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We have investigated the magnetic field dependence of the critical current in submicron YBa2Cu3O7−x �001�
tilt bicrystal grain boundary junctions. The good homogeneity of submicron grain boundary barrier interfaces,
together with the large magnetic field needed to modulate the Josephson current, allow to observe several
features not observed in micron size junctions, like a nonconstant modulation period, strongly dependent on the
maximum applied magnetic field. Experimental results are well accounted for by a theoretical model taking
into account the magnetization of the nearby electrode, and the strong interaction of its stray field with the
junction interface. The analysis of the nature of this interaction and the influence of the device geometry are
also relevant for potential applications of high critical temperature LSI devices.
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I. INTRODUCTION

The magnetic field dependence of the critical current
ICj�Ha�, where Ha is the external applied magnetic field, is
one of the most powerful diagnostic tool for the properties of
superconducting Josephson junctions.1 It can give informa-
tion on the barrier uniformity,1 on the effect of trapped Abri-
kosov vortices,2–8 or even on the order parameter symmetry
of the superconducting electrodes.9–11

While in good conventional superconducting Josephson
junctions the ICj�Ha� dependence follows a clear “Fraun-
hofer” pattern:

ICj�Ha� = ICj�0�� sin���/�0�
��/�0

� �1�

its behavior is much more complicated in high critical tem-
perature superconducting �HTS� grain boundary junctions
�GBJs�.12 Even limiting our investigation to misorientation
angles for which the contribution of the unconventional
d-wave order parameter symmetry is negligible, the ICj�Ha�
dependence is generally very irregular because of the non-
uniform nature of the barrier interface.12–15 Moreover, the
planar structure typical of most HTS GBJs leads to a w−2

dependence of the modulation period,16 where w is the junc-
tion width, in contrast to the w−1 dependence measured in
low critical temperature conventional junctions.

Most of the studies on the magnetic properties of GBJs
take only into account the current distribution inside the bar-
rier interface1 and also when the effect of the adjacent elec-
trodes is considered, it is generally limited to the “small
field” �Meissner region� and “large field” �uniform vortex
density� cases.

In this paper, we investigate, both experimentally and
theoretically, the interaction of submicron bicrystal grain
boundary junctions with the electrodes in their “intermediate
case,” i.e., when vortices start penetrating the thin films and

their density and position increase as a function of the exter-
nally applied magnetic field. For this analysis the use of sub-
micron junctions17 is very helpful for two main reasons: �i�
large magnetic fields needed to modulate their critical current
make a large number of vortices enter the electrodes and
interact with the junction barrier, and �ii� the reduced junc-
tion size results in relatively more uniform barrier interfaces,
as demonstrated in previous experiments on transport and
interface properties.18–20 Submicron GBJs become then a
tool to study the vortex dynamics and the magnetization of
superconducting thin films.

The analysis of the interaction of vortices with the grain
boundary interface and the influence of the device geometry
are also relevant for applications of HTS devices, from digi-
tal integrated circuits to HTS SQUID magnetometers, whose
1/ f low frequency noise is strongly influenced by trapping
and hopping of vortices close to the SQUID body.

II. THEORETICAL DESCRIPTION

The penetration of magnetic fields in thin slabs and discs
has been widely studied and discussed with both numerical
and analytical calculations �within the Bean21,22 assumption,
critical current density JC=constant�, also in the presence of
current transport.23,24

In our experiments, we are considering thin films in per-
pendicular applied magnetic fields Ha.23,24 In such configu-
rations, demagnetization effects are very important. Assum-
ing a long flat strip, with thickness d�w �linewidth�, and
rectangular cross section, �z � �d /2, �y � �w /2, the current
density J in the electrodes is expected to be strongly related
to the curvature of flux lines. Indeed, also for weak applied
magnetic fields, when there is no penetration of the perpen-
dicular component Bz, the net magnetic field wraps around
the film and the tangential By component is characterized by
opposite values at the two outer film surfaces �top and
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bottom�.25 In this “transverse geometry,” the screening cur-
rents do not flow only along a small depth, of the order of �
from the edge, where � is the London penetration depth �for
thin films we should consider an effective penetration depth
�eff=2�2 /d�, but down to the middle of the sample. More-
over, the exact current density distribution over the sample
thickness is irrelevant. Indeed, being in our films d�2�, JC
is almost constant over the whole thickness. The current
component perpendicular to the film plane is negligible
compared to the other two and the current distribution can be

considered as two dimensional �2D�, J� = x̂Jx+ ŷJy. In this
case, the total current

