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Supercurrent peaks in planar high-temperature superconducting Josephson junctions

M. S. Rzchowski*
Physics Department, University of Wisconsin–Madison, 1150 University Avenue, Madison, Wisconsin 53706

B. A. Davidson
Physics Department, University of Illinois–Urbana Champaign, 1110 West Green Street, Urbana, Illinois 61801
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We investigate the current-voltage (IV) characteristics of planar high-temperature superconducting Joseph-
son junctions in the physically relevant overdamped limit. We show that the nonuniform bias current distri-
bution induced by the planar geometry leads to unexpected modifications of theIV characteristic, including a
resonancelike supercurrent peak that moves with applied magnetic field. We show that these are not resonance
effects, but are due to a dynamical instability in the supercurrent distribution. All of the several bias distribu-
tions investigated result in the field-dependent supercurrent peaks.
t
r
r
,

e
ta

ce
r-
bu

r-
o

c
c
su

. T
SC
ur
w
er
nt
e

he
on
rs

th
it

nt
d
o
th
e
th

ion
VI

nc-
s
in
ost

a
ion
e
an
-
r to
ll is

f-
rec-
ort
-

e-

nd in
ns

can
a

nal
de.

ch
in
e

iffer-
r-
I. INTRODUCTION

Many high-temperature superconductor~HTSC! Joseph-
son junctions are fabricated with a geometry very close
planar, where the electrodes and the Josephson barrie
exactly or approximately in the same plane. Grain bounda1

and focused electron beam2 junctions are exactly planar
while artificial barrier step-edge3 junctions are very close to
this geometry. In many HTSC systems, planar geometry
fects have been discovered to induce modified critical-s
behavior4 and geometrical flux-entry barriers.5 In a planar
Josephson junction, the geometry of the junction influen
the current-voltage (IV) characteristics when the critical cu
rent becomes large enough that transport currents contri
significantly to the magnetic field at the junction~the long
junction limit!. This in turn affects such fundamental info
mation as the critical current density and its dependence
crystallographic orientation.

In this paper we report an additional unexpected effe
that the known nonuniform current distribution in the ele
trodes of planar Josephson junctions introduces unu
magnetic-field-dependent features into theIV characteristic,
such as excess supercurrent and resonancelike structure
occurs even in the overdamped limit characteristic of HT
junctions. This effect will alter the true resonance struct
that appears away from the overdamped limit, and hence
affect the derivation of microscopic properties from sup
current resonances. We show that this is caused by an i
esting transition, in a narrow region of bias current, betwe
two qualitatively different dissipative states. We find t
structure of the transition to be very similar to the transiti
between superconducting and dissipative states that occu
the ~lower! critical current.

In Sec. II, we introduce the problem and describe
focus of the paper. Section III describes the particular lim
ing case of edge-biased junctions, where the bias curre
concentrated entirely at the two junction ends. Here we
velop semianalytic results that explain the new features
served. Section IV discusses a qualitative description of
dynamics in terms of vortex motion. Section V analyz
other, more general, bias current distributions, showing
PRB 620163-1829/2000/62~18!/12455~7!/$15.00
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our conclusions are characteristic of any bias distribut
that concentrates current at the junction edges. Section
summarizes the main results of the paper.

II. LONG JOSEPHSON JUNCTIONS AND NONUNIFORM
CURRENT BIAS

Figure 1 shows a typical planar geometry Josephson ju
tion. The barrier~indicated in gray! is in the same plane a
the thin-film electrodes. This geometry is very uncommon
low-TC junctions where the electrodes and barrier are m
often deposited sequentially as a trilayer, resulting in
stacked configuration. However it is a natural configurat
for many types of high-TC junctions, where, for instance, th
barrier may be formed by a crystalline grain boundary in
otherwise continuous thin film.1 The length scale that deter
mines whether the dimensions in directions perpendicula
the transport current should be considered large or sma
the Josephson penetration depthlJ . When one of these di-
mensions is larger thanlJ , the superconducting phase di
ference across the junction depends on position in that di
tion due to magnetic fields generated by the transp
currents. The dimensionL in the figure indicates the direc
tion in which this planar junction is large~or long!. The
differential equation that describes the position- and tim
dependent phase can be derived6 by combining Maxwell’s
equations and the Josephson relations. In many cases, a
particular in HTSC junctions, only one of these dimensio
is large with respect tolJ . Even in this situation, the
coupled electrodynamic and superconducting properties
be summarized in a simple differential equation for only
few geometries: in other instances a full three-dimensio
analysis of the electric and magnetic fields must be ma
Although the planar geometry of Fig. 1 is not one for whi
a differential equation can be written exactly, it differs
only minor ways from the overlap geometry for which th
differential equation6

wxx2sinw5w t2 j ~x! ~1!

