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Single Vortex Tunneling in a Superconducting Film

In a recent Letter, Liu, Haviland, Glazman, and Gold-
man [1] have convincingly observed an unusual low-

temperature dependence of the resistance, R =Ro
xexp(T/Tp), in superconducting films in small magnetic
fields. The authors proposed a model based on vortex
tunneling in the presence of strong damping to explain
the data which cannot be explained by other known mod-
els of vortex motion. The purpose of the present Com-
ment is to point out the inconsistency of the overdamping
model in explaning the data and to propose instead a sin-

gle vortex tunneling model in the weak damping limit to
explain the data.

The overdamping model in Ref. [1] implies that
Rg/Rtv&) 1, where Rtv is the normal sheet resistance be-
lieved responsible for damping and Rg =h/e =4. 1 kA is
the quantum resistance. The data of Ref. [1] show that
the normal sheet resistance Rtv varies widely from weak
to strong damping regions according to the above condi-
tion. This shows that the overdamping model is not con-
sistent with the data and indicates the damping due to
Rz may not play a significant role here. Nevertheless,
this inconsistency does not necessarily suggest that single
vortex tunneling has not been observed in Ref. [1]. In-
stead an alternative model, single vortex tunneling
without damping, is possible for understanding the exper-
iment. In this model, Rtv does not play the role, if any, of
the damping for a vortex.

Now we describe the model. The argument in Ref. [1]
leading to the independent single vortex tunneling model
is still applied here. The vortex mass M is determined by
the equality [2] between the product Mv and the vortex
core energy which is equal to the condensation energy
times the space occupied by a vortex core. Here v is the
propagating velocity of the collective mode, the Bogo-
liubov-Anderson mode. Following the BCS theory [2]
the vortex core energy is, near T„
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Here N(0) is the density of states of electrons at the Fer-
mi surface, T, is the superconducting transition tempera-
ture, and d is the thickness of the film which is required
to be smaller than the coherence length, the problem be-
ing effectively in two dimensions. From the BCS theory
[3,4], in the clean limit the propagating velocity is

v =vF/K3 with vF the Fermi velocity, and in general v de-
creases as disorder increases. The disorder also decreases
T, near the superconductor-insulator transition. In the
determination of the vortex core energy the contribution
from the electromagnetic field is ignored. This is valid in
the extreme type-II superconductor situation, which we
have assumed for the present problem.
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We immediately obtain the pronounced exponential
temperature dependence. The experimental data in Ref.
[1] can be satisfactorily explained by Eq. (2). The resis-
tance according to Eq. (2) also shows a dependence on
the thickness of the film, the density of states, and the
transition temperature, which is testable experimentally.
There is no explicit dependence on the normal sheet resis-
tance. In the situation where damping affects the vortex
tunneling, the present results, Eq. (2), can serve as an
upper bound for the resistance due to the quantum tun-
neling of a vortex because the tunneling rate decreases in

the presence of dissipation. In conclusion, the incon-
sistency of the overdamping model in explaining the sin-
gle vortex tunneling data of Ref. [I] has been pointed
out.
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For simplicity we assume that vortices are pinned by
holes, and the measuring current is small such that it has
no influence on the potential barrier U. Then potential
barrier is simply the vortex core energy, that is, U =Mv .
The tunneling rate I

& of a single vortex tunneling from
one hole to another over distance ro is dominated by the
exponent, lnI, = —2roJ2MU/h. As argued in Ref. [1],
the resistance R& a: I, in the tunneling regime. With the
average distance (ra) between holes, the resistance in the
tunneling regime is lnR, = —2(ro)v'2MU/h. Putting all
the relations together, the resistance is
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