I�x,y� = �
−d/2

d/2

J�x,y,z�dz

can be calculated as I�x ,y�=dJ�x ,y�. Such current, flowing
along the strip, generates a magnetic self-field which adds to
the external applied field. At z= ±d /2, its perpendicular com-
ponent is characterized by a nonlocal relationship,26

Hz�y� = �
−w/2

w/2 I�u�du

y − u

while the parallel component is determined only by the clos-
est current path, Hy�y�= 1

2 I�y�sgn�z�.
Because of demagnetization effects, a logarithmic over-

shooting Hedge�Ha then appears close to the sample edge,
i.e., the field at the film edge is much larger than the applied
field. When Hedge�Hc1 �the lower critical field�, quantized
vortices �fluxons� nucleate at the film edge, where the Lor-
entz force F=qJ�B is maximum, and penetrate the film.
Such a flux entry is regulated by three main factors: the
driving Lorentz force, the pinning force associated to struc-
tural defects, and the surface barrier to flux penetration. The
role of surface barriers can however be neglected in the case
of strong pinning.

Once penetrated, a vortex is pushed inside the film until it
meets a structural defect on its trajectory, where the electro-
magnetic force is balanced by the pinning force �larger pen-
etration for weaker pinning�. By increasing the magnetic
field more vortices enter the film. Considering the small
thickness d��, such vortices have Pearl-like structure.27

They interact mainly via their stray field, which generates a
current density in the film decreasing as 1/r at large dis-
tances r. The force between two such “Pearl vortices,” con-
taining one flux quantum �0, is then long range, J�0d
	1/r and the electromagnetic interaction, expected in our
thin films, is then much larger than in the superconducting
bulk, as calculated by Carneiro and Brandt.28

When the external magnetic field Ha is reduced to zero
and there is no Lorentz force from the shielding currents, the
vortex remains trapped at the pinning center �if the pinning
strength is large enough to avoid that the mutual repulsion
among vortices leads to some flux expulsion�. By applying
an opposite magnetic field −Ha, the vortex is swept out from
the film and a new vortex, of opposite sign, will be placed at
the same irregularity. It is worth noting that the flux escape is
blocked by a surface barrier that does not disappear until Ha

is reduced to zero.21,22 A surface hysteresis, related to the
delayed flux expulsion, is then expected at decreasing fields.

In this paper, we will follow the theoretical macroscopic
approach described in Ref. 24, referring to thin strips in per-
pendicular magnetic fields. In this model, the calculated ini-
tial flux penetration is quadratic in Ha, i.e., there is a delay in
the entrance of vortices in the strip, like it would be in the
presence of a first critical field Hp	0.296Hc. It is worth
noting that the results of such macroscopic theory are con-
sistent with the microscopic details considered in Ref. 28.

The field profiles are calculated, for both increasing ap-
plied magnetic fields Hinc �from zero to a maximum value
Hmax� and for decreasing fields, Hdec, from Hmax to −Hmax, by
using Eqs. �2� and �3�, respectively. In the calculations, the
critical sheet current JCd is assumed constant, i.e., indepen-
dent of the local flux density, and Hc1=0,

Hinc =

0 for �y� � b ,

JCd

�
arctan h

��y2 − b2�
c�y�

for b � �y� � w ,

JCd

�
arctan h

c�y�
��y2 − b2�

for �y� � w ,

� �2�

Hdec�y,Ha,JC� = H�y,Hmax,JC� − H�y,Hmax − Ha,2JC� ,

�3�

where b=w / cosh�Ha /Hc� is the Meissner flux-free region
and c=tanh�Ha /Hc�.

