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Evidence for Macroscopic Quantum Tunneling in One-Dimensional Superconductors
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Measurements of the superconducting-to-normal transition in very-small-diameter In wires are
presented. The results are discussed in terms of the currently accepted theory, in which dissipation
below T, is attributed to thermally activated motion of the Ginzburg-Landau order parameter over the
free-energy barriers which separate metastable states. This theory is consistent with our results for tem-
peratures within about 0.2 K of T¢, but at lower temperatures it fails qualitatively. We suggest that the
low-temperature behavior is dominated by quantum-mechanical tunneling through the free-energy bar-
rier, and show that our results are consistent with this picture.

PACS numbers: 74.40.+k, 05.40.+j

The current understanding of dissipation in one-
dimensional superconductors near 7. is based largely on
the work of Little,! Langer and Ambcgaokar,2 and
McCumber and Halperin.> According to this picture,
the current carrying state is only metastable, and dissi-
pation occurs when the system passes, via thermal ac-
tivation, over the associated free-energy barrier to a state
of lower free energy. If one considers the case in which
the system is biased with a constant voltage, V, then
using the Josephson relation one obtains 9(A¢)/d¢
=2eV/h. Here ¢ is the phase of the Ginzburg-Landau
(GL) order parameter and A¢ is the phase difference
across the system. An applied voltage thus causes A¢ to
increase with time, which results in an increasing super-
current, I;, since I; ~A¢. Eventually the critical current
is exceeded, as superconductivity (at that current) be-
comes energetically unstable. However, before the criti-
cal current is reached, it is possible to have a thermo-
dynamic fluctuation in which the magnitude of the order
parameter goes to zero in a localized region, allowing the
system to reduce A¢, and thereby lower I;. These
phase-slip events serve to decrease the current, and result
in dissipation. According to Langer and Ambegaokar,?
the phase slips occur when the order parameter passes,
via thermal activation, over the free-energy barrier
separating states whose values of A¢ differ by 2z. A de-
tailed theory of this process has been worked out,** and
accounts reasonably well for a number of experiments.*
In the previous experiments, the samples were typically
0.5-um-diam whisker crystals; this was sufficiently small
s0 as to be one dimensional as far as superconductivity is
concerned (at least near 7.), but sufficiently large that,
for low sample currents, dissipation could be observed
only very near T,. In this Letter, results are presented
for samples with significantly smaller diameters, for
which it is possible to study the dissipation at tempera-
tures much farther below 7.. We find that while the
thermal-activation picture is consistent with the results
near T, it appears to break down as the temperature is
decreased. Our results seem to suggest that there is
another process by which the phase slippage occurs. We

consider the possibility of quantum tunneling>® through
the free-energy barrier, and show that our results are
consistent with this mechanism.

The samples were very narrow In strips (i.e., wires)
which were fabricated from evaporated In films with
step-edge lithographic techniques.” The cross sections
were approximately right triangular, and the diameters
quoted here correspond to /o, where o is the cross-
sectional area. Selected samples were examined with
scanning electron microscopy, and were found to be very
similar in appearance to AuPd wires which have been
described in great detail in Ref. 7. The samples had di-
ameters in the range 400-1000 A, with normal state
resistivities of 4-12 yQ cm (depending on the wire size,
with the thinner wires having the higher resistivities).
The wire diameters appeared to be uniform to within
typically 100 A or better, which was near the resolution
limit of the scanning electron microscope, and the grain
size was in the range 100-200 A. The measurements
were performed with standard dc techniques, with care-
ful shielding of the current and voltage leads to avoid
problems with external noise.

According to the thermal-activation model, the resis-
tar21<§e8 below T, can, in the low-current limit, be written
as™™

Roa=208 , -arlial (1)

