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Abstract 

A Josephson junction with a length of 10 times the Josephson penetration depth (Aj) and a defect size of 0.5 Aj to 2Aj in 
different positions has been studied by a mechanical simulation. It was found that the defect modulated the current 
distribution tremendously when it was near the edge of the junction. A surprising enhancement of the critical current under 
the field was observed when the defect was located at 0.5Aj and had a size from 0.5Aj to 2Aj, which was much larger than 
the conventional pinning size: the coherent length ~. This effect could be attributed to a self-field, which was either 
generated by the current itself or by the applied magnetic field, penetrating into the defect smoothly and being pinned at the 
defect. A repulsive interaction between the self-field and the external field kept any further flux from abruptly penetrating 
into the junction. The increment in the critical current under the applied field was up to 125% of the original defect-free one. 
By fitting two defects of the same size of 2Aj and positioning them at 0.5Aj to both edges of the junction, the zero field 
critical current and the critical magnetic field were enhanced up to 150% of a defect-free junction. 

1. Introduction 

Recently, the grain boundary is found to be the 
major cause in limiting the transport current [1-4] 
and to be a source of  noise [5]. The current density 
could be improved enormously by aligning the grain 
boundaries by the melt-texture technique [6,7] or by 
the directional phase transformation method [8]. The 
current density could even be raised up to a higher 
value by adding impurities [9-13]. It was believed 
that these additional impurities act as pinning cen- 
ters. However,  these pinning centers have sizes rang- 
ing from a few hundred A to a few micrometers 
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which are much larger than the expected pinning size 
of  an order of  the coherence length, ~, in oxide 
superconductors. How such large impurities could 
act as pinning centers has not yet been understood. 
Intrinsically, these weak-link-like grain boundaries, 
or small angle grain boundaries, act as Josephson 
junctions. However,  due to the complexity of  grain 
boundaries [3,14], it is very difficult to describe the 
behavior of  grain boundaries by ideal Josephson 
junctions. Moreover, some studies proposed that a 
grain boundary acts like the resistively shunted junc- 
tion model [4,5] or a composition of many small 
junctions [14]. To understand the role played by 
grain boundaries, the single grain boundary or the 
junction made by the thin film technique on a bicrys- 
tal has been studied. The critical current density 
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versus the applied magnetic field shows an ambigu- 
ous pattern that could only be intuitively related to 
the Fraunhofer pattern [4,14]. Obviously, no empiri- 
cal model could be used to understand the fuzzy 
behaviors in a grain boundary or a realistic Joseph- 
son junction. 

A realistic junction or grain boundary, which 
contains many defects or material inhomogeneity, 
complicates the behavior of the transport current in 
response to the applied magnetic field. Even though 
an extensive microscopic investigation of an ideal 
junction had been made by Owen and Scalapino [15] 
and Zharkov and co-workers [16-18], no experi- 
ments or theories could give a clear microscopic 
view to understand the complex behaviors in a real 
junction. To do so, we simplified a realistic Joseph- 
son junction by one that contains an antisymmetric 
point defect. Defects with various sizes were placed 
in different positions in the junction. The current and 
the applied magnetic field were then introduced upon 
the junctions. With most experimental techniques, 
the dynamics of the interaction between the transport 
current and the applied magnetic field during the 
experiment cannot be seen. To observe these dy- 
namic pictures, the mechanical simulation is a very 
powerful tool. In the present experiment, we were 
able to observe the current distribution and the flux 
formation in the junction. In some cases, the field 
penetrated smoothly into the junction while, in most 
other cases, it formed a flux abruptly. The tunneling 
properties, the Fraunhofer pattern, were not influ- 
enced by the point defect that was located in the 
center of the junction unless it was moved to the 
edge of the junction. In some circumstances, a defect 
with a size of 2Aj  exhibited the strongest pinning 
effect that enhanced the critical current and the 
critical magnetic field. 