In Fig. 1, we show the simulated profiles of a supercon-
ducting strip, 500 
m large and 120 nm thick, when �Fig.
1�a�� a magnetic field is increased from 0 to several Hmax
values and �Fig. 1�b�� at several decreasing Ha, from 100 Oe
to −100 Oe. We can see a continuous penetration of vortices
for increasing applied magnetic fields while, in the decreas-
ing magnetic field branch, the strayfield of trapped vortices,
which is strongly dependent on Hmax, creates a negative field
at the strip edge even for positive Ha values. In both cases,
we see the logarithmic discontinuity at the strip edge and a
strong stray field, far outside the sample. From the above
considerations we can then conclude that, if a Josephson
junction1 is patterned close to the electrode, we may expect a
relevant contribution of such a stray field �including vortex
and Meissner currents� on the junction properties. Physically,
vortices tend to arrange in the electrode by a
Bean-Livingstone21 type interaction and their number and
position, affected by structural geometrical conditions and
pinning, will modify the critical current distribution into the
junction.

III. EXPERIMENTAL PROCEDURES

Submicron grain boundary junctions have been fabricated
according to the following procedure. A stack of
120–140 nm thick YBa2Cu3O7−x film and a protective
50 nm thick amorphous SrTiO3 layer have first been depos-
ited, by laser ablation, on symmetric 24° �001� tilt SrTiO3
bicrystal substrates. These two films have then been covered
by a gold layer, 50 nm thick, in order to have a conductive
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film for the FIB process. The device geometry has been de-
fined by standard photolithography and Ar ion beam milling
etch. The mask used allowed to obtain 44 junctions with
widths ranging from 2 
m to 20 
m. A number of junctions
have then been narrowed, in the range 0.3–1 
m, by using a
FIB microscope with a Ga source. Figure 2�a� shows the
final device pattern and Fig. 2�b� a FIB picture of a typical
submicron grain boundary junction, just after the focused ion
beam etch �the solid line indicates the bicrystal line, not vis-

ible under the FIB�. A more detailed description of the fab-
rication procedure is reported elsewhere.17

All the experiments have been made, with very low noise
electronics, in a helium cryostat shielded by 1 thick alumi-
num and 3 
-metal shields with a residual field lower than
1 mOe. Samples have been measured both in liquid helium
�T=4.2 K� and in liquid nitrogen �T=77 K� by using a
vacuum probe covered by both a superconducting lead cyl-
inder and a cryoperm shield. The external magnetic field �up
to 100 Oe at T=77 K and 350 Oe at T=4.2 K� has been
applied by a copper solenoid with the main axis normal to
the film plane.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Current-voltage �I-V� characteristics of all our submicron
bicrystal grain boundary junctions are well accounted for by
the resistively shunted junction �RSJ� model, including a
thermal rounding noise.1 Figure 3 shows a typical I-V char-
acteristic at T=77 K. The critical current densities JCj are of
the order of 104 A/cm2 at T=77 K and about 2–5
�105 A/cm2 at T=4.2 K.17 One important feature is the
complete suppression of the critical current by applying ex-
ternal magnetic fields �inset of Fig. 3�. This property is a
clear signature of the improvement of the barrier homogene-
ity obtained by reducing the junction widths, as also evi-
denced by experiments on Andreev bound states in 45° �001�
symmetric GBJs.1,18,19

However, the ICj�Ha� measured in our submicron junc-
tions differs from the typical Fraunhofer pattern, Eq. �1�, in a
number of respects. In Fig. 4, a typical ICj�Ha� behavior at
T=77 K is shown for a 700 nm wide junction. By increasing
the magnetic field, from 0 to a maximum value Hmax
=100 Oe, the modulation pattern shows a nonconstant pe-
riod, in contrast to what is expected in a Fraunhofer pattern.
In particular, in Fig. 4, the second period is larger than the
first one. This effect is more evident when the magnetic field
decreases from Hmax to −Hmax.

In Fig. 5, the ICj�Ha� dependencies for a 1 
m wide GBJ
are shown for several Hmax values. In all the curves the mag-
netic field was changed from 0 to Hmax �before starting the

FIG. 1. Simulated profiles of a superconducting strip �half of the
full width is shown� in a perpendicular magnetic field, according to
Ref. 24. The width of the strip is 500 
m and its thickness 120 nm.
�a� The increasing applied magnetic fields cause penetration of vor-
tices. �b� In the decreasing magnetic field branch, the trapped vor-
tices depends on the maximum applied field. In both cases, a strong
stray field, far outside the sample is present. The magnetic field at
the strip edge is characterized by a logarithmic discontinuity due to
the “transverse geometry.” The dotted vertical lines give the effec-
tive magnetic field values at distances of 10 
m, 110 
m, 210 
m,
respectively, from the strip edge.

