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Vortex-ring nucleation

by thermal

activation and quantum-tunneling
—(J

processes in high-T, supercon-

' /J)' .

ductors is discussed. The nonlinear resistance scales as e
Thermal activation yields a critical index of v=1, while quantum tunneling (without normal current dissipation) yields a critical index of
v = 2. Current-voltage characteristics were measured on both disordered (low-J, ), ordered (c axis normal
to the film plane, high-J, . ) Y-Ba-Cu-0 films, and microbridges below T, The data were examined in
terms of both thermal-activation
and quantum-nucleation
models. For the disordered films, the v=1
scaling law is in reasonable agreement with data, while v=2 scaling is required to explain the results of
the ordered films at low temperatures. For the microbridges, the v=2 scaling extends even to high temperatures.

I.

INTRODUCTION

Vortex dynamics is of interest from a fundamental as
well as an applied point of view. There are several models which have discussed the vortex dynamics, and have
colbeen referred to in the literature as the flux creep, '
lective flux creep, ' flux glass, ' and two-dimensional
vortex fluctuations
models. The basic issue at hand is
whether or not thermal energy is the only means by
which vortices are activated or set in motion. It is well
known that vortex motion implies an induced electric
field and thereby resistance in otherwise superconducting
materials. The threshold currents at which vortices induce voltages represents a limitation on potential applications of high-T, materials.
In this paper, we discuss another mechanism for vortex
superconductors.
to type-II
dynamics
applicable
Specifically, we demonstrate both theoretically and experimentally that vortex motion can also be induced quantum mechanically for temperatures well below T, This
is true for both superconducting films and extremely narThe flux flow resistivity, p,
row bridge constrictions.
based on thermal activation of the vortex-ring motion is
theoretically given by

p

-

exp(

—J, /J

)

.

Experimentally, we find (at low temperatures)
following exponential power law:

p-exp[ —(J, /J)

p obeys the

is the threshold radius beyond which vortex rings are free
to expand and induce a voltage drop. The vortex-ring
quantum-nucleation
transition probability is governed by
a tunneling probability through an energy barrier. The
resultant resistivity from this model obeys Eq. (2).
In Sec. II, we formulate the model on the basis of a
free energy. The free energy consists
phenomenological
of the vortex-ring self-energy, and the interaction energy
of vortex ring and the driving current equivalent to the
Lorentz force. The free energy is a maximum
at
R„=cr/&OJ, where r is the "tension" of the vortex ring
viewed as a closed string. Hence, the transition is defined
between values of R below R„, say (R -g) and R greater
than R„, i.e. , (Ro =2cr/40J ). The WKB method
(without normal current dissipation) is used to calculate
In Sec. III, the sample
the transition probability.
preparation and experimental details are described. In
Sec. IV the data are presented in which the tunneling
model is fitted to the film data at low temperatures and
microbridge data over a wide temperature range. Data
characterized by low-J, films is in good agreement with

the exponential linear power law. However, the deduced
values of J, and Jz from these models are much higher
than the measured J, values. This discrepancy will be
addressed theoretically in the future, where quantum tunneling with dissipation is included in the theory. Finally,
conclusions are discussed in Sec. V.

II. THEORY
j .

model in
We have postulated a quantum-tunneling
which the radius of a vortex ring changes from relatively
small value (near the coherence length g) to Ro r where R„
45

model of type-II superconIn the Ginzburg-Landau
ductors, the vortex line can be viewed as a string with
tension (energy per unit length) ~, given by
3048
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density is flowing in a superconducting film
(and the film is not extremely thin), then it is possible that
vortex rings will be nucleated in the plane normal to the
direction of current flow, see Fig. 1. The free energy of
the vortex ring in the presence of an applied current is

= 2m R r

—4o

JAR

J

)R„

c7

C@o

ln~

1.2

/Bp

FIG. 2. Vortex-ring free energy as a function of vortex-ring
radius in normalized units.
The mass of the ring at nucleation radius is given by

M„=2mR„p =

8mc g

If we denote the critical escape current

.

The nucleation radius cannot be less than the size of
vortex core (i.e., the thickness of the vortex ring). By
demanding that R„/g be at least unity in Eq. (6), we get
an absolute maximum current density flow in the superconducting film. This turns out to be close to what others have called the depairing current,

c4ov
ln~ .
16~ A,

+o2 ln~ Jd
v

+o
J)= 16m'.

