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Direct observation of fluxon reflection in a Josephson transmission line
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We have directly observed the reflection of fluxons in a Josephson transmission line (JTL) with
an open end using a Josephson sampler. Depending on the bias current at the end of the JTL, a
reflected single fluxon, an antifluxon, and multi-antifluxons are observed with the measurements of
the propagating time delay for the reflection process. The observed reflection properties, including
the interaction between reflected antifluxons, are in fairly good agreement with numerical simula-
tions taking account of the nonlinear shunting loss and the surface loss.

The dynamics of fluxons in Josephson transmission lines
(JTL) has attracted considerable attention to both fields of
nonlinear physics and applications, 2 since the fluxon in
the JTL gives us a typical model of a soliton propagating
in the solid state. Fluxon dynamics has been studied ex-
tensively on the theoretical side, which has been carried
out by perturbation calculations and numerical simula-
tions based on a modified sine-Gordon equation. In the ex-
perimental studies, however, static measurements, such as
so-called zero-field steps in the current-voltage charac-
teristics, have mainly been investigated, since it is hard to
measure directly the wave form of a fluxon with a very
small voltage and a narrow time width. Thus, there has
been rather limited information on fluxon dynamics so far.
Recently, direct observations of fluxons have been per-
formed using minicomputer signal processing® or a
Josephson sampling technique with very high time resolu-
tion and current sensitivity.*> These direct measurements
have realized the basic properties of a fluxon propagating
in a JTL more clearly.*=® In order to understand a fluxon
as a soliton more evidently, it is necessary to measure the
interaction between fluxons, such as in reflection and col-
lision.

In this Rapid Communication, we report direct observa-
tions of the fluxon reflection at the open end of a JTL us-
ing a Josephson sampler. The present report shows the
first demonstration of the real-time fluxon reflection. It is
found that a single fluxon, an antifluxon, and multi-
antifluxons are reflected, depending on the bias current at
the open end. The propagating time delay of each
reflection process is also measured. The observed
reflection properties can be satisfactorily explained by nu-
merical simulations using the distributed resistively shunt-
ed junction (RSJ) model based on the modified sine-
Gordon equation which takes account of the nonlinear
quasiparticle resistance and surface rf resistance. More-
over, the interactions between reflected antifluxons are
found in both experiments and simulations.

Figure 1 shows a schematic equivalent circuit of a sam-
ple used in the present experiments. A Josephson pulse
generator (JP), which consists of a two-junction inter-
ferometer and a single Josephson junction, generates a sin-
gle fluxon in the JTL. A direct coupled Josephson sampler
(JS), consisting of a two-junction interferometer, resistors,
and two single junctions, detects wave forms of fluxons
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reflected at the open end of the JTL. Both JP and JS are
connected at one end of the JTL by resistors. Another end
of the JTL is the open end and has a terminal supplying a
bias current I, to the JTL. The details of the Josephson
sampling system and fluxon detections have been described
in the previous reports.*> The Josephson sampler used in
this experiment has the time resolution of less than 6 ps
and the current sensitivity of ~1 pA. These Josephson
circuits and the JTL were fabricated on the same chip by a
Nb/Al-oxide/Nb junction technology used for Josephson
LSI circuits.” In this fabrication process, junctions were
made by forming a junction sandwich which consisted of a
Nb base electrode, an Al-oxide barrier, and a Nb counter
electrode on a whole 2-in. wafer without any vacuum
breaking, so that junctions and the JTL had the uniform
current density and showed ideal 7-V characteristics with
a very small subgap leakage. The critical current density
of junctions was set to 4 kA/cm?2. Films of Nb and Au-In
alloys were used as ground plane and resistors, respective-
ly. The Josephson penetration depth A;, plasma frequency
wy, and characteristic impedance Z of the JTL, were es-
timated to be 7.2 um, 1.2x10!2? rad/sec, and 0.63 Q, re-
spectively, from the experimental parameters of static /-V
characteristics and other workers.® The JTL had an inline
geometry with a 2.5-um width and a 150-um length, cor-
responding to ~0.351; and ~ 21X, respectively.

Figure 2 shows observed wave forms of reflected fluxons
for various bias currents I, at the open end of the JTL. No

Ig
Josephson U
Pulse 1= i
Generator | 42MmAx |
L_20mAl__ |
______ | _ 2080
[027mA26al 1438 |
;j') 10mA loaraz =1
: 1.imA L) B o JTL
Lo N 2.5 x 150 pm?
Josephson Sampler 4.0 kA/cm2

x : Single Junction
£x : 2- Junction Interferometer

FIG. 1. Schematic equivalent circuit of a sample.