FIG. 2. �a� Final device pattern. 44 junctions ranging from 0.3 to
20 
m have been defined. �b� FIB picture of a typical submicron
grain boundary junction, just after the focused ion beam etch �the
solid line indicates the bicrystal line, not visible under the FIB�.

FIG. 3. Current-voltage characteristic of a 400 nm wide GBJ at
T=77 K. In the inset, current voltage characteristics of a 470 nm
wide junctions with applied magnetic fields in the range
−50 Oe–50 Oe.
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measurements�, then from Hmax to −Hmax. The most interest-
ing effect is that curves do not overlap and are not simply
shifted along the magnetic field axis. Limiting our attention
only to positive currents �for negative currents the discussion
is completely equivalent�, and moving from Hmax to −Hmax,
the first period slightly increases with Hmax while the central
period strongly depends on the maximum applied field �it
doubles by changing Hmax from 10 Oe to 50 Oe�. Finally, all
the curves reach their minimum at the same negative field
value, and overlap when the magnetic field is increased in
the negative direction. This effect is perfectly reproducible;

we have measured the same sample, some weeks after with a
different probe, obtaining exactly the same curves. It is
worth noting that, in Figs. 4 and 5, the critical current does
not go to zero only because a voltage threshold criterion has
been used to estimate ICj.

The not constant modulation period is always accompa-
nied by a shift of Hpeak, defined as the magnetic field value
corresponding to the maximum critical current. Hpeak is posi-
tive when Ha is decreased from Hmax and negative when the
applied magnetic field goes from −Hmax to 0.

All these effects have also been observed at T=4.2 K, as
shown in Fig. 6 for a 475 nm wide GBJ.

In Fig. 7, we show both the shift in Hpeak and the central
modulation period as a function of Hmax for two junctions,
770 nm and 1 
m wide, respectively. It is worth noting that
both the shift and the width of the central peak show a simi-
lar dependence on the maximum applied magnetic field, in-
dicating the same physical mechanism. However, while the
first modulation period scales with the junction width, the
shift is constant for both 770 nm and 1 
m junctions. There-
fore, Hpeak does not depend on the junction width in contrast
to what is reported in the literature.7

The shift in Hpeak is significant only for magnetic fields
larger than a threshold value Hth, of the order of a few Oer-
sted at T=77 K �Fig. 5�b�� and some tenths of Oe at T
=4.2 K �Fig. 6�b��, independently of the junction width.

A positive Hpeak for decreasing magnetic fields is consis-
tent with the presence of a number of vortices trapped in the

FIG. 4. Dependence of the critical current on the magnetic field
for a 700 nm wide GBJ at T=77 K. The magnetic field has been
varied from 0 to Hmax=100 Oe and then from Hmax to −Hmax.

FIG. 5. �a� Dependence of the critical current on the magnetic
field for a 1 
m wide GBJ at T=77 K. The different curves refer to
different Hmax values, ranging from 0.1 Oe to 50 Oe. In all these
curves the magnetic field has been changed from 0 to Hmax �before
starting measurements�, then from Hmax to −Hmax and finally from
−Hmax to Hmax with the current inverted. �b� ICj�Ha� at small fields.
A field threshold of about 3 Oe for the appearance of the hysteresis
is clearly visible.

FIG. 6. �a� Dependence of the critical current on the magnetic
field for a 475 nm wide GBJ at T=4.2 K. The different curves refer
to different Hmax values, ranging between 0.1 Oe and 300 Oe. In all
these curves the magnetic field has been changed from 0 to Hmax

�not reported in the figure�, then from Hmax to −Hmax and finally
from −Hmax to 0. �b� ICj�Ha� at small fields. At this temperature, the
field threshold is of the order of 30 Oe.
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superconducting electrodes, which give a contribution to the
total magnetic field sensed by the junction opposite with re-
spect to the external one. Indeed, if vortices were trapped in
the junction area, they would sum their stray field to the
external one, giving a peak at negative values.3,6–8,29