2. Experiment 

A mechanical simulation device was first devel- 
oped by Yamashita et. al. [19] to study features of 
DC current versus magnetic field of a one-dimen- 
sional Josephson junction. A series of pendulums 
hanging vertically on a stretched rubber string were 
used to simulate a junction sandwiched by two su- 
perconductors on both sides. The DC current could 
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Fig. 1. The top view (a) and the side view (b) of the mechanical 
simulation of an ideal Josephson junction that carries a critical 
current under zero field. 

be applied through the junction by rotating the rub- 
ber string in the same direction on both sides simul- 
taneously. When both sides were rotated, a torque 
strain moved the hanging pendulums away from its 
vertical position at an angle. Gravity causes those 
pendulums on the edge swept faster than those in the 
center of the junction, as shown in Fig. 1. The 
vertical projection of the gravity torque on pendu- 
lums simulates the flow direction and the current 
density per unit length. The transport current prefers 
to pass through the edges than the center of the 
junction due to the Meissner effect. Therefore the 
mechanical pendulums' system can be regarded as 
equivalent to the Josephson junction not only in the 
current distribution but also in the mathematics. A 
certain degree of rotation on both sides of the rubber 
string corresponds to a constant applied DC current. 
As long as the transport current density is below the 
critical current density, one can visually see the 
stable tunneling current distribution on the string. 
When the applied current is stronger than the critical 
one, the pendulums on the edges will certainly flip 
over and form a vortex in the junction. Similarly, the 
external magnetic field can be simulated by rotating 
the rubber in opposite direction on both sides simul- 
taneously, as shown in Fig. 2. A persistent super-cur- 
rent flows on both sides of the junction in the 
opposite direction to keep the inner junction in a 
pure Meissner state. To measure the critical current 
of the junction in different applied magnetic fields, 
we apply the magnetic field and follow by applying 
a current until visually recording the flip of the 
pendulum on either sides of the junction. 
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Fig. 2. The top view (a) and the side view (b) of the mechanical 
simulation of an ideal Josephson junction under the influence of a 
critical magnetic field. 

In this setup, only the one-dimensional defect 
with a finite length smaller than the length of the 
junction will be created. To generate such defects, a 
few selected pendulums are replaced by lighter pen- 
dulums. Because the tunneling current corresponds 
to the vertical projection of the gravity torque of 
pendulums, a lighter pendulum with a small gravity 
torque represents a small tunneling current in the 
defect area. Therefore, the defect we introduced is 
different from an open defect in a tunneling junction. 
They are mostly like a hole of finite depth in the 
junction. The resistance to the tunneling current is 
stronger in the defected area than in the defect-free 
one. The junction would not be decoupled into two 
separate ones. This is the case similar to those 
additional impurities in the grain boundary, whose 
cross-sections are smaller than the area of grain 
boundaries. They do not cut the grain boundary into 
two separate ones but only form an obstacle for the 
current to flow by. 

3. Resu l t s  a n d  d i s cuss ion  

The transport behavior of a Josephson junction of 
type-II superconductors under the influence of an 
external applied magnetic field are well described by 
three equations [20-22]. In a short junction, the 
critical current density varies with a weak magnetic 
field as a symmetric Fraunhofer pattern [23]. When 
the length of the junction is longer than 10 times the 
Josephson penetration depth, the Fraunhofer pattern 

stretches into different patterns as several overlap- 
ping triangles [24,25]. The solid line in Fig. 3 shows 
the first triangle which has no flux in it. In this ideal 
case, its critical transport current (Ic) is proportional 
to the reciprocal of the applied magnetic field (H). 
Inside this triangle, the junction exhibits nothing but 
a pure Meissner state. When point defects were 
introduced asymmetrically into the junction, the ideal 
pattern experienced a shift to a different position and 
became asymmetric. In Fig. 3, the point defect had a 
size of 2 Aj. The pattern is changed according to the 
position of defects. When the defect was moved 
from the edge to the inner part of the junction, the 
triangular pattern was initially enlarged and then 
shrinked rapidly along one side of the triangle as 
shown by dashed lines. Finally, the pattern ap- 
proached its original position whenever the center of 
the defect approached the center of the junction. 