5357 © 1987 The American Physical Society



RAPID COMMUNICATIONS

5358 H. AKOH, S. SAKAI, AND S. TAKADA KA

S |
S [(b) || 121 ]
3+ ’ ‘ 104 1
(=2 \ ! ) 098 ]
I ' h ,‘"N ]
=0 '%\A ]
a b— |/
o | | 1
D v
(@] + +
L(c) ’/k . ]
E I \ 128
L |
| MK
)N
V

FIG. 2. Observed wave forms of antifluxons reflected at the
open end of JTL as a function of positive bias current L. (a)
Reflected single antifluxon. (b) Reflected two antifluxons. (c)
Reflected multi-antifluxons more than two. The broken wave
form in (b) and (c) shows the wave form at I, =0 mA as a refer-
ence.

reflected fluxons are observed at I, =0 mA as shown in
Fig. 2(a). The first signal in the figures indicates a wave
form of a pulse from JP. A peak position of this pulse is
used as a reference time to determine the propagating time
delay of reflected fluxons. For 0 mA <1, <0.2 mA, there
was no observation of reflected fluxons. A single reflected
fluxon is observed for 0.2 mA < I, =< 0.92 mA in Fig. 2(a).
As I, is increased, it is found that the time delay of the
reflected fluxon is decreased, which means that the
reflected fluxon returns to the left end of the JTL at a
shorter time. Note that the observed reflected fluxon has a
wave form with a positive amplitude, indicating that the
observed fluxon has a circular current in the counter-
clockwise direction for the configuration shown in Fig. 1.
An incident fluxon generated into the JTL from JP, how-
ever, has a circular current in the clockwise direction, con-
trary to that of the observed one. Therefore, if the incident
fluxon is defined as a fluxon, the observed fluxon is an
antifluxon. There was an anomalous behavior at
I,=0.93-0.95 mA, which occurred just before two
antifluxons were reflected. The amplitude of the observed
wave form was drastically decreased without obviously
changing the time position. This anomalous behavior oc-
curred only at I, =0.93-0.95 mA.

For 0.96 mA <1, < 1.21 mA, two antifluxons reflected
at the end of the JTL are observed, as shown in Fig. 2(b).
As I, is increased, the time delay of the first antifluxon is
kept nearly constant, whereas that of the second antifluxon
is decreased. Above I,=1.21 mA, more than two

antifluxons are reflected. For instance, reflected three and
four antifluxons are observed for I, =1.28 and 1.31 mA,
respectively, as shown in Fig. 2(c). Multi-antifluxon
reflection may physically indicate that the incident fluxon
collides with the end in which the energy higher than that
of a single antifluxon is supplied by the bias current, and
consequently generates multi-antifluxons.

A fluxon, not an antifluxon, reflected at the open end
was observed when the negative bias current was supplied
at the end. Figure 3 shows the observed wave forms at
I,=—1.41 and —1.42 mA. Neither reflected fluxons nor
antifluxons were observed for —1.41 mA <1, <0 mA.
At I, =—1.42 mA, a single fluxon is reflected, accom-
panied by some noisy signal caused by the latching mode
of the JTL. Note that the observed wave form has a nega-
tive amplitude, indicating that the signal corresponds to a
single fluxon. The fact indicates that an incident fluxon is
driven back due to the Lorentz force of the bias current at
the end. The time delay of a reflected fluxon is measured
to be 58 ps. Below —1.42 mA, the multifluxons were
reflected.

Note that JP generates a single fluxon in the JTL. It
may be confirmed by the fact that the incident fluxon is
driven back as a single fluxon when the small negative bias
current of —0.24 mA is supplied at the center of the JTL.

Figure 4 shows the normalized bias current n=1I,/1,¢
dependence of the time delay 7, where I, is the max-
imum critical current at the end of the JTL (I,o=1.44
mA). Here, the time delay 7T is defined as the time inter-
val between the times of the observed Josephson pulse and
antifluxons. T is used as a measure of the time of a single
reflection process consisting of the propagation of an in-
cident fluxon, the reflection at the end, and the propaga-
tion of antifluxons. As seen in the figure, a single
antifluxon reflected at the end is observed at n=0.14
(I, =0.2 mA) with T;=107 ps. As 7 is increased, Ty is
decreased approaching the constant time delay of 53 ps.
From this value, the average velocity during the single
reflection process of a fluxon is estimated to be ~5.7x10°
m/s. After the anomalous reflection at n=0.65—0.66,
two antifluxons are reflected with further increase of n
(0.67 <1 <0.85). T, of the first antifluxon is nearly kept
constant which is, however, smaller than that in a single
antifluxon reflection, whereas T; of the second one is de-
creased approaching the constant 7; of 83 ps, as n is in-
creased. At n=0.85 (I, =1.22 mA), the third reflected
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FIG. 3. Observed wave forms of reflected fluxon for negative
bias current /.
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FIG. 4. Normalized bias current n dependence of time delay
Ta. The solid lines indicate the experimental results. The bro-
ken lines indicate the results of numerical simulations with
a=0.0091 and g =0.045.

antifluxon appears with 7y, =134 ps. As seen in the figure,
T4 of the second antifluxon is drastically decreased when
the third one begins to appear. This behavior is similar to
that of the border between the single- and two-antifluxons
reflection. This fact suggests that the third antifluxon
could push a second one due to the interaction between the
second and third antifluxons. The similar behavior also
occurs when the fourth antifluxon is reflected at n=0.91
(I, =1.31 mA). In addition, the decrement of the T4 jump
becomes larger as the number of reflected antifluxons is in-
creased. Above n=0.94 (I,=1.35 mA), the bunched
antifluxons were reflected.