describes the space and time dependence of the phase d
encew. Herex is the position along the junction length no
12 455 ©2000 The American Physical Society
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12 456 PRB 62M. S. RZCHOWSKI AND B. A. DAVIDSON
malized tolJ , t is the time in units of\/2eJcARn , and j (x)
represents the bias current density distribution in the e
trode normalized to the junction critical current density. T
boundary conditions at the junction edges arewx5h
[4pHapplLlJ /Fa . Equation ~1! is valid for the over-
damped limit of negligible junction capacitance applicable
most HTSC junctions.

Because the superconducting electrodes are generally
films of thickness comparable to the London penetrat
depthlL and widths much wider thanlL , the current flow in
them is nonuniform~as indicated schematically in Fig. 1!. A
configuration with current concentrated near the edges of
film and depleted near the center is known7 to minimize the
energy, although the exact form has not been expres
analytically.8 It has long been known that such nonunifor
electrode bias current can reduce the zero-field junction c
cal current.10 It has also recently been shown9 that the
magnetic-field dependence of the measured critical curren
well as the shape of theIV characteristic are modified by
nonuniform bias.

First we consider the limiting case where the bias curr
is concentrated entirely at the junction ends:j (x)5d(x
1 l /2)i l /21d(x2 l /2)i l /2, where i 5I /JcA and l 5L/lJ is
the normalized junction length. We find that this current d
tribution reproduces the features found in the more com
cated bias distributions of Sec. IV, and can be easily a
lyzed. Since both sinw(x) and w t(x) are continuous
functions, integrating Eq.~1! from 2 l /2 to 2 l /21« gives
wx(2 l /21«)2wx(2 l /2)52 i l /2, or wx(2 l /21«)5h
2 i l /2 after substituting the boundary condition. A simil
analysis at the other end of the junction giveswx( l /22«)
5h1 i l /2. The interior region can then be described by

wxx2sinw5w t ; Hwx~2 l /2!5h2 i l /2
wx~1 l /2!5h1 i l /2, ~2!

since the bias current is zero in the interior. Equation~2! is
identical to that derived for the overdamped in-lin
geometry,6 although here it describes an overlap geome
junction with nonuniform bias current. It can clearly be e
tended to the case where a fraction of the bias curren
concentrated at the edges, and the rest uniformly distribu

FIG. 1. Schematic view of a typical planar Josephson-junct
geometry. The region is shaded gray. Transport current~I! is in the
plane of the film, and magnetic field~H! is applied perpendicular to
the film plane. The parameterL indicates the long dimension of th
barrier. The planar geometry results in a nonuniform bias cur
distribution in the electrodes~indicated at left!, leading to resonan-
celike features in theIV characteristic.
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along the junction. This is numerically equivalent to ph
nomenologically mixing in-line and overlap bounda
conditions.10

The underdampedequivalent of Eq.~2! has been dis-
cussed extensively in the context of inline junction.11 How-
ever, theoverdampedlimit represented by Eq.~2! has re-
ceived little attention. This is in part due to the limite
prospect for applications before the advent of HTSC mat
als. In Sec. III we discussIV characteristics derived from Eq
~2!. We find that the characteristics are qualitatively differe
from the underdamped limit. In Sec. IV, we show that mo
physically realistic current distribution also display these fe
tures, and argue that origin of the features is explained by
simplified distribution discussed in Sec. III.