In Ref. 29, the hysteretic ICj�Ha� behavior was accounted
for by a model, based on the Ginsburg-Landau equation,
which considers the transverse geometry of the thin film
junction and the contribution of both Meissner currents and
Abrikosov vortices �with and without pinning� close to the
grain boundary. This model relates the hysteretic ICj�Ha� be-
havior to the hysteretic nature of the contribution of Abriko-
sov vortex to supercurrents. However, it predicts a dramatic
increase of the period above HC1, because of the entrance of
vortices with a contribution opposite to the Meissner shield-
ing current. Even though the effect is similar to our experi-
mental measurements, the general behavior is completely
different. Basically, such a model presents a shortcoming at
Ha=HC1. Indeed, the delta function source of the generalized
London equation was replaced by a spatially homogeneous
vortex density term, valid only for Ha�HC1 but failing close
to HC1.

In order to account for our not constant modulation pe-
riod, the abrupt discontinuity at HC1 must be replaced by a
continuous entrance or exit of vortices, i.e., by a continuous
contribution of vortices to the supercurrent for both increas-
ing and decreasing magnetic fields. In this paper, we are
going to follow a simpler approach, which however can ex-
plain much more easily all our experimental data. We use the
Fraunhofer diffraction formula for ICj �Eq. �1��, replacing the
external applied flux with the effective magnetic flux sensed
by the junction. It accounts for the influence of the electrode
vortices and stray fields of the continuous Meissner currents
shielding the flux-free regions.

To estimate Heff in our design configuration, we assume
that the main contribution to the field at the junction position
is given by the large common electrode �Fig. 1�a��. We then
calculate the field profiles inside and outside the electrode
and for both increasing and decreasing directions, by using
Eqs. �2� and �3� �Fig. 1�. Finally, we use the simulated Heff
values 10 
m far from the electrode edge �dashed line in
Fig. 1�, which corresponds to the physical distance between
the junction and the electrode in our pattern geometry.

In Fig. 8, we show the calculated ICj�Ha� behavior for a
700 nm wide junction. In the calculation, we have first in-
creased the magnetic field from 0 Oe to 100 Oe and then
decreased Ha from 100 Oe to −100 Oe. The agreement with
the experimental curve shown in Fig. 4 is very good, also
considering that no fitting parameters have been used. In
assigning parameters, we have used experimental values, in-
cluding a film critical current density JC=4�106 A/cm2,
which is the typical value for our YBa2Cu3O7−x films at
T=77 K, a London penetration depth �=270 nm, a film
thickness of 120 nm and an electrode width of 500 
m, like
in our device geometry.

In Fig. 9, we show the ICj�Ha� behaviors of a 1 
m wide
GBJ, calculated for decreasing Ha, from Hmax=5, 10, 20, 30,

FIG. 7. Dependence of the hysteresis and the central period on
the maximum applied magnetic field Hmax, for a 770 nm wide �open
symbols� and a 1 
m wide GBJ �filled symbols�, respectively. Data
refer to T=77 K.

FIG. 8. Calculated ICj�Ha� dependence for a 700 nm wide GBJ,
placed 10 
m away from the electrode �500 
m wide� edge. In the
calculations, we have used JC=4�106 A/cm2 �corresponding to
the typical critical current density of our films at T=77 K�, a thick-
ness d=120 nm and �=270 nm.

FIG. 9. Calculated ICj�Ha� dependencies for a 1 
m wide GBJ,
placed 10 
m away from the electrode edge. The magnetic field is
decreased from Hmax=5, 10, 20, 30, 40, and 50 Oe, respectively, to
−Hmax. In the calculations, we have used JC=4�106 A/cm2 �cor-
responding to the typical critical current density of our films at T
=77 K�, �=270 nm and a thickness d=120 nm.
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40, and 50 Oe, respectively, to −Hmax. It is worth noting that
the theoretical approach alone,24 describing the magnetiza-
tion of a thin strip in perpendicular magnetic fields, is able to
account for all the experimental results shown in Fig. 5, with
a very good agreement.

