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A one-dimensional (1D) parallel array of shunted Josephson junctions is one of the basic elements in the
family of rapid single-flux quantum logic circuits. It was found recently that current steps always show up in
the current-voltage curve of the generator junction when an additional bias current is applied to the edge
junction of the array. This effect was found to be due to the self-induced magnetic field produced by the edge
current. This nonuniform field divides the array into domains each spanning several unit cells and each
containing the same number of flux quanta. We report on experimental results obtained by low-temperature
scanning electron microscopy (LTSEM) on the 1D array. The (1-3)-um spatial resolution achieved by LTSEM
enables us to image these domains in scanned measurements where the junctions in the array are heated
sequentially. Computer simulations confirm the mechanism of the obtained images and the number of observed
domains corresponds to the step position as predicted numerically.

1. INTRODUCTION

Rapid single-flux quantum (RSFQ) logic is one of the
promising applications of superconducting electronic
devices.!” A base element in the family of RSFQ logic cir-
cuits is the transmission line consisting of a parallel connec-
tion of resistively shunted Josephson junctions. A typical ex-
ample with parallel dc current bias supply is shown in Fig. 1.
The RSFQ transmission line may be employed to transfer
single-flux quantum (SFQ) pulses between active elements,
to amplify the magnetic field energy connected with the flux
quantum,! and to provide a time delay of fluxon
propagation.®~>

The one-dimensional (1D) array of Josephson junctions
may also be used as a SFQ generator. When an additional
bias current is applied to say the first junction (/, in Fig. 1)
it generates flux quanta, which can propagate down the trans-
mission line. Since. I, is applied to the edge of the array we
call it for short an edge current. As observed recently® a
particular series of steps shows up in the current-voltage
(1V) curve of the “generator’ junction. This effect was veri-
fied from computer simulations to be due to the self-induced
magnetic field produced by the edge current. The underlying
mechanism is that the nonuniform field divides the array into
a number of domains each of which spans several unit cells
and contains a given number of flux quanta. This is a dy-
namic state in a highly nonlinear system and the influence of
differences in junction and array parameters on the domain
stability is still unknown. The 1D array in many ways is
analog to the long Josephson tunnel junction with regularly
distributed inhomogeneities (in the limit where the distance
between the inhomogeneities is larger than the Josephson
penetration depth \;), and may be a model system for some
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of the flux flow junctions made with high-T, superconduct-
ors.

The main aim of this paper is to experimentally confirm
and visualize the domains by using low-temperature scan-
ning electron microscopy (LTSEM) and thus to determine
which junctions are responsible for the different steps ob-
served in the IV curve.

II. EXPERIMENTAL TECHNIQUE AND SAMPLE

The LTSEM technique offers the possibility of a spatially
resolved in situ investigation of superconducting tunnel junc-
tions and integrated circuits.””!! In that technique the top
surface of the sample is scanned with an electron beam,
while the bottom of the substrate carrying the junction is in
intimate thermal contact with a bath of liquid helium. The
main effect at the focus point (x,y) of the electron beam is a
local heating (0.1-10 K depending on the beam parameters)
of the sample. The spatial resolution of about 1-3 um is
determined by the thermal healing length of the sample con-

FIG. 1. Equivalent circuit of the 1D array of over-damped Jo-
sephson tunnel junctions J,—J,, (crosses). The relatively high iden-
tical resistances R;—R,; enforce a uniform distribution of the com-
mon bias current [, . The edge currents I, and I, are fed directly to
J; and J,;. The connecting inductances L,-L,, are equal. The
array voltage V is measured across one of the edge junctions.

7211 © 1994 The American Physical Society
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FIG. 2. Array voltage V vs edge current /;, measured for dif-
ferent values of I, . The second edge current /,=0. Marked points
correspond to /;=—0.008 mA (0); —0.173 mA (1); —0.695 mA
(2); —1.000 mA (3); —1.367 mA (4); —1.589 mA (5).

figuration. The beam power—typically 2.5 uW—can be ad-
justed over a wide range to ensure that the electron beam acts
only as a passive probe on the sample. Scanning over the
sample, the beam-induced signal, say the change in the volt-
age across the array, is simultaneously recorded with a digital
imaging system.