III. IV STRUCTURE IN EDGE-BIASED JUNCTIONS

A. Voltage and supercurrent features

Figure 2 shows the numerically simulatedIV characteris-
tics resulting from Eq.~2! for applied magnetic fields ofh
50, 0.4, and 1.0. The normalized junction length isl 520,
and the voltage is averaged over 5000 normalized time u
after waiting an ‘‘equilibration’’ time of 1000 time units
Two distinct features are observed. The first is a decreas
the critical current in applied magnetic field. This effect
well known and can be shown6 analytically to obeyi c(h)
52l 21(22h)5 i c(0)22h/ l for l @1 ~here i C(0)50.2 for
l 520!. However, there is additional structure in theIV in the
dissipative state atanother characteristic currenti c2 . The
inset to Fig. 2 shows thati c2(h); i c(0)12h/ l . We have
verified that this behavior occurs even forh;5. This struc-
ture has been previously reported7 for a different nonuniform
bias distribution, but its origin was not identified.

This feature is made clearer in Fig. 3, which shows
total time-average supercurrent as a function of bias cur
for h50 andh51 along with the short-junction resistivel
shunted-junction~RSJ! behavior6 ~dashed line!. The h50
curve generally follows RSJ behavior, apart from excess c
rent and subtle oscillatory structure. Here the supercur
carried by the junction increases with bias current belowi C .

n

nt
FIG. 2. Numerically-simulated current-voltage~IV! characteris-

tic for edge-based planar Josephson junction for applied magn
fields of h50, 0.4, and 1. Note the field-dependent structure in
IV indicated by the arrows. The inset shows bias current at wh
this structure occurs to depend linearly on applied field.
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PRB 62 12 457SUPERCURRENT PEAKS IN PLANAR HIGH- . . .
After the critical current is exceeded and the junction is
the dissipitative state, the supercurrent decreases with
creasing bias current as the normal current increases. H
ever, for h51 the supercurrent carried by the junction i
creases evenabove the critical currenti C(h51)50.1 in a
way similar toi , i C . Only for i . i C2 does the supercurren
continually decrease. The sharp drop in supercurrent ati C2 is
similar to that ati C , suggesting a similar instability. Al
though the structure in these curves resembles resonanc
fects in underdamped junctions,12 we show here that they ar
due to dynamical instabilities.

B. Analysis

The behavior described in the previous section res
from instabilities at the two junction edges:i c(h) arises
from an instability atx51 l /2, andi c2(h) from one atx5
2 l /2. It is well known that the critical currenti c(h) is asso-
ciated with a transition from a static, nondissipative state
time-dependent, dissipative state. We have found thati c2(h)
represents a transition betweentwo different well-defined
dissipative states. This transition can be attributed to a
namical instability in the supercurrent distribution conce
trated at the junction endx52 l /2. Despite the time-averag
voltage drop along the entire junction fori c(h), i , i c2(h),
this region of the junction behaves approximately as the
of a long junction in thesuperconductingstate in this current
range, while the rest of the junction shows usual dissipa
behavior.

A qualitative description is straightforward. For zero-bi
current, the applied field induces a circulating ‘‘Meissne
shielding current, positive atx51 l /2 and negative atx5
2 l /2. The behavior for increasing bias current is w
known:6 the bias current adds to the~positive! Meissner su-
percurrent atx51 l /2, while it cancels the~negative! Meiss-
ner current atx52 l /2. At i c(h), the supercurrent carrie
nearx52 l /2 has increased from its~negative! i 50 value to
a value near zero, and the supercurrent nearx51 l /2 has
reached its maximum value. Beyond this point the ph
distribution becomes time-dependent and a nonzero vol

FIG. 3. Total time-averaged supercurrent as a function of b
current for h50 and h51. The dashed line shows the sho
junction RSJ behavior. The supercurrent becomes approxima
field independent fori . i c2(h), but still differs from the short-
junction ~RSJ! behavior.
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appears across the junction. If one were to ignore the volt
drop and time-dependent properties of the junction
i c(h), i , i c2(h), the same line of reasoning would predi
that the supercurrent carried nearx52 l /2 would continue to
increase with bias current until it reached a critical config
ration identical to that ati c(h) nearx51 l /2. This would be
the second instability, and would occur ati c(0)1@ i c(0)
2 i c(h)#5 i c(0)12h/ l because the field-induced Meissn
currents are of opposite sign but equal magnitude at the
ends. This is consistent with the data of Figs. 2 and 3.