J

ln~

I

density as

Jd

~ k~T

'

then we have
—J /J

=e

(12)

From a quantum-mechanics
point of view, the radius
of vortex ring can change from a very small value, say
process. The transi(g), to Rp by the quantum-tunneling
tion probability may be calculated by using the WKB ap-

proximation"

The nucleation energy, therefore, is
16~A,

@o

From a classical point of view, only vortex rings with
radius larger than R„will be energetically free to expand
or break up into vortex lines. The vortex ring can escape
from being pinned by thermal activation over the energy
barrier given in Eq. (5). The thermal nucleation rate is
dominated by the activation factor
— /l. T
I =e U„ ~
(10)

2

U„= U(R„) =~rrR„=

0.9

0.6

0.3

(5)

is the current
where R is the radius of the vortex ring,
The first term
density flow through the superconductor.
in Eq. (5) is the self-energy of a vortex ring, while the
second term is the interaction energy of vortex ring and
applied current which plays a role equivalent to the
Lorentz force. A sketch of U(R) is shown in Fig. 2.
A nucleation radius R„exists for the ring such that
rings of radius R (R„have not the classical energy to
find it
grow ever larger, and rings with radius R
classically favorable (with respect to energy) to grow ever
larger giving rise to the electric fields. The nucleation radius of ring is given at the maximum of energy in Eq. (5),

R„=

= 2~v. B,

-0.3

If a current

)

8, = 2cr/JP,

(4)

4m. c g

U(R
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0.3

2

where x. =A. /g, A, is the London penetration depth, g is the
vortex core coherence length (or equivalently the size of
superconducting pair), and the magnetic flux quantum is
Co=bc/q with q =2e. On the other hand, the vortex
line should also be viewed as a string with mass per unit
'
length,

4o

OF. . .

to reasonable

accuracy (but without nor-

mal current dissipation)

Pp

where
Qp

=exp(

—U„ /AQp),

c &in'. J
= Q U"(R ) /M„= —

(14)

d

This yields
Po =e

—(J~ /J)

(15)

where

FIG. 1. Diagram of vortex-ring nucleation.

(16)
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High-T, superconductors are anisotropic. The London
penetration depth depends on whether the screening
currents move in the ab planes (A, ~~) or whether the
screening currents are normal to the planes (i(,j ). The anisotropy parameter a=(A, t/A, ~~) is about a factor of 3 for
the samples here of interest. However, the coherence
length anisotropy ratio a=(g~~~/(, ) is inversely proportional to the London penetration depth ratio so that
current J2 does
A J $J
Thus, the quantum-tunneling
k~~g~~
not depend very strongly on anisotropy effects apart from
the ln~ factor which increases by 20%. On the other
hand, the thermal activation current J, depends much
more strongly on anisotropy effects, decreasing by a faci.e. , 10, since, in this case, the coherence
tor of
length enters weakly into the problem.
The nucleated vortex ring (by either thermal-activation
processes) produces electric fields
or quantum-tunneling
The
as a current is driven through the superconductor.
resulting voltage is proportional to the probability of free
vortex-ring production. The signature for such effects is
a nonlinear current-voltage characteristic
—(J, /J)'
,
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FIG. 3. Typical resistance as a function of temperature
low-J, , and high-J, , films.

for

(17)

where p is the normal flux-flow resistivity. When v=1,
Eq. (17) represents the thermal-activation process while
v=2 represents the quantum tunneling of free vortexring nucleation.

III. SAMPLE

i

I

1.0

-a,

F. =pJe

45

+ Exp erimenta

——V = IRe

PREPARATION

films prepared by either laser
Several YBa2Cu307
ablation or ion beam sputtering were used in our experiment. High-quality Y-Ba-Cu-0 thin films were prepared
(using the pulsed laser deposition techniques) with a
thickness of = 5000 A. Films were deposited on polished
MgO(100) substrates at 750'C, and then quenched in situ.
indicated the samples
measurements
X-ray-diffraction
were c-axis oriented perpendicular to the film plane. Pole
of the (0, 1,2) peak indicated some
figure analysis
misorientation in the a-b plane peaked strongly at 90' and
to a much lesser extent at 45'. The thin films studied had
about 300 pQ cm, and
resistivity
room-temperature
5 K}
showed sharp superconducting transitions (hT,
were
K
77
at
densities
current
critical
=92
K. The
at T,
typically from 2-4 X 10 A/cm . Disordered low-J,
films were made by ion beam sputtering on YSZ(100} subcubic zirconia.
strates, where YSZ is yttria-stabilized
The target was first heated to 950'C, and then slowly
cooled at a rate of 60 C/h. The sputtering rate was
8 A/sec. All as-deposited films were insulators beThe films were thermally annealed
fore post-annealing.
in a furnace tube at an oxygen flow rate of 1.2 1/min.
linearly
was increased
The annealing
temperature
(360'C/h) from room temperature to 700 C, held at that
temperature for -40 min, then increased to 870 C in 1 h,
held at 870'C for 1 h, and then slowly cooled to room
temperature in 15 h. For comparison purposes, we chose
a sputtering film with very low J, (10 —10 A/cm ) and
Typical R-T curves of
broad transition temperature.
high- and low-J, films are shown in Fig. 3.
The Y-Ba-Cu-0 strips were fabricated with widths of

V

= IRe-~
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FIG. 4. I- Vand I-ln Vcurves of high-J, films at temperatures
of 2.6, 60, and 80 K. The stars are experimental data, dashed
.

lines are fitting curves with v=1 scaling, and solid lines are
fitting curves with v=2 scaling. The logarithmic scales for 60
and 2.6 K are not shown.
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FIG. 5. Current-voltage

characteristics of a microbridge at 77 K plotted in a I-lnV scale. The inset is a