Figure 1 shows the equivalent diagram of the circuit un-
der investigation. The transmission line consists of a one-
dimensional array of twenty Josephson junctions (J,—J5)
connected in parallel and a generator junction (J,). The pa-
rameters of the circuit are the following: for junctions
J,—J4; the critical current is 0.115 mA, shunt resistance 1.2
), capacitance 0.5 pF, while for junction J; we have a criti-
cal current of 0.23 mA, shunt resistance 0.6 (2, and capaci-
tance 1.0 pF. The higher critical current for junction J,; is
typical for RSFQ circuits. Each of the junctions are resis-
tively shunted (externally) to provide a McCumber param-
eter, B.~1. The unit cell is a two-junction interferometer
sharing its junctions with the neighboring cells. The induc-
tances L,—L,, are 5 pH.

Standard trilayer Nb-Al,03-Nb technique was employed
to fabricate the array. The junctions J,—J,; were circular
with a diameter of 4 um. The total length of the array was
1.5 mm. Three bias currents, I,, I, and I,, were supplied to
the array from high-resistance constant current sources: I, is
a uniformly distributed current applied to the individual
junctions through the resistances R;—R,;. These resistances
are ten times larger than the junction shunt resistances. The
edge currents I, and I, are fed directly to junction J; and
J,1, respectively. The array dc voltage V and the electron
beam-induced voltage signal AV(x,y) are measured across
one of the edge junctions. AV(x,y) is detected by standard
lock-in technique using the chopping frequency (20 kHz) of
the electron beam as reference. The output from the lock-in
detector is fed to a digital imaging system. The underlying
mechanism of AV(x,y), giving rise to the image of the
above-mentioned domains, is a sequential heating of the in-
dividual Josephson junctions resulting in a reduction of their
critical currents.

III. EXPERIMENTAL RESULTS

The experimental V() curves obtained with /,=0 for
four different fixed values of I, are presented in Fig. 2.
Qualitatively this result is similar to what we observed pre-
viously with a similar 21-junction array.® In the present ex-
periment, however, the transmission line contains a generator
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FIG. 3. LTSEM response AV(x) as a function of the beam po-
sition along the array. Images No. 0—No. 5 are the signals propor-
tional to the voltage increment of the steps at the marked points in
Fig. 2. Each image consists of several line scans around the junction
position (see text). Image No. 6 shows a usual SEM image of the
sample. The images are vertically offset for clarity.

junction with two times higher critical current. From com-
parisons with the homogeneous array results we infer that the
main effect of the generator junction is that it produces the
small additional substeps barely visible on the IV curves
shown in Fig. 2. In both cases the bias current I, defines the
velocity of fluxons moving through the array and thus de-
fines the voltages of the (nearly) horizontal steps.

The main experimental results are shown in Fig. 3. Let us
assume the array under investigation to be along the x axis.
In the experiment one usually has a slight misorientation
between the scan line and the line connecting the centers of
the junctions. This is the reason to present in Fig. 3 a series
of line scans recorded with successive small offsets to new y
axis positions of the beam in order to completely cover all
the junctions in the array. The images No. 0 through No. 5 in
Fig. 3 correspond to the points with the same numbering in
Fig. 2. The images in Fig. 3 are offset vertically for clarity.
Image No. 6 in Fig. 3 is obtained from a usual scanning
electron microscope (SEM) picture, and the maximum signal
in these curves corresponds to the shunting resistances
R{-R,;; thus the positions of the midpoint of the shunting
resistances coincide with the centers of the 21 junctions as
they should.

In Fig. 3 one sees that the junction positions correspond to
the maxima on images No. 0—No. 5 thus confirming that the
signals really come from the functions. We also notice that
the signals extend beyond the circumference of the junctions
due to the heating of the -area outside the junctions. The
smooth envelope spanning several junction sites indicates
that different junctions in the array play different roles in
setting up the particular step voltages and that for different
steps different groups of junctions are producing the LTSEM
response. This is discussed in more detail below. It should be
pointed out that the images were sensitive to parasitic mag-
netic flux trapped in the superconducting films. One proce-
dure used to remove such trapped flux was to slowly scan the
sample with high beam power.

IV. COMPUTER SIMULATIONS AND DISCUSSION

In order to understand the nature of the recorded images a
number of computer simulations were made. An important
parameter for the calculations is the critical current reduction
of a single junction produced by the electron beam. This
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FIG. 4. Computer-simulated dependence of the reduction in the
critical current of the array (critical value of I,) as a function of the
critical current of the 11th junction in the array.

parameter was determined experimentally by focusing the
beam on the 11th junction and then measuring the reduction,
Ol., of the total critical current of the array. We found
61.=0.120 mA, which is a little bit larger than the critical
current /.= 0.115 mA of a single junction. A numerical simu-
lation, however, of 81, as a function of /. of the 11th junc-
tion gave the result shown in Fig. 4. Here we notice that
ol is about three times larger than the change in I, of a
single junction. Based on this simulation result we can esti-
mate the suppression of the critical current of a single junc-
tion to be 0.035 mA, i.e., about 30%. This effect shown in
Fig. 4 is due to internal rearranging of currents and magnetic
flux in the array, and may be related to the operation of the
high-T', flux flow transistor.'? Alternatively it may be utilized
as a kind of amplifier.

