can estimate a=5 nm for
this sample.
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FIG. 2. Resistance vs time in copper nanobridges for

T <150 K showing several types of behavior. Fluctuations
studied range from 0.005% to 0.2% of the total resistance.
Time scales are somewhat arbitrary, as they depend on the
temperature at which the fluctuation is observed. (a) A single
TLF. (b) Two independent TLF’s. (c) Amplitude modulation.
Notice that the amplitude of the small TLF is larger when the
large TLF is down than when it is up. (d) Frequency modula-
tion of one TLF by another.

T <150 K and for moderate dc device biases (<50
mV). While voltage or current effects on the noise dy-
namics have been observed, all of the data presented
here were taken in a bias range in which the noise dy-
namics are bias independent and the nanobridge resis-
tance is stable in time, even though current densities are
quite high (~10° A/cm?).® The sample resistance noise
is dominated by random switching between two values.
The distribution of times spent in the two states is found
to be exponential resulting in a Lorentzian noise spec-
trum.'® Above 20 K and for dc bias voltages below 5
mV, the two characteristic times Typdown Of €ach two-
level resistance state have been measured over three to
four decades, and are well described by thermally ac-
tivated behavior t~r7oef/%T. Attempt times 7o range
from 10~ to 10 ™13 s, clustering around 10 ™! s, a time
characteristic of vibration of weakly bound atoms, and
activation energies E range from 70 to 300 meV. The
fact that we observe a range of activation energies tells
us that these samples are disordered. The measured
values for E are somewhat lower than those expected on
the basis of the temperature dependence of the 1/f noise
magnitude in bulk copper films, E=1 eV.> However,
note that at these low temperatures (T < 150 K) we are
sampling only the low-energy tails of the distribution of
noise sources, as 7o fixes the activation energy that will
cause the noise to fall within the experimental bandwidth
for a given temperature. In general, the higher the tem-
perature range in which an active state is found, the
higher the value of the two activation energies measured.
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FIG. 3. Resistance noise due to a noise source diffusing
through the sample volume, superimposed on a normal TLF
(above) and with the TLF signal subtracted (below). The size
of the resistance fluctuation caused by the diffusing defect
grows from zero as the defect enters the device region and is a
maximum when the defect is in the center of the device. Total
transit time is about 30 s.

The number of active states increases with the tempera-
ture, and this fact, combined with the measured values of
790 and E, supports the view that we are observing the
effect of defects fluctuating between two metastable
configurations.

This view is also strongly supported by the change in
scattering cross section, Ao, that can be estimated from
the magnitude of the resistance change due to the two-
level fluctuation, and the resistivity-dependent part of the
resistance which is estimated from the total sample resis-
tance [Eq. (1)]. Assuming that the largest two-level
fluctuators (TLF’s) observed in a given device are in the
center of the device, for noise from eight devices ranging
from 5 to 180 Q, we find 30 A2> Ao > 1 A2 Thus the
observed cross-section changes are on the order of atom-
ic dimensions, which is reasonable for defect motion.
Smaller cross-section changes may exist, but are indistin-
guishable from larger changes of scatterers near the edge
of the device, because of the three-dimensional nature of
the device.

Because this is a three-dimensional device, with the
current density highest in the center of the device, we
can readily distinguish between a localized defect fluc-
tuating between metastable configurations and a defect
diffusing through the metal. This is because any long-
range defect motion will result in a change in the size of
the resistance fluctuation as the defect moves toward or
away from the device center. We have quite rarely seen
signals characteristic of a defect diffusion through the
sample, as shown in Fig. 3. The square switching in the
upper figure is a stable TLF such as we have been dis-
cussing and has been subtracted out in the lower figure.
The remaining noise signal slowly grows in amplitude
and then slowly diminishes, as the noise source apparent-
ly enters the device region, passes through the center,
and then leaves. Again, this behavior is quite rare, and
is not a significant source of noise in these nanobridges.
Since the noise in the nanobridges is dominated by
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TLF’s which below 150 K are quite stable in time, exhib-
iting the same behavior over days of data taking, we con-
clude that these fluctuations are not due to the diffusion
of independent localized defects.