I
where ®) =hc/2e, AF is the magnitude of the free-energy
barrier, Q@ is the associated attempt frequency, and
I, =kgT/®y. For currents, I, much less than the critical
current, AF and Q can be expressed in terms of the criti-

cal field, H., coherence length, &, and the GL relaxation
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where L is the length of the sample. Near T,
H,~AT=(T.—T), and £~ (AT) ~2. Hence, AF goes
to zero at T. as (AT)*2, and since this factor enters in
the exponent in (1), it dominates the temperature depen-
dence of Rta. It is important to note that the theory (1)
is only applicable when AF>kgT. Since AF vanishes at
T., this means that (1) will not apply very near T..
Figure 1 shows some typical results for the resistance
as a function of temperature for three samples. To
within the experimental uncertainties, these results are
independent of measuring current, for the currents em-
ployed here (typically $10 % A). We first consider the
large (720 A) sample in Fig. 1. The solid curve shows a
fit to (1). The breakdown of (1) is evidenced by the rap-
id decrease in the solid curve very near 7.. At lower
temperatures, (1) describes the results fairly well over
several decades of resistance,’ although we note that it
was necessary to adjust AF downward from the theoreti-
cal prediction (2) by a constant factor'® of ~4. This
discrepancy with (2) may be due to inhomogeneities in
the samples, i.e., “weak spots,” at which the effective
cross-sectional area is smaller than the average value. If
so, then the phase slippage occurs preferentially at the
weak spots, but the nature of the phase slips remains the
same; that is, they are still described by the thermal-
activation theory [but with a slightly different value of
Q, Eq. (3)]. It does not appear that such behavior
would significantly affect any of the arguments given
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FIG. 1. Resistance, normalized by the normal stae value, as
a function of temperature for three In wires; the sample diame-
ters were 410 A (@), 505 A (+), and 720 A (0). The solid
curves are fits to the thermal activation theory (1), while the
dashed curves are fits to (7). Where the solid and dashed
curves overlap, only the former is shown for clarity. The sam-
ples had lengths of 80, 150, and 150 pum, and normal-state
resistances of 5.7, 7.1, and 1.2 k@, where we list the values in
order of sample size, with the value for the smallest sample
first.

2138

below.!! In any case, the results for the large sample in

Fig. 1 are in good agreement with the form predicted by
the thermal-activation model. Let us now consider the
smallest (410 A) sample in Fig. 1. The solid curve again
shows a fit to the thermal-activation theory, (1). It was
again necessary to adjust AF downward from (2) by a
factor of ~4, to obtain a satisfactory fit for AT <0.2 K.
However, at lower temperatures R deviates significantly
from (1). It is clear from (1) and (2) that this behavior
cannot be explained with the thermal-activation model.
The temperature dependence predicted by (1) is much
stronger than what is observed at lower temperatures.
The behavior for the third (505 A) sample in Fig. 1 is
also seen to show strong deviations from the thermal-
activation form at the lowest temperatures.

As the temperature decreases, the size of the free-
energy barrier (2) relative to k7 increases, leading to a
rapid reduction in the thermal-activation rate. One
might expect that as this rate becomes negligible, the
rate of some other process by which the phase can relax,
might become dominant. It has been suggested'? that
tunneling through the energy barrier could become
significant under these conditions. We will now show
that our results are consistent with this mechanism for
phase slippage. However, we want to emphasize that
this explanation of our results is certainly not unique,
and it is quite conceivable that some other, as yet
unidentified, mechanism could well be dominant.

To the best of our knowledge, there is no quantitative
theory of macroscopic quantum tunneling (MQT) for a
one-dimensional superconductor. However, we can work
from analogy with the well-developed theory of MQT in
other systems to estimate the form that such a theory
would take.'’ In general, the tunneling rate, Tmqr, is
given by an expression of the form>%!*

I'mgor =Ae ~B/h s (5)

and the parameters 4 and B depend on whether the
motion of the ‘“particle” which tunnels is strongly or
weakly damped. The thermal-activation theory is based
on time-dependent GL theory,'> which predicts a purely
diffusive time dependence for the order parameter. Ac-
cordingly, (1) is based on the theory of thermal activa-
tion in the strongly damped limit.!® We will therefore
assume that MQT in our case is also in the strongly
damped limit.!” In this regime, the theory predicts®
B=27n(5¢)?%/9, where 8¢ is the distance under the bar-
rier, and 7 is the effective “viscosity.” From thermal-
activation thc:ory,z’3 we expect 60~ 1, and examination
of the time-dependent GL equation yields®>!® 7
=1gLoH2¢/4x. The estimation of the prefactor 4 in (5)
is not as straightforward. In the limit of large damping
the theory®'® predicts 4 =8v6woa’?(Vy/hwo) /2, where
wo is the natural frequency of oscillation of the particle
which tunnels, ¥}, is the barrier height (which for our
case is AF), a=n/2mwy, and m is the “mass” of the par-
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ticle. The problem now is to estimate m, a parameter
which appears to be beyond the scope of previous treat-
ments of time-dependent GL theory.'> However, there
are a number of cases in which propagating modes in su-
perconductors have been derived, indicating that mass
terms can exist. In particular, Mooij and Schon'® have
predicted the existence of a propagating plasma mode in
very small diameter, one-dimensional superconductors,
and shown that this mode leads to phase fluctuations
closely associated with those considered here. Since we
must know at least the qualitative form of m in order to
estimate A, we will assume that the damping factor a is
a constant, which we will take to be ap. Note that the
exponential factor in (5) dominates the temperature
dependence, so the qualitative behavior found below is
largely independent of any temperature dependence of a.