However, the junction isnot superconducting in this cur
rent range. In particular, the phase distribution is time dep
dent, and a voltage appears across the junction at all p
tions. Even so, we find that the supercurrent and ph
distribution atx52 l /2 closely resembles the end of asuper-
conductingjunction at each instant in time. In the rest of th
section, we present a detailed analysis of the transition
junction properties ati c2(h) in order to understand this mix
ture of dynamic and pseudostatic configurations in the ju
tion.

To investigate these effects, we spatially resolve the ju
tion dynamics. The time-average voltage does not indic
spatially resolved junction dynamics as it is spatially u
form. However, the time-average supercurrenti s

ave(x) has no
such limitations. This allows us to identify the regions of t
junction that dominantly contribute to the supercurrent a
hence control theIV characteristic. As junction propertie
for i , i c have been extensively analyzed,13 we concentrate
on the regioni c, i , i c2 and thei c2 transition.

Figure 4 shows thetime average is(x) for i c, i , i c2 .
Although oscillatory structure is observed throughout t
junction length, the supercurrent is clearly concentrated n
x52 l /2. The nonzero voltage across the junction indica
that the phase differencew(x) increases in time throughw t
5v(t), and in particular passes continuously through ma
multiples of 2p at all points along the junction. This corre
sponds to a supercurrent oscillating between positive
negative values@ i s}sin„w(x,t)…#. Small values ofi s

ave(x) in-
dicate nearly sinusoidal supercurrent oscillations, and co
sponding time linearw(t). i s

ave(x)'1 implies thatw(t)
must be very nonsinusoidal, almost steplike, withw jumping
quickly between approximately time-independent values.

s

ly

FIG. 4. The local time-averaged supercurrent as a function
position x along the junction forh51 and i 50.28 (i C, i , i C2).
Supercurrent is concentrated at the left edge of the junction.
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12 458 PRB 62M. S. RZCHOWSKI AND B. A. DAVIDSON
This is explicitly demonstrated in Fig. 5, which shows t
phase differencew(x) at equally spaced time intervals. Thex
range extends from the left end of the junction to the cen
~2 l /2 to x50!. The phase~and hence supercurrent! distribu-
tion is approximatelystatic (w t'0) for extended periods o
time near the junction edge, while it has an approximat
uniform time dependence forx more than;4lJ from the
junction edge. Our numerical calculations indicate that t
behavior is preserved for alli , i c2 . Above i c2 the supercur-
rent distribution is characteristically different, as shown
Fig. 6. We discuss this regime further after establishing
nature of the threshold currenti c2 .

The weak time dependence ofi s(x) nearx52 l /2 permits
a static analysis to be approximately applied. The phase
tribution shown near the junction edge in Fig. 5 fori 50.28
. i c is in fact very like the static solution for a semi-infinit
junction for that current: decaying approximately expone
tially away from the edge while meeting the boundary co
ditions. In this regionw(x) satisfies Eq.~2! with w t'0.

FIG. 5. The phase differencew(x,t) at equally spaced time in
tervals~h51 and i 50.28@ i C, i , i C2#!. w(x,t) is approximately
static for extended time intervals at the left edge of the junction,
leads to excess supercurrent carried here.

FIG. 6. Local time-averaged supercurrent as a function of p
tion x along the junction fori 50.4 and magnetic fields ofh50 and
h51 @ i . i c2(h)#. The shape of the dominant supercurrent con
bution in the junction interior is independent of field, and leads
the field independence of theIV characteristic fori . i c2(h).
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Equation~5! can be integrated with respect tow to obtain
wx52A2(K2cosw). The integration constant is found to b
K51 by the conditionwx→0 for w→0 in the interior of the
junction. The maximum current, found by minimizingwx at
the junction edge, is easily seen to occur forw(2 l /2)5p.
Then i c2(h)52l 21(21h)5 i c(h50)12h/ l is obtained by
substituting the boundary conditionwx(2 l /2)5h2 i l /2, as
observed in Fig. 2. The above equation forwx also predicts a
value for the phase at the end of the junction using
boundary conditionwx(2 l /2)5h2 i l /2. This corresponds to
w(2 l /2)52.2450.71p for i 50.28 andh51. This com-
pares favorably to that shown in Fig. 5, demonstrating t
the static phase configuration near the junction end is in
very similar to that found in asuperconductingsemi-infinite
junction. The junction approximately incorporates the sta
solution atx52 l /2, while giving an approximately linea
time dependence„v(x,t)'vs

ave(x),i s
ave(x)'0… to the phase

distribution over the rest of the junction. The interpolatio
between these two solutions occurs in a complicated w
that we have not attempted to describe, but which does
seem to strongly influence our conclusions.