The fluxon motion for the inline geometry is described
by the modified sine-Gordon equation®

Oxx — O —SiNG =ap; — Poxx: , 1)

where ¢(x,7) is the space- and time-dependent phase
difference between the two superconducting films. The
spatial variable x is measured in units of the Josephson
penetration depth Ay =(h/4mepodJo) '/, and the time ¢ in
units of the reciprocal plasma frequency w;, where
w;=(4neJo/hC;)?. Here, —e is the electronic charge, h
is Planck’s constant, ug is the permeability of free space,
Jo is the maximum critical current density, d is the mag-
netic thickness of the barrier (d =2A; +1o) where Ay is the
London penetration depth and ¢ the thickness of the bar-
rier, and Cj is the capacitance per unit area. The parame-
ters a =G (h/2eJoC;)"/? and B=podw,/r describe dissipa-
tive effects due to tunneling of normal electrons across the
barrier and due to flow of normal electrons parallel to the
barrier, respectively. Here, » is the sheet surface resis-
tance.

In the inline geometry with the asymmetric edge
current, the dc bias current enters only through the bound-
ary conditions

ox(p,t) =271, ¢,(0,1) =0, )

where n=1I,/I.0=1./2).;WJ, represents the bias current
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and p=L/A;, and L and W are the length and width of the
JTL, respectively. Note that in our JTL the edge current
flows from the counter electrode to the base electrode only
at the same end of the JTL, so that n=1 corresponds to
the critical current.

A numerical investigation of the fluxon reflection has
been carried out by Olsen and Samuelsen.'® They found
the border line between regions of a single reflected fluxon,
antifluxon, multifluxons, and multi-antifluxons, depending
on the velocity of the incident fluxon and magnitude of the
external magnetic field. These various regions of the
reflections support our experimental results. Unfortunate-
ly, their numerical results cannot directly be compared
with our results, since the simulations have been carried
out using the pure sine-Grodon equation (@ =pg=0) and
for an inline JTL with the symmetrical bias field.

Recently, there have been some reports®!!'~!3 in which
the surface loss plays an important role in the dynamics of
the fluxon propagating in the JTL. Matsuda and
Kawakami® have explained the propagation of their ob-
served fluxon if a surface loss is larger than the theoretical
one. They obtained the value of the surface resistance us-
ing Halbritter’s method!* within the framework of the
Bardeen-Cooper-Schrieffer theory. According to their dis-
cussions, the value of r is estimated to be 4.9 Q with use of
experimental parameters® of C;=8 uF/cm? Jo=4
kA/cm2, and A; =80 nm. Thus, the value of g is obtained
to be 0.045 for our JTL. The value of a is estimated to be
0.0091 using experimental parameters and under the as-
sumption of G as the conductance below the gap voltage.
From the comparison between a and B the surface loss has
more dominant damping effect on the fluxon dynamics in
our JTL compared to the shunting loss.

Numerical simulations, taking account of the nonlinear
shunting resistance and surface resistance, have been per-
formed. The simulations include the circuit of the JP and
load resistances. The results of numerical simulations for
I, dependence of T, are shown in Fig. 4 as broken lines.
The experimental data are in fairly good agreement with
numerical simulations which show the sudden decrease of
the time delay in multi-antifluxon reflections, due to the
interaction between antifluxons. If the surface resistance
is absent (8=0), the simulations show that the second
antifluxon begins to be reflected at n =0.55, with T4 =60
ps which is much shorter than that of the observed one.
The slight discrepancy between the results of experiments
and simulations is not yet resolved: It may reflect the ad-
ditional damping effect of the Al-oxide barrier in the JTL,
since a very thin Al-metal layer is considered to remain
still on the surface of the Nb base electrode. !°

From the simulations for the negative bias-current
dependence, it is found that a single fluxon is reflected and
driven back to the left end with 7, =54 ps at n= —0.95,
which agrees with the observed one (7= —0.98). The
summary of the simulation results for —0.95 <7 <0.05,
in which neither the reflected fluxon nor antifluxon is ob-
served in the experiments, is as follows: For
0.02 < 1 <0.05, the incident fluxon was reflected into an
antifluxon with the extremely small propagating velocity;
for —0.23 < 7 <0.02, the incident fluxon was annihilated
at the end with a damped oscillating mode; and for
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—0.95<n= —0.23, it ran back as an almost static
fluxon.

In summary, we have studied the real-time observation
of the fluxon reflection in a Josephson transmission line
with the open end using the Josephson sampler. It is found
that depending on the bias current at the open end, the in-
cident fluxon is reflected into a single fluxon, into a single
antifluxon, and into antifluxons. Numerical simulations
with the shunting loss (a=0.0091), the surface loss
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(=0.045), and the edge bias current are, to a consider-
able degree, consistent with the experimental data. The
interaction between reflected antifluxons is also confirmed
in both experiments for the time-delay measurements and
simulations.

The authors would like to acknowledge helpful discus-
sions with the staff of the special section on Josephson
computer technology.
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