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Direct Probing of the Spatial Distribution of the Maximum Josephson Current
in a Superconducting Tunnel Junction
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We report the first experimental results obtained by low-temperature scanning-electron micros-
copy on the spatial distribution of the maximum Josephson current in tunnel junctions. The exper-
iments were performed with a nearly one-dimensional PbIn-PbBi window junction, its length being
large compared to X~. The spatial resolution is 1—2 p, m and is governed by the thermal healing
length. In a parallel magnetic field the different vortex states have been clearly observed. The
nonlocal effects due to the beam-induced change of the phase-difference function predicted by
Chang et al. have also been confirmed.

PACS numbers: 74.50.+r, 07.80.+x, 61.16.Di

Low-temperature scanning electron microscopy
(LTSEM) represents a highly promising method for
investigating structures in superconducting thin films
and Josephson tunnel junctions. '2 Recently we have
applied this technique for studying hotspots in thin-
film superconductors3 and the quasiparticle current-
density distribution in superconducting tunnel junc-
tions. 4 6 In this paper we report the first experimental
results on the spatial distribution of the maximum
1osephson current density in superconducting tunnel
junctions obtained by LTSEM. Using a long one-
dimensional tunnel junction (in-line geometry) in a
parallel magnetic field we have clearly observed up to
twelve vortices, our spatial resolution being 1—2 iu, m.
The nonlocal effects due to the beam-induced change
of the relative pair phase reflecting the macroscopic
quantum properties of the junction and predicted by
Chang and co-workers also have been clearly detect-
ed.

The dominant effect of electron-beam irradiation in
a thin-film superconductor is a localized increase of
the quasiparticle and phonon number density near the
coordinate point of the beam focus. In the limit of
high phonon trapping, appropriate for our case,
electron-beam irradiation can be treated as a simple
heating effect, 'o since there is local thermal equilibri-
um between the quasiparticles and the phonons. For
the one-dimensional junction geometry shown in Fig.
1 and with y as the coordinate in the direction of the
longest junction dimension, the density of the max-
imum Josephson current is

J(y) = J, (y)sin+(y).

Here J~ is the local critical-current density and 4 the
phase-difference function. The local perturbation of
the junction by the electron beam is expected to
change the critical-current density J~ in the irradiated
region. If the phase-difference function 4& were to
remain unaffected, the measured beam-induced
change AIt(y) of the junction critical current as a

AI) = AIg+ AI@,

with

&Iq = J/dy 6J
& (y) sinC (y)

and

4I+ = J)dy Jt (y) cos@(y) 64& (y) .

(2)

(4)

Here J~ and 4 are the unperturbed critical-current
density and critical phase-difference function, respec-
tively. The quantities AJ&(y) and b, 4(y) are the cor-
responding beam-induced changes. Because of the 1o-
cal nature of 5J~, AIq has the same spatial dependence

function of the beam position would be proportional to
the current distribution in the unperturbed junction
biased at its critical-current value. In this way, simple
direct imaging of the critical-current distribution would
be possible.

However, as pointed out by Chang, and co-
workers, the beam-induced change in the phase-
difference function 4 cannot be ignored in general and
can have a significant effect on the measured quantity
b, It(y). The change in the function 4 results from the
increase in the London penetration depth A. L and in
the Josephson screening length X& due to the beam ir-
radiation. The effective range of the phase distur-
bance is determined by the Josephson screening length
which is large compared to the diameter of the area
perturbed by the electron beam. Therefore, local irra-
diation of the tunnel junction causes a change b, I& of
the total critical current which includes both a change
of the amplitude Jt of the critical current density and a
change of the phase-difference function 4. The influ-
ence of the electron beam on the critical-current densi-
ty is a local effect whereas its influence on the phase-
difference function is a nonlocal effect resulting from
the macroscopic quantum properties of the Josephson
junction. In the limit of weak perturbation, the beam-
induced change AI~ can be separated into two parts:
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experiments. The pattern is typical for a junction with
a length L &) A. &. The critical field 0, is given by

hc
(5)

(b)
A ~A
JIE

'~vi

(c)
i) t&

~4k ljt

where d is the effective thickness of the barrier. At
low fields the linear decrease of the critical current due
to Meissner screening is clearly exhibited. Further,
the overlapping of the different vortex states can be
seen. The lower vortex states are difficult to distin-
guish in the interference pattern due to the overlap.
Their existence is indicated only by noise (1—2 vortex
state) or a small peak (2—3 vortex state). Only the
modes containing 4—5 vortices and the higher vortex
modes are clearly exhibited. We will show below that
the different vortex states in the magnetic interference
pattern can clearly be identified from the images of the

current distribution. The measurements of the in-
terference pattern were extended also to larger nega-
tive field values than shown in Fig. 2. The pattern was
found to be highly symmetric for positive and negative
fields, indicating only a negligible influence of the
Nb-ground plane (which appears reasonable in view of
the 3300-A separation between ground plane and base
electrode).