In terms of the present model, the nonconstant period and
the shifted Hpeak can be explained as the result of the hyster-
etic magnetization of the thin film electrodes, as can be seen
in Fig. 10�a�, where the effective magnetic field, calculated at
10 
m from the electrode edge, is shown for Ha sweeping
from 0 to Hmax, from Hmax to −Hmax and finally from −Hmax
to Hmax. Curves are clearly nonlinear, reproducing the de-
magnetization effects of the transverse geometry. It is worth
noting that the Meissner contribution alone �without vortex
entry� would lead to an ICj�Ha� dependence, characterized by
a modulation period �H in agreement with the expression
1.84�0 /w2, typically used to account for flux focusing
effects.16

The model is also able to explain the threshold magnetic
field values measured at T=77 K �of the order of 3 Oe� and
at T=4.2 K �about 30 Oe�. In Fig. 10�b�, the normalized pen-
etration length of vortices into the electrode, �w-b� /w �which
affects the effective field sensed by the junction�, is reported
for JC=4�106 A/cm2 �T=77 K� and JC=2�107 A/cm2

�T=4.2 K�. As can be easily seen, at T=77 K, vortices enter
the thin film for fields much smaller than in the case of
T=4.2 K. Extrapolating �w-b� /w by a straight line through
the inflection point, we estimate an effective threshold value
of about 4 Oe at T=77 K and 25 Oe at T=4.2 K, in qualita-
tive agreement with our experimental values. It is worth not-
ing that these values, like the Hpeak shift, only depend on the

magnetization of the nearby electrode and are independent of
the junction width, in agreement with our experimental mea-
surements.

In Ref. 7, sharp discontinuities, whose field position was
characterized by a 1/width dependence, also appeared in the
ICj�Ha� curves. The authors interpreted such jumps and the
consequent shift in the ICj�Ha� pattern as being due to the
entrance or exit of individual vortices close to the junction,
which decreased or increased, respectively, the surface cur-
rent density at the junction. However, we have never ob-
served these jumps in our samples. The absence of such dis-
continuities is also consistent with the assumption that our
submicron junctions are influenced by a collective effect of
several long range interacting Pearl-like fluxons �bundles�,
trapped inside the electrode, more than the result of the in-
teraction of individual vortices with the junction. It should
also be considered that the width of our junctions is compa-
rable with 2�L, so vortices tend not to enter within a distance
of about 2–3 
m from the junction, which is the typical
length of the track narrowed by FIB.

The long range interaction of several vortices with the
junction barrier, also accounts for the reproducibility of our
ICj�Ha� dependencies, showing exactly the same behavior af-
ter several days. Indeed, even though the position and the
interaction of a single vortex can change every time, the
influence of a large number of fluxons is statistically aver-
aged, giving a reproducible contribution.

The vortex density coupled to the junction is of course
strongly dependent on the electrode geometry. In order to
investigate the effects of the geometrical pattern configura-
tion and to confirm our theoretical approach, we have ana-
lyzed the ICj�Ha� curves of several submicron junctions
placed at four different distances from the large common
electrode �Fig. 11�, l=10 
m �region 1�, 110 
m �region 2�,
210 
m �region 3�, and 310 
m �region 4�. Figure 12 shows
the ICj�Ha� dependencies for two submicron junctions of re-
gions 1 and 4, respectively, at both T=4.2 K and T=77 K.

The effect of the junction configuration is clearly visible
and is summarized in Fig. 13�a�, where the hysteresis �Hpeak�,
corresponding to junctions from the four different regions are
reported as a function of Hmax at T=77 K.

For a fixed maximum applied magnetic field, the shift of
Hpeak decreases with the distance l of the junction from the

FIG. 10. �a� Hysteretic behavior of the effective magnetic field
sensed by the junction as a function of Ha; �b� normalized depen-
dence of the vortex penetration length on the applied magnetic field
at T=77 K and T=4.2 K. Dotted lines are extrapolations through
the inflection points to estimate the threshold magnetic field values.

FIG. 11. Optical microscope photograph of the sample used to
investigate the influence of electrodes. The junctions are placed at
four different distances from the electrodes.
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electrode. Region 1 and 4 are then characterized by the larg-
est and smallest hysteresis, respectively. Indeed, for larger l
values, there is a smaller vortex contribution giving more
linear Heff�Ha� dependencies and, as a result, narrower hys-
teresis in the magnetization curves. This feature is well ex-
plained by Eqs. �2� and �3�, as shown in Fig. 14�a�, where
curves corresponding to different distances l have been ob-
tained by cutting the stray field at the proper positions �Fig.
1�b��.