i c2(h) can then be associated with a loss of the appro
mately static phase distribution atx52 l /2. Figure 3 shows
that this is also associated with an abrupt decrease in
supercurrent carried by the junction, and corresponding v
age~or normal current! increase. Abovei c2 , the total time-
average supercurrent has approximately the same bias
rent dependence as forh50. The reason for this can be see
in Fig. 6, which showsi s

ave(x) for bias currenti 50.4 and
both h50 andh51. Both show that the local contribution
to the total supercurrent are dominated by a narrow regio
the junction. This region is exactly at the junction center
h50, and slightly off-center forh51 at this bias current. It
moves from the center to the edge asi is decreased, but its
shape and hence contribution to the supercurrent is rem
ably independent of applied field.

IV. VORTEX DYNAMICS

In many situations the dynamics of long Josephson ju
tions can be qualitatively understood in terms of the nuc
ation and motion of Josephson vortices. This is a particula
useful approach in underdamped junctions, where the ph
and current distributions that define vortices are of limit
spatial extent and hence well separated. As can be see
Fig. 5, the 2p phase change representing a Josephson vo
at the fields and currents discussed here doesnot occur
abruptly as in underdamped junctions, but rather graduall
an almost linear dependence of phase on position.

Nevertheless, an interpretation based on the motion
isolated vortices can qualitatively represent the data. T
vortex interpretation is difficult to quantitatively substantia
for the reasons discussed above, and should be used
caution. The instabilities discussed in Sec. III can be view
as vortex nucleation at the junction edges, and subseq
vortex motion toward the junction center. In zero magne
field, the critical current represents nucleation or depinn
of a vortex atx51 l /2 and an antivortex~opposite circula-
tion! at x52 l /2. The transport current causes these to fl
oppositely toward the junction center where they annihila
This symmetry enforces the zero-field condition of no n
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PRB 62 12 459SUPERCURRENT PEAKS IN PLANAR HIGH- . . .
magnetic flux in the junction. Figure 6 shows the tim
average supercurrent for this process: the ‘‘bump’’ occurs
the annihilation point.

For nonzero applied field, the situation is more comp
cated. The two instabilitiesi c(h) and i c2(h), respectively,
represent vortex and antivortex nucleation-depinning. Foi c
, i , i c2 , a vortex nucleates atx51 l /2 and flows across the
junction to annihilate atx52 l /2 with a nucleating antivor-
tex. Figure 5 indicates that the phase atx52 l /2 has a very
nonuniform time dependence, characteristic of the annih
tion process. Fori . i c2(h), our analysis of the time and
space dependence of the junction phase suggests that a
tex first nucleates atx51 l /2, followed later by antivortex
nucleation atx52 l /2. Both subsequently flow toward th
junction center at the same velocity. Their annihilation po
is off-center due to their different starting times. Figure
shows the resulting time-average supercurrent distribut
The supercurrent bump is again at the~off-center! annihila-
tion point.

The field independence of this feature~discussed at the
end of Sec. III B!, and the subsequent field independence
the IV characteristic fori . i c2(h), can be qualitatively un-
derstood within the vortex interpretation: as long as ann
lation occurs in the junction interior, the annihilation proce
should be similar and hence produce a similar contribution
the net time-average supercurrent.

V. GENERALIZATIONS

A. Other bias-current distributions

As discussed in Sec. II, the planar geometry typical
high-TC junctions results in a bias-current distribution that
not precisely equivalent to the edge-biased~symmetric, in-
line! configuration that was used in Secs. III and IV. A mo
physical distribution will have current distributed througho
the junction, with some fraction peaked at the edges. In
section we investigate three bias distributions which m
closely approximate the actual current distribution in a p
nar junction. All show a resonancelike feature, indicati
that it is a general property of nonuniform bias, and n
unique to a particular distribution.