500 A to 1 mm by photolithography,
chemical etching,
and ion-beam direct milling, a detailed procedure was
given in Ref. 12.
Standard four-point probe dc measurements were performed on these strips. To obtain high-quality leads onto
the films, the films were first cleaned with methanol, and
then a layer of silver bar was evaporated onto the contact
area. Indium soldering was employed to connect silver
wires to the silver bar. Typical contact resistivity was
—10 Qcm at room temperature. A Keithly programmable current source was used. A Keithly 182
nanovoltmeter was employed for voltage measurements,
with a resolution of —10 V. An Oxford CF-1204 continuous liquid-He flow cryostat was used to cool the samples, the temperature range was 2.6-300 K. An Oxford
ITC4 temperature controller with a Rh-Fe thermal sensor was employed to control the temperature with an er-

I-V curve

obtained near

temperatures.
At 80 K, the v=1 scaling is in better
agreement with experimental data. A physical interpretation of our data is that, at low temperatures,
the
thermal vibration of vortex ring is small. Quantum tunneling becomes the major process. When the temperature is near T„ the thermal energy of vortex rings increases sufficiently to overcome the energy barrier.

~

~

~

I

I

~

I

I

I

I

I

I

I

I

150—

I

I
I

I

I

I
I

+

+
+

+ Ex

100—

ror &0. 1 K.
IV. RESULTS AND DISCUSSION

hP

In Fig. 4, current-voltage characteristics were plotted
in both V Iand lnV Iscale-s for a hig-h-J, film (3X10
A/cm at 77 K) at temperatures of 2.6, 60, and 80 K, respectively. The stars are experimental data, the dashed
lines are fitting curves with v=1, and the solid line are
fitting curves with v=2. The logarithmic scale is only for
curves obtained at 80 K, the scales for 60 and 2.6 K are
not shown. At low temperatures, say 2.6 K, the fit to the
experimental data is vastly improved if v=2 instead of
v= 1. In the fitting process, we also used the combination
— ZJ)'of two models (Ae ' +Be (J,') to fit the data. The
—1 at low
confidence level was highest when A
and
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FIG. 6. The I-V data
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85 and 88.5

and fitting curves

of a microbridge at
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3

K. The reader
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side of the figure for logarith-

mic scale.

Therefore, the thermal-activation
process appears to be
dominant at high temperatures.
The I-V characteristics 0 were measured on a microbridge with width of 500 A. The critical current density
of this bridge' was 3. 6X10" A/cm at 77 K. Experimental data and fitting curves are shown in Figs. 5 and 6.
The dashed line corresponds to v=1 scaling, while the
solid line with v=2. In Fig. 5, the lnV versus current at
77 K are shown with fitting curves. The inset in Fig. 5 is
the I-V curve obtained near J, and the experimental
points fit the v=2 scaling quite well. Clearly, at 77 K the
quantum nucleation of vortex rings is still playing a rnajor role in microbridges. This is not very surprising to us.
First of all, the J, of the microbridge is extremely high
(more than 2 orders higher than that of films). This implies a very small vortex ring (R ~100 A). The size of
the ring is in the same order of the bridge width; therefore, the edge pinning is very important. If we consider
the contribution of edge pinning, the effective energy barrier will be very high and narrow, where the vortex ring
requires additional energy beyond Eq. (5) to overcome the
tunneling
activation.
barrier by thermal
Quantum
through the barrier allows for vortices to move. At 85 K,
both models approximately fit the experimental data but
the agreement of fit is poor at T=88. 5 K, see plots in
Fig. 6. The models considered here are not valid near T,
since Auctuations near the critical temperature have not
been taken into account.
For sput tering films characterized
by low J,.
at 77 K), the v= 1 scaling agrees with
( J, = 5 X 10' A/cm
The results are
experiment data at most temperatures.
shown in Fig. 7. For the low-J, film, the vortex-ring
model is inappropriate.
We can estimate the radius of

the ring by using Eq. (6) to be in the order of a few
thousand microns, which is much bigger than the thickness of the film (5000 A). Hence, this can be viewed as a
vortex-antivortex pair excitation. At low temperatures,
films characterized by low J, also exhibit v=1 scaling.
The tunneling model can be made to fit a v=1 scaling
nucleation'
law for vortex-antivortex
(instead of vortex
model predicts scalrings) where the thermal-activation
ing. Hence, at low temperatures and for low-J, films, it is
inconclusiue to choose one model over the other. For
films characterized by high
the data only fit a v=2
low
which
our tunneling model
temperatures,
scaling at
does predict.

J„

V. CONCLUSION

We have demonstrated that the vortex dynamics could
be either thermally activated or quantum-mechanically
induced. In high-J, superconducting films, the quantum
nucleation of vortex rings plays a major role when the
temperature is substantially below T, . In high-J, . microbridges, quantum tunneling of vortex rings occurs even at
high temperatures (about 10 K below T,. ). For low-J, suor thermalperconducting films, the quantum-tunneling
activation models may both be involved to explain our
experimental results at low temperatures. The discrepanand Jz and J, may be due to the
cy between deduced
neglect of the inclusion of dissipation in the tunneling
barrier factor, which would tend to increase the tunneling
,

J

&

rates.
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