With this assumption it can be shown that
Rmot =@l mor/I1, with?®
_16V3Lad [ aF )" [_ poHlera|
MQT & htGL 184 ’

where B is an unknown constant of order unity which
arises from uncertainties in the distance under the bar-
rier and the factor of L/¢ enters as the number of in-
dependent locations at which a tunneling event can
occur. The total probability for escape will be the sum
of the thermal activation and MQT rates, so we have

RtotaL=Rt1A+RM™MoQT- 7)

The dashed curves in Fig. 1 show fits of (7) to the re-
sults for the 410- and 505-A samples. We see that (7)
accounts extremely well for the behavior of R over the
entire temperature range studied.?! The fit to (7) in-
volves three free parameters; B, ag, and an overall factor
which adjusts the magnitude of the free-energy barrier.
If our ideas concerning MQT are correct, we would ex-
pect B to be of order unity, and ap=2 1. The fits shown in
Fig. 1 yielded 8= 0.3 and a¢o= 1, which therefore sup-
ports our interpretation. The abrupt change in the tem-
perature dependence of R at AT=0.2 K is due to a
crossover from thermal activation to MQT. The reason
for this is easy to see. The thermal activation and MQT
rates, (1) and (6), depend in nearly the same manner on
AF; the major difference involves the factors which nor-
malize AF in the exponents. For thermal activation this
factor is kg7, while for MQT it is (apart from a con-
stant factor) 7G;'. Since 7G/'~AT, it eventually be-
comes larger than kg7/h, which causes MQT to dom-
inate. Behavior similar to that seen in Fig. 1 has been
observed in a number of other samples, with similar re-
sults for the factors 8 and ayp. We can also understand
why MQT is not observed in the 720-A sample con-
sidered in Fig. 1, or in previous experiments. The tem-
perature at which the behavior changes over from
thermal activation to MQT depends on the variation of

7GL, as just discussed. The temperature at which the
crossover occurs, T*, is easily seen to be independent of
the cross-sectional area of the sample, 0. However, as o
increases, the rates of both thermal activation and MQT
at T* decrease, and hence for the larger samples, the
resistance is negligible at 7%, which prevents the study
of the MQT regime in this way.?? The results for the
505-A sample in Fig. 1 support these arguments. The
crossover from thermal activation to MQT is seen to
occur at approximately the same temperature as for the
410-A sample, but the resistance at which this occurs is
reduced because of the larger value of o, and hence AF.

In summary, we have analyzed the behavior of very
thin In wires near the superconducting transition. We
have shown that the results below 7. can be consistently
interpreted in terms of a combination of thermal activa-
tion and MQT. We emphasize that our results do not
rule out the possibility that some hitherto unidentified
mechanism, other than MQT, is dominant at low tem-
peratures. Nevertheless, our results do suggest a number
of avenues for further work. First, a proper theory of
MQT in this system, especially consideration of the mass
term in the equation of motion, would be of great in-
terest. It should be possible to determine all of the pa-
rameters which would enter such a theory, and thus en-
able a detailed test of the theory of MQT. Second, while
MQT has been observed previously in other systems, the
ability to study it in one-dimensional superconductors
may offer interesting new possibilities. The energy scales
in one-dimensional superconductors are such that MQT
can dominate at temperatures well above 1 K, in contrast
to other systems, in which much lower temperatures are
generally required. This makes shielding and isolation
problems much less severe, and could make this an in-
teresting system in which to look for other related
effects, such as macroscopic quantum coherence. 23
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