Figure 5 shows the simulated 7V curves obtained for the
transmission line with parameters close to the experimental
ones. As discussed below the only fitting parameter needed
in order to reproduce most of the features of the experimental
curves in Fig. 2 is a small additional edge current. We further
simulated the change in the array voltage AV at the enumer-
ated points in Fig. 5 as a function of the junction number for
which the critical current was suppressed by 30%. The re-
sults of these simulations are presented in Fig. 6. When these
curves are compared with the experimental images in Fig. 3
there is a convincing overall resemblance.

Experimentally we found that the images were sensitive
to the presence of trapped magnetic flux. This effect was also
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FIG. 5. Simulated array voltage V vs edge current I, for differ-
ent values of the uniform bias current [, . The other edge current is
set to 7,=—0.0625 mA (see text). Marked points correspond to
I,=-0.0125 mA (0); —0.175 mA (1); —0.625 mA (2); —1.000
mA (3); —1.3625 mA (4); —1.5875 mA (5).
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FIG. 6. Simulated LTSEM response AV (arbitrary units) as a
function of the junction number. Images enumerated 0—-5 show the
voltage increment at the marked points in Fig. 5.

investigated numerically. In order to obtain the very best fit
to Fig. 3 we had to introduce an additional edge current
I,=—0.0625 mA. Further simulation showed that this small
current had no visible effects on the simulated /V curve, and
did not change the size of the domains with respect to the
number of active junctions (see Fig. 6). Only minor details
within the domains were modified.

With the good agreement between experiment and simu-
lations we now look into the dynamics of the transmission
line (see also Ref. 6). Figures 7(a)-7(f) show the instanta-
neous voltage across the individual junctions as a function of
the junction number and time calculated with parameters cor-
responding to Fig. 6. The voltage pulses appear whenever a
fluxon is transferred from one cell to the next. As was de-
scribed in detail in Ref. 6 the edge current causes a splitting
of the array into domains each having predominantly the
same number of fluxons per unit cell. It means that the mag-
netic field produced by the edge current does not penetrate
into the array smoothly as in a long Josephson junction.

There are two kinds of domains in Figs. 7(a)-7(f): (i) The
domains not reaching the edges are spatially symmetric; the
junction in the middle of the domain (in the following called
the leading junction) switches first, producing a fluxon and
an antifluxon that in turn propagate in opposite directions.
This means that the total fluxon number within a symmetri-
cal domain is conserved at all times; (ii) The other kind of
domains touch the edges; for those domains the position of
the leading junction can be shifted from the center of the
domain depending on the applied edge currents. Comparing
the simulated images in Fig. 6 with the domain structures in
Fig. 7 one may conclude that the experimental LTSEM im-
ages reproduce the position of the leading junctions. This is
corroborated by the fact that the number of junctions within
a given domain is approximately the same as seen in Fig. 7.
Actually in the experiment the number of junctions in each
domain may appear lower if the sensitivity of the LTSEM is
reduced by, e.g., too low e-beam intensity.

The simulations depicted in Fig. 7 reveal one more fea-
ture. As was pointed out above, a generator junction with
two times higher critical current creates substeps. Each step
is associated with a definite number of domains and the sub-
steps seem to originate in a redistribution of junctions among
the domains [compare Figs. 7(¢) and 7(f)]. The experiment
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FIG. 7. Simulated instantaneous voltage across the individual junctions as a function of the junction number and time. The edge current
1, is injected to the first junction. Diagrams (a)—(f) correspond to the points marked 0-5 in Fig. 5.

confirms this result when one compares the LTSEM image
No. 4 with No. § in Fig. 3.

In summary, LTSEM is a powerful tool for a spatially
resolved investigation of the dynamics of circuits based on
shunted Josephson junctions. In this paper we reported on
the possibility to recognize and visualize directly the dynam-
ics of a one-dimensional parallel connected array of junc-
tions. We envision many applications for this technique
within areas such as RSFQ logic and high-T. based Joseph-
son junction circuits.
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