To understand the effect of defects on the critical 
current in the zero field (I  °)  and the critical mag- 
netic field (H°), the I ° and H ° as a function of 
defect positions are plotted in Fig. 4. The position of 
the defect was measured from the edge of the junc- 
tion to the nearest edge of the defect. Because the 
separation between pendulums was 0.5Aj, the hori- 
zontal axis was scaled to Aj. Fig. 5(a) indicates a 
defect-free junction. The applied current flows by the 
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Fig. 3. The triangular patterns of long defected Josephson junc- 
tions with a defect whose size is 2Aj and is located at different 
positions from the edge of junction. 
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two sides of the junction. The center of  the junction 
remains at a pure Meissner state. The supercurrent 
remains in symmetric form if the defect sits at the 
center of  the junction, Fig. 5(b). However, the sym- 
metric distribution of  the supercurrent is perturbed 
when the defect is located in a position that cuts into 
the area by which the current flows, as shown in 
Figs. 5(c) and 5(d). The defect forced a redistribution 
of  this super-current. As a result, the completed 
Meissner area became shrunken or even disappeared. 
I ° and H ° decrease gradually to a minimum value 
when the defect approaches the edge of  one hj, Fig. 
5(d). Of  course, the position of  the defect was not 
the only source that influences I ° and H° ;  the size 
of  the defect also affected them in other ways. 
Larger defects were more effective in affecting the 
current distribution. Therefore, the value of  the criti- 
cal current decreased faster for the junction contain- 
ing larger defects. 

A surprising result was observed when the defect 
was placed further outward to 0.5hj. As shown in 
Fig. 3, I ° and H ° increase to that of  a defect-free 
junction. We discovered that a small self-field, 
smaller than the field in one flux, which was gener- 
ated by the applied current itself or the applied field 
penetrated smoothly into the defected area, also 
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Fig. 5. The current distribution in Josephson junctions: (a) an ideal 
junction; (b) to (e) are defected junction for defects at different 
positions as shown in empty squares. The current distribution 
experiences a strong modulation when the defect approaches the 
edge of junction. 

shown in Fig. 5(e). Even though the penetrated field 
was smaller than one flux, it acted as a pinned flux 
and resisted any further penetration of  field to form a 
vortex in the junction. It was, therefore, necessary to 
apply a higher current to overcome this resistance to 
reach the critical current. Contrarily, the other side of  
the junction which was not defected, experienced no 
change at all. With the help of  this resistant force the 
flux would no longer be able to penetrate into the 
junction from the defected side but from the defect- 
free side. I ° and H ° were then the same as if there 
were no defect. According to our results, this en- 
hancement effect occurred only when defects were 
0.5Aj to 2Aj ill size and positioned at 0.5Aj from the 
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edge of the junction. However, for those defects 
which were not in the special range, the flux pre- 
ferred to penetrate abruptly into the junction. 

The maximum critical current under the field, lff, 
experienced a very similar enhancement effect when 
both the DC current and the external magnetic field 
were applied. In Fig. 6, lff was plotted as a function 
of the defect size, and the different lines indicated 
different defect positions. For those junctions with 
the defect positioned at 0.5Aj, lff dropped a little bit 
and then increased linearly up to its maximum value, 
125% of Ic °, when the defect changed in size from 
0.5 Aj to 2 Aj. We further enlarged the size of defects 
and an abrupt drop of Ic n was observed, which 
remained decreasing. This strongly suggested that 
the penetrated field tended to be pinned at the defect 
as a flux. The stronger the pinning effect, the stronger 
the repulsive force was observed. The maximum 
value of Ic n was found when the defect was 2 Aj in 
size, which was the space occupied by the magnetic 
field of a flux. Therefore, the penetrated field acted 
as a flux that could be pinned by a defect. In the case 
of a bulk system, it was believed that the strongest 
pinning effect was developed when the pinning cen- 
ter had a comparable size with the coherent length of 
a Cooper pair. Surprisingly, the penetrated field was 
found to be pinned to a much larger size, around 3 
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orders of magnitude larger than the coherent length. 
When the defect was smaller than 2Aj, the pinning 
size was not large enough to contain the entire 
penetrated field. Therefore, the pinning force was 
smaller and gave rise to a lower I~. In opposite, the 
penetrated field was able to move freely inside de- 
fects larger than 2,h.j, which resulted in lowering the 
repulsive force and Iff. 