In Fig. 3 we show typical recordings of the signal
—b, I, (y) obtained by scanning over the junction area
along the y direction for different values of the
transverse coordinate. The junction position and the
scanning direction are indicated in Fig. 3(d). The pat-
terns shown in Figs. 3(a)—3(c) were obtained at the
magnetic field values indicated in Fig. 2 by the corre-
sponding arrows. In this field range the 4—5 vortex
state is established, as clearly demonstrated by the
recordings. In Fig. 3(b) the maximum amplitudes of
the beam-induced change —AI, (y) correspond to
about 160 ALA, i.e. , to about 30'/o of the maximum crit-
ical current shown in Fig. 2 for this state. The data
shown in Figs. 3(a) and 3(c) were obtained on the
low- and high-field side of the interference maximum,
respectively. Here the nonlocal junction response due
to the influence of the phase-difference function 4&

can clearly be seen. As calculated by Chang and co-
workers, 7 9 this nonlocal effect causes a variation of
the amplitudes of the oscillation in AI, (y) along the y
coordinate. In particular, they predict that the ampli-
tudes are an increasing (decreasing) function of y for
d1,/dH & 0 (dI,/dH ( 0), in good agreement with our
results. The theoretical results presented in Fig. 2 of
Ref. 8 for the case of a long nearly one-dimensional
junction with L/Xq = 10 are most pertinent to our ex-
perimental case. The recordings shown in Fig. 3(b)
were obtained for the field value H/H, = 2.08 close to
the maximum critical current of this vortex state
where dI, /dH = 0. In this case the theory predicts that
the amplitudes of the oscillation are uniform8 9 in
agreement with our experimental data.

Figure 4 shows the recordings obtained at higher
magnetic fields for the 10—11 vortex state near its
maximum critical current. Again, the spatial variation

e BEAM

90 pm

FIG. 3. The signal —61,(y) showing the 4—5 vortex state
obtained by scanning longitudinally along the junction area.
The position of the junction and the scanning direction are
shown at the bottom. (a) —(c) Recordings obtained at the re-

duced fields marked in Fig, 2 by the corresponding arrows.

j1

~ai A' A h~, ik k .~i+,a
y~~il=j 'vhiviiav&v~v~ V& %/~~A

FIG. 4. The signal —51,(y) showing the 10—11 vortex
state obtained by scanning longitudinally along the junction
area.
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by the scanning direction, we have scanned along dif-
ferent directions. The images shown in Fig. 5 were
obtained by scanning in transverse direction across the
junction as indicated at the bottom. Figure 5(a) shows
the image for H/H, =O and clearly exhibits the self-
field effect. Figure 5(b) shows the 7—8 vortex state
for H/H, = —3.98. In general the same results were
found for the longitudinal and transverse scanning
direction.

It is interesting to compare our results with those re-
cently obtained'2 '3 using a laser-scanning technique
which is conceptually similar to our method. The spa-
tial resolution in their experiments is determined by
the spot size of the laser beam ranging between 20 and
80 p, m. t3 Due to the small diameter of the electron
beam (about 0.1 p, m), the resolution of our scanning
method is at least an order of magnitude higher than
that obtained previously by laser-beam scanning. '

Valuable discussions and assistance provided by
H. Seifert in the beginning of this work are gratefully
acknowledged. This work was supported in part by the
Alexander von Humboldt-Stiftung and by the Stiftung
Volkswagenwerk.

FIG. 5. The signal —6I, obtained by scanning
transversely across the junction area. The position of the
junction and the scanning direction are shown at the bottom.
(a) H/H, = 0; (b) the 7—8 vortex state for H/H, = —3,98.

of the amplitudes due to the nonlocal effects can be
seen. The high spatial resolution of this imaging
method is demonstrated by the clear appearance of the
individual vortices.

In order to check that the images were not affected
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