Figure 2(b) shows an example of noise where several
independent TLF’s are simultaneously active in the ex-
perimental bandwidth. However, we also observe in-
teracting noise sources, where one TLF modulates the
time, the amplitude, or both, of the other. Examples of
amplitude modulation and frequency modulation are
shown in Figs. 2(c) and 2(d). Large amplitude modula-
tion such as that of Fig. 2(c) requires the defects to be
within a few lattice spacings of each other because of
electron screening effects, and is fairly rare. For a
particular TLF (not shown in the figures) being modu-
lated by another, we find

=10—ll.4i0.l

— —11.1 0.
To,up =10 H OIS, 70,down S,

Eyp=70.5208meV, Egown=72.3%0.6 meV

when the modulating defect is in one configuration, and

—11.5+
TO,up=10 11.5%0.1 s,

Ep=725%x1.0meV, Egjown=82.0%0.2 meV

— =11.93+£0.02
70,down = 10 S,

when the modulating defect is in its other configuration.
Frequently, as in Fig. 2(d), the fluctuation moves com-
pletely out of the experimental bandwidth, and, assum-
ing that the change in activation energy dominates, we
can only place a lower bound on the change in activation
energy due to the interaction, AE/E > 0.2. The observed
shift in both E and 1o clearly points to the interaction
mechanism’s being a shift in the detailed potential of the
affected defect. The nature of this defect interaction
mechanism is, of course, open to discussion, but it seems
reasonable to propose that, as proposed for tunnel junc-
tions,'' when one defect changes its configuration, the
change in its strain field at another defect is responsible
for the observed changes of the second defect’s attempt
times and activation energies.

As the temperature is raised above 150 K the density
of defects active in the experimental bandwidth in-
creases, and only a generic 1/f noise spectrum can be ob-
served. Standard models of 1/f noise use a superposition
of many independent Lorentzians to produce a 1/f spec-
trum, but the 1/f noise that we observe is not simply due
to an increase density of stable noninteracting TLF’s.
This is seen by our looking at the smallest (highest resis-
tance) devices where, for T > 150 K, at any given instant
the noise is composed of one or only a few TLF’s, but
where the characteristic time, amplitude, and number of
these states change randomly with time. Figure 4 shows
various snapshots of the resistance fluctuations of a 90-Q
sample at 300 K, which illustrate this behavior. The
period between changes can range from much less than a
second to much greater than an hour. We stress that the
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FIG. 4. Resistance vs time for a 90-Q nanobridge at
T =300 K displaying the wandering nature of the low-
frequency noise, which is still composed of discrete resistance
fluctuations. Each noise snapshot is about 0.2 s long.

noise shown in Fig. 4 typically has a smooth 1/f spec-
trum when averaged over several minutes, even though
only a few TLF’s are active at any given instant.

As is apparent from the comparison of the diffusion
noise shown in Fig. 3 to the high-temperature behavior
shown in Fig. 4, the high-temperature behavior is still
not simple diffusion of localized defects. Indeed, its be-
havior suggests a random walk in a very complicated po-
tential with many accessible local minima. At low tem-
peratures we have proposed that we have a “local
defect-induced potential” causing the observed interac-
tions between defects. Consequently some of the ran-
domness of the complicated potential sampled at high
temperatures is caused by the defects themselves, and if
a substantial fraction of these defects are moving, the po-
tential seen by any one defect will itself by fluctuating
with time. The noise-producing defects in the sample
seem to comprise a ‘“‘glassy defect system” which
effectively melts above 150 K for our experimental band-
width, sampling alternative configurations in an attempt
to anneal to equilibrium, while below 150 K it is frozen
into one or another configuration of a few two-level de-
fects. This view is supported by the fact that once a
sample is taken above about 150 K and then recooled,
the nature of the TLF noise that is found is, in general,
completely different from that which was observed be-
fore the sample was heated.

In summary we have made a detailed study of discrete
two-level resistance fluctuations in metallic nanoconstric-
tions. The amplitude and thermally activated dynamics
of independent TLF’s is fully consistent with their
origin’s being the random transition of defects between
two metastable configurations. These fluctuations, which
cannot be ascribed to the simple diffusion of localized de-
fects, have been observed to interact quite strongly. At
low temperatures the active TLF’s are determined by the
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particular configuration that is frozen into the *“‘defect
glass” upon cooling, while above the effective defect-
glass melting point the slowly evolving defect configura-
tion results in very complex fluctuations with a 1/f spec-
trum, even in devices that are so small that only a few
defects are active in the experimental bandwidth at any
given instant. Since strong interactions between two-
level defect states have been identified both in insulating
tunnel barriers'! and now in metallic structures, it seems
reasonable to suggest that such interactions are an attri-
bute of most, if not all, two-level defect systems.
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FIG. 1. Typical phonon spectrum for a 15-Q nanobridge at
4.2 K. Inset: Schematic of the device region (not to scale),
where a is the radius of the smallest constriction. Because of
the high quality of the spectrum we can estimate a=5 nm for
this sample.