To understand the complete behavior of a de- 
fected junction, we have to know how the repulsive 
force acted and at which side of the junction the flux 
tended to penetrate first. Fig. 7 shows the patterns 
for a defect of size 2Aj located at 0.5Aj and 1 Aj. 
The triangle ead is the first-order triangular pattern 
for an ideal long Josephson junction. The ebcd 
contour indicates a defected junction with the defect 
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located at 0.5Aj and a size of 2Aj .  To describe the 
situation qualitatively, we denote H*  to be the 
applied magnetic field, where the maximum Iff oc- 
curs, and H to be the external field we have applied. 
Because the defect-free side is kept at a long dis- 
tance from the defect, it purely acts as an ideal 
junction. The critical field that needs to form a flux 
inside the junction from the defect-free side is de- 
noted as H~n ). Neglecting the repulsive force be- 
tween the penetrated field and the external field, the 
critical field H~d ) at the defected side becomes 
smaller than He(,). The extra field that is needed to 
overcome the repulsive interaction is defined by H r 
and is drawn as a short-dashed line in Fig. 7(a). 
When the penetrated field is pinned in the defect, H r 
is stronger than H,~n)- H~(d). To know how much 
current or applied magnetic field we really need, we 
define the equivalent fields, H(~) and H(~,), to be the 
field required to overcome this barrier at the defected 
and the defect-free sides respectively. 

To reach point a in Fig. 7(a), a DC current was 
supplied. The applied current flew through both sides 
of the junction initially. While more current was 
added, the defected side of the junction experienced 
a strong modulation. After the applied current ex- 
ceeded the point 1, the self-field started to penetrate 
into the defect smoothly. A repulsive interaction 
between the penetrated field and the external self- 
field was built up. Near point a, the defect-free side 
had reached its critical point (i.e. H(~)= H~(,)) and 
had readily been penetrated by a flux, while the 
defected side was still far away from its critical point 
(i.e. H(~) = He(d) + H r > H(~,)) because of the repul- 
sive interaction. As long as the current reached the 
critical state, point a, the flux started to penetrate 
into the junction from the defect-free side. That was 
why, the critical current for a defect located at 0.5 Aj 
and with a size of 2,,~j was  the same as an ideal 
junction. 

To reach the point between a and b, a positive 
magnetic field was applied first and then a DC 
current was applied. In this simulation, a positive 
magnetic field means that the induced persistent 
current due to the applied field had the same direc- 
tion as the applied current in the defected side, and, 
of course, had an opposite direction in the defect-free 
side. When a current was applied along a positive 
magnetic field, the distribution of current density in 

the defected side was strongly modulated by the 
superposition of both the persistent and the applied 
current (i.e. H(~) = He(d) -- H + Hr), while the other 
side experienced a cancellation effect (i.e. H(~)= 
H~n ) + H).  This means that one needed to supply 
more current at the defect-free side to force a flux to 
go into the junction. Once the repulsive interaction 
(i.e. H r) on the defected side was strong enough (i.e. 
H r > 2 H  + Hc(n) - Hc(o)) , the flux preferred to pene- 
trate from the defect-free side rather than the other 
side. To reach the point between a and e, a negative 
magnetic field was applied instead, which caused a 
reverse effect to the one described above. The distri- 
bution of current density in the non-defect side was 
constructively superimposed. Between points a and 
e, the constructive superposition effect in the defect- 
free side was much stronger than the repulsive inter- 
action in the defect side, and, the flux preferred to go 
into the junction from the defect-free side. 

The point b in Fig. 7(a) was the place where the 
critical current under the field, Iff, experienced an 
enhancement over 125% of the original Ic °. At this 
point, we simulated the process following the line 
Ob'b and observed an equal opportunity for both 
sides to be penetrated by flux. This enhancement 
effect in the defected side due to the repulsive 
interaction was balanced by the cancelation effect on 
the defect-free side ((i.e. H r = 2H* + He(,) - He(d)). 
Therefore, one needed a maximum current to force a 
flux into the junction. 