In Fig. 13�b�, the central modulation periods measured in
GBJs with a nominal 2 
m width are shown as a function of
Hmax, for the first three regions. Curves have been normal-

ized to their values at 80 Oe in order to make them indepen-
dent of the spread in junction width, caused by photolitho-
graphic and etch processes. In absolute values, all the
experimental periods are larger than the ones predicted by
the Rosenthal formula,16 as expected considering that the
field enhancement at the grain boundary is counterbalanced
by the stray field of vortices coupled, in the opposite direc-
tion, to the junction. The flux focusing effect is then reduced.
A better agreement with the 1.84�0 /w2 expression16 is ob-
served in the case of junctions 10 
m far from the electrode
�when the flux focusing is maximum� and only for small
maximum applied magnetic fields �when a few vortices pen-
etrates the superconducting electrode�.

In Fig. 14�b�, we show the normalized theoretical depen-
dence of the modulation period on Hmax, for three GBJs,
2 
m wide, placed at distances l=10 
m, 110 
m, and
210 
m from the electrode. Theoretically, we expect a
smaller modulation period for smaller l, since demagnetiza-
tion effects �due to the close electrode� increase and, at the
same time, there is a larger vortex contribution, which leads
to strong nonlinear magnetization curves. It is worth noting
that the slope of simulated curves well accounts for our ex-
perimental results. Finally we point out that, in contrast to
what is reported in the literature,3 the maximum value of the
critical current at Hpeak, ICjmax, does not show a clear de-
crease with increasing Hmax. On the contrary, at T=4.2 K,
ICjmax is constant in the whole Hmax range, from Hmax
=0.1 Oe to Hmax=350 Oe while at T=77 K, ICjmax is charac-
terized by a plateau up to Hmax values of the order of 80 Oe
with a decrease only for larger fields. In Fig. 15, this behav-
ior is shown for a 780 nm wide GBJ at T=77 K. The con-
stant ICjmax is what is expected since the junction probes an
effective field given by three contributions, external field,
additional field due to Meissner shielding currents and stray

FIG. 12. ICj�Ha� dependencies of two submicron junctions: �a�,
�b� from region 1, 10 
m from the electrode; �c�, �d� from region 4,
310 
m from the electrode. Curves refer to T=77 K �at the top�
and T=4.2 K �at the bottom�.

FIG. 13. Dependence of the hysteresis �a� and the central period
�b� on the maximum applied magnetic field Hmax, for several junc-
tions at different distances from the electrodes. Data refer to T
=77 K.

FIG. 14. Theoretical dependence of �a� the hysteresis and �b� the
central period on the maximum applied magnetic field Hmax, for
junctions located at different distances from the electrodes l
=10 
m, 110 
m, and 210 
m. Data refer to T=77 K.
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field of Pearl-like vortices. The decrease of ICjmax at fields
larger than 80 Oe may be related to the presence of vortices
in the superconducting banks close to the junctions �at dis-
tances of the order of �eff=2�2 /d�. Their effect is then not
only to modify the effective magnetic field sensed by the
GBJ but also to depress the superfluid density and the current
distribution in the junction barrier.

V. CONCLUSIONS

In conclusion, we have observed a strong influence of
electrodes on the magnetic properties of submicron bicrystal

grain boundary junctions. The large magnetic fields, of the
order of tens of Oersted, required to modulate their critical
currents, lead to the trapping, into the film, of a large number
of Pearl-like vortices whose dynamics is regulated by the
following factors: the Lorentz force with the Meissner
screening currents, the repulsive interaction with the other
vortices and the attractive interaction, of the Bean-
Livingston type, with image vortices. Moreover, above all at
low temperatures, there is a strong “plastic interaction”30

with structural pinning sites, which generates a vortex gradi-
ent into the electrodes. The coupling of such long range in-
teracting fluxons with the junction barrier, together with the
hysteresis in the electrode magnetization, accounts for the
asymmetric and irreversible ICj�Ha� dependencies observed
experimentally. Our analysis not only gets an insight into the
physics and dynamics of Abrikosov vortices near a Joseph-
son junction �important for both basic physics and for appli-
cations like SQUID magnetometers� but also gives some
clue to potential new vortex-based applications like memory
cells.
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