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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 A;. The spatial resolution is 1-2 um 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."? Recently we have
applied this technique for studying hotspots in thin-
film superconductors® and the quasiparticle current-
density distribution in superconducting tunnel junc-
tions.*® In this paper we report the first experimental
results on the spatial distribution of the maximum
Josephson 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 um.
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,!? 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 () =J(p)sin®(y). (1)

Here J, is the local critical-current density and ® 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 ® were to
remain unaffected, the measured beam-induced
change AI;(y) of the junction critical current as a
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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 ® cannot be ignored in general and
can have a significant effect on the measured quantity
AI,(y). The change in the function ® results from the
increase in the London penetration depth A; and in
the Josephson screening length Ay 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 Al; of
the total critical current which includes both a change
of the amplitude J; of the critical current density and a
change of the phase-difference function ®. 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 A, can be separated into two parts®:

AlLi=AI;+Al, )
with

AlLy= [ dy AJ,(»)sin® (») 3)
and

Ay = [ dy J1(»)cos® (1) AD (). @

Here J; and ® are the unperturbed critical-current
density and critical phase-difference function, respec-
tively. The quantities AJ,(y) and A®(y) are the cor-
responding beam-induced changes. Because of the lo-
cal nature of AJy, Al has the same spatial dependence
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as the unperturbed current density J;(y)sind(y).
However, A4 can be quite complicated.

The principle of our experiment is shown schemati-
cally in Fig. 1. The electron beam is scanned over the
surface of the junction and the beam-induced change
of the maximum Josephson current is measured as a
function of the beam position. The substrate carrying
the junction is mounted on the low-temperature stage
of the scanning-electron microscope so that the junc-
tion is exposed to the vacuum of the sample chamber
and can be irradiated directly with the electron beam,
whereas the backside of the substrate is in direct con-
tact with the liquid-helium bath.!! A magnetic field
parallel to the junction barrier could be applied by
passing an electric current through the upper electrode
only, as indicated in Fig. 1. All experiments were per-
formed at the bath temperature 7, =4.2 K.

The planar thin-film tunnel junctions were evaporat-
ed on a single-crystal sapphire substrate of 1-mm
thickness and 20-mm diameter. Before evaporation
the sapphire substrateowas partly coated with a Nb-
ground plane of 1500-A thickness and a SiO insulating
layer of 3300-A thickness. The samples were in-line
window junctions where the tunneling area was given
by an opening in a thin insulating SiO layer deposited
on the base electrode. The base electrode was a Pblg
film of 1300-A thickness. A PbBi film of 3300-A
thickness served as the counter electrode. The rec-
tangular tunneling barrier of about 3.5%90-um? area
was formed by oxidation of the base electrode in a O,
atmosphere at room temperature. The dimensions of
the junction have been chosen such that the width was
smaller and the length L much larger than the Joseph-
son penetration depth A;. As indicated by quasiparticle
current distribution obtained from our voltage-imaging
method,*® the tunneling barrier of the junction for
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FIG. 1. Principle of the experiment.

which the following results were obtained was reason-
ably homogeneous.

The important quantity to be measured is the change
A, produced in the critical current by the beam irradi-
ation as a function of the coordinates of the beam
focus. The critical current was measured using an
electronic ramp generator increasing the sample cur-
rent until a nonzero voltage appeared. This critical
current was stored in a sample-and-hold unit by means
of a corresponding voltage value. From the output of
this unit a voltage signal proportional to —A/l, was
generated. This measuring process was repeated with
a frequency in the range of 1-10 kHz. Two-
dimensional images of A, were obtained by linearly
scanning the electron beam several times over the
sample and shifting the individual scans transversely in
small steps. Simultaneously the voltage signal propor-
tional to — A/, was fed to the deflection unit of the
display screen by using the y-modulation mode of the
SEM. During a linear scan over a length of 100 um,
the critical current was measured about 10*~10° times.
In this way the recording time for the image such as
that shown in Fig. 3 is typically about 1 min. During
our experiments the beam parameters were 26-kV vol-
tage and about 10-pA current. We note that this imag-
ing method is distinctly different from the voltage-
imaging technique we have developed for displaying
the quasi-particle current distribution.*®

In Fig. 2 we show part of the magnetic interference
pattern obtained for the junction used in the scanning
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FIG. 2. Magnetic interference pattern: maximum Joseph-
son current vs the reduced magnetic field. The regions for
the different vortex states are indicated. The arrows a—cin-
dicate the field values at which the recordings shown in Fig.
3 were obtained.
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experiments. The pattern is typical for a junction with
a length L >> Aj. The critical field H, is given by
fc

Hc 2@0’)\] ’ (5)
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
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FIG. 3. The signal — A/ (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.
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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-groun(l 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
— AI.(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 —AZ.(y) correspond to
about 160 nA, i.e., to about 30% 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 ®
can clearly be seen. As calculated by Chang and co-
workers,”"? this nonlocal effect causes a variation of
the amplitudes of the oscillation in AZ,(y) along the y
coordinate. In particular, they predict that the ampli-
tudes are an increasing (decreasing) function of y for
dl./dH > 0 (dl,/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/XA;=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 uniform®? 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

FIG. 4. The signal —A/I,(y) showing the 10-11 vortex
state obtained by scanning longitudinally along the junction
area.
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FIG. 5. The signal —Al, 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

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,=0 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!?!? 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 um.!® Due to the small diameter of the electron
beam (about 0.1 wm), the resolution of our scanning
method is at least an order of magnitude higher than
that obtained previously by laser-beam scanning.'? 13
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