Along the line Oc-----7, a much stronger cancelation 
effect (i.e. ° - H(n ) - Hc(n) "q- H )  occurred on the defect- 
free side and a stronger current was needed to over- 
come this effect so as to force the flux through this 
side. On the other side, the defected side, the applied 
field enhanced the current density too much (i.e. 
H r < 2 H  + Hc(.)- H~(d)) that it weakened the resis- 
tance (i.e. H(~)= H~td)- H + H~) to the flux. In this 
way, a flux penetrated from the defected side and led 
to a lowering of the critical current of the junction. 
Following the path Odc, we found that we were not 
able to reach point c. Because the point d had a 
magnetic field with the same magnitude as that of 
the point e, the junction acted as along the Oe path. 
The flux penetrated from the defect-free side, and the 
defected junction transformed to the second phase 
with a vortex in the junction. 

If one moved the defect to the inner part of the 



T.C. Chow et al. / Physica C 245 (1995) 143-150 149 

junction, the repulsive interaction was totally elimi- 
nated as shown in Fig. 7(b) in which the short-dashed 
triangle no longer existed. To reach point a in Fig. 
7(b), both the defected and defect-free side needed to 
be supplied with equivalent fields He(d) and He(n) 
respectively. For He(d) smaller than He(,), the flux 
penetrated into junction from the defected side as 
expected. Along line ae, a positive magnetic field 
was applied and strongly modulated the current dis- 
tribution (i.e. H(~)= H e ( d ) -  H)  in the defected side. 
The other side experienced a cancelation effect (i.e. 
H(~) = H~(n) + H).  Therefore, the flux_penetrated from 
the defected side. In another line ab, the negative 
magnetic field (IHI--H) exhibited a cancellation 
effect in the defect side (i.e. e _ H(d ) - -  He(d) -t- H)  and 
an enhancement effect in the defect-free side (i.e. 

C __ H(n) -H¢(~) H).  The flux penetrated into the junc- 
tion from the defected side as far as point b where 
H~(~) - He(d) = 2H  * was reached. By inspecting Fig. 
3, point b was moving closer to the tip of an ideal 
junction when the defect was moving to the inner 
part of the junction. It was clear that the properties of 
both sides became more similar as expected when 
the defect moving inward. Along be, the magnetic 
field was stronger than H * such that the flux pene- 
trated from the defect-free side instead. Similar to 
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Fig. 8. The ideal triangle of an ideal junction could be symmetri- 
cally enhanced by introducing two defects with the same size and 
with the same distance from both sides of the junction. The 
enhancement was observed to go up to 150% of the original value. 

points c and d in Fig. 7(a), we were not able to reach 
point c but point d. 

It was interesting to know if we can increase I ° 
and H ° by introducing two similar defects on both 
sides of the junction. As expected, I ° and Hc ° could 
be enhanced by 150% of the defect-free value as 
shown in Fig. 8. 

4. Summary 

A defect in a Josephson junction was simulated 
by switching pendulums to the ones with smaller 
torque in a mechanical simulation. As long as the 
defect did not decouple the junction into two sepa- 
rated ones, the influence of the defect was tremen- 
dous. It was found that the self-field due to the 
applied current or the magnetic field tended to pene- 
trate smoothly into the defect when the defect was 
placed at 0.5 Aj from the edge of the junction. Inside 
the junction, a strong pinning force happened when 
the defect had sizes ranging from 0.5 hj to 2 Aj which 
was 3 orders of magnitude larger than the conven- 
tional pinning size, ~, in the bulk superconductor. 
The penetrated field interacted with the external field 
and resulted in a repulsive force to keep the flux 
away from the junction in the defected side. The 
critical current under field, I H, was enhanced up to 
125% of the original defect-free one. When the 
defect moved toward the center of the junction, the 
external field no longer penetrated into the junction 
smoothly but abruptly and the modulation effect on 
the current which flew through the defected side 
declined. With a careful design, we were able to 
increase the critical current at zero field, I °, and the 
critical field, H c, to 150% of the defect-free one by 
placing two defects of 2) t j  in size at 0.5Aj from both 
edges of the junction. 
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