The first distribution investigated here is a superposit
of the in-line ~edge-biased! and overlap~uniform! distribu-
tions. It been successfully used in studies of the static10 and
dynamic properties14 of underdamped, long trilayer junc
tions. Although it interpolates between the edge-bias
uniform distributions, it always has a discontinuity at t
edge.

Various analytical expressions have been used which c
centrate current at the edges while retaining a smooth cur
distribution.6 We investigate two of these. The first6 uses a
parameterg to characterize the crossover from edge-bias
uniform bias asI /I 05(g/ l sinhg)cosh(2gx/l); largerg gives
larger edge current, withg50 corresponding to a uniform
current distribution. The second14 ~‘‘square root’’! distribu-
tion, I 5(I 0 /p)( l 2/42x2)21/2, is derived from the macro
scopic electrostatics of the superconducting thin film, a
has no adjustable parameters.

To describe the linear superposition of in-line~edge-
biased! and overlap~uniform! distributions, we define a fac
tor A as the ratio of the fraction of current in thed functions
-
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at the ends to the remainder of the current which is dist
uted uniformly over the length of the junction.A51 cor-
responds to the complete edge bias, whileA50 describes the
uniform bias. Figure 7 shows the time-average supercur
for variousA ~offset for clarity! in an applied fieldh51 ~1/2
of hco!. The dotted lines indicate the correspondingh50
supercurrent. It should be compared to Fig. 3, which prese
theA51 ~edge-bias! case in detail. A second critical curren
( i c2) is observed in the calculatedIV curves for allAÞ0,
and its dependence on fieldh remains roughly linear. Al-
though the features become broad for smallA ~more uniform
bias distribution!, they remain easily recognizable.

The vertical arrows in Fig. 7 indicatei c2(h51) deter-
mined from an analysis similar to that of Sec. III B. Whe
Eq. ~5! is integrated with respect tow for the ‘‘mixed’’ bias
distribution, and evaluated at the junction end using
boundary conditions in Eq.~2!, one finds

~ i el /26h!2/25@12~ i m!2#1/21 i m arcsini m2 i mwe2coswe

for a semi-infinite junction where sinw5im for largex. Here
i e5 iA is the edge current,i m5 i (12A) is the component of
uniform bias, andwe is the phase at the junction edge. W
find we( i c)5p2arcsinic

m, so that critical values of curren
are implicitly determined by

~ i c
el /26h!2/25@12~ i c

m!2#1/21 i c
m arcsini c

m2 i c
mp. ~3!

Equation~3! evaluated using the1 givesi c(h) for varyingA
that corresponds to within a few percent of those determi
from the data of Fig. 7. Using2 in Eq. ~3! predicts ani c2
indicated by the vertical arrows of Fig. 7. ForA>0.4 these
closely correspond to the point at which the supercurr
decreases for the second time~and hence the threshold for
second increase in normal current!. In correspondence with
the perspective of Sec. III, this is due to an instability in t
phase distribution at the junction end. The agreement is
as good forA,0.4: as the bias current distribution becom
more uniform, we may expect that the junction edges act
independently from the junction interior, leading to diffe
ences with the simple theory.

FIG. 7. The supercurrent as a function of bias current for
‘‘mixed’’ distribution in an applied fieldh51, junction lengthl
520. Each curve is offset by 0.05 units of supercurrent. The ve
cal arrows indicatei c2(h51) predicted by the analysis in the tex
A51 corresponds to complete edge bias;A50 is the uniform cur-
rent distribution. Dashed lines are forh50.
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12 460 PRB 62M. S. RZCHOWSKI AND B. A. DAVIDSON
Figure 8 shows the simulated supercurrent as a func
of bias current for the ‘‘cosh’’ distribution I /I 0
5(g/ l sinhg)cosh(2gx/l) discussed above at an applied fie
h51 and for various values of the edge concentration
rameterg ~offset for clarity!. Clear supercurrent features a
observed for allg values, although the supercurrent n
longer has an abrupt decrease. The features become les
tinct as the distribution becomes more uniform.

Figure 9 shows the simulated supercurrent as a fu
tion of bias current for the square-root distributionI
5(I 0 /p)( l 2/42x2)21/2 for applied magnetic fieldsh51, 3,
and 6. Again a clear supercurrent peak is observed: w
increasing field the peak becomes broader, and the co
sponding bias current for peak supercurrent increases.

For these more general bias current distributions,
somewhat arbitrarily definei c2(h) as the bias current a
which the supercurrent peak is observed. This is consis
with our Sec. III analysis of the edge-bias case due to
abrupt drop in supercurrent ati c2(h), and can be clearly
identified for the more general bias distributions. Figure
shows the dependence of thisi c2(h) on applied magnetic

FIG. 8. Supercurrent as a function of bias current for the c
distribution in an applied fieldh51, junction lengthl 520. Each
curve is offset by 0.05 units of supercurrent. Largeg concentrates
current at the edges.g50 corresponds to a uniform current distr
bution. Dashed lines are forh50.

FIG. 9. Supercurrent as a function of bias current in vario
applied fieldsh for the square-root distribution, junction lengthl
520.
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field for all bias distributions~offset for clarity! investigated
here. All are roughly linear in field, with slopes approxima
ing that found in Sec. III for the edge-bias case.

The results of this section show that the supercurrent
tures reported here exist for several different bias distri
tions that concentrate current at the junction edges. Furt
the dependence ofi c2 on applied field approximately follows
the edge-bias analysis of Sec. III,i c2(h)/ i c(0)511h/2 for
l 520.

B. Excess current

Many experimental long junction measurements show
‘‘excess current,’’ i.e., extrapolation of the linear~high bias!
section of theIV curve to positive values of current. This
observed in zero as well as nonzero applied field. Exc
current can readily be incorporated into the resistive
shunted junction~RSJ! form of the IV curves for over-
damped Josephson junctions6 by shifting theIV curve along
the current axis. The RSJ expression then becomev̄
5A( i 2 i xs)

221, wherev̄ is the time-averaged voltage no
malized to the junctionI cRn , i is the bias current normalize
to the junction critical current, andi xs is the normalized ‘‘ex-
cess current.’’ This model fits our calculated zero-field ed
bias (A51) IV curves quite well. Belowl'10 no excess
current is present. Excess current develops forl .10, satu-
rating at a value around 55% forl .25. Here we have fit the
IV curves out to a voltage five times the apparentI cRn , a
common experimental criterion.

VI. CONCLUSIONS

We have shown that resonancelike features arising in
IV characteristics of nonuniformly biased overdamped p
nar Josephson junctions in a magnetic field are in fact du
dynamical instabilities in the phase distribution. TheIV fea-
tures are caused by a transition between two well-defi
dissipative states, and occur at a critical bias currenti c2 that
increases linearly with magnetic field. These states can
characterized by the behavior of the junction at its ends:
a region of bias currenti c, i , i c2 the junction is in the dis-
sipative state, but one of the ends very accurately retains

h

s

FIG. 10. i c2(h) for all bias distributions. Curves are offset b
0.05 units for clarity. The dashed line for each distribution is t
Sec. III resulti c2(h)/ i c(0)511h/2.
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phase and supercurrent distribution of the superconduc
state. This configuration is unstable fori . i c2 , and the dis-
sipation abruptly increases, with a corresponding decreas
supercurrent, to values found for the zero-field characteris
A qualitative interpretation in terms of vortex motion show
consistency with this model.

These results are of particular importance to high-TC
junctions, which are often fabricated in a planar geome
and hence susceptible to nonuniform bias current distri
tions. The extreme case of complete edge-bias result
well-defined magnetic-field-dependent features. As the b
current distribution is modified to incorporate a more grad
n

-

e

e

v

s.

,

g

in
c.

y
-
in
s
l

decrease from the junction ends, theIV features also becom
broader and less well-defined. However, they remain cle
identifiable, centered at values of bias current that dep
linearly on applied magnetic field. We attribute this to
common origin of these features, indicating that our analy
carries over to more general bias current distributions.
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