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New type of zero-field steps in the I- V curve of a Jbsephson junction
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J. Bindslev Hansen
Physics Laboratory I, H. C. Drsted Institute, University of Copenhagen, DK-2100 Copenhagen @, Denmark

J. Mygind
Physics Laboratory I, The Technical University of Denmark, DK-2800 Lyngby, Denmark
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We report on the observation of a new type of high-order zero-field steps in the I- ¥ curve of a
Josephson transmission line of intermediate length / =L /A, ~5, where A, is the Josephson penetra-
tion length. On such steps, deviations from the generalized Josephson relation Vg, =N (h /2e)vye re-
lating the measured dc voltage to the frequency of the radiation emitted from the junction are ob-

served.

I. INTRODUCTION

The Josephson transmission line constitutes a model
system for the study of solitary waves and other excita-
tions in (s +#)=(1+41) dimensional, nonlinear systems
described by the perturbed sine-Gordon equation.! In a
Josephson junction a soliton (or fluxon) is a localized +27
“kink” in the phase difference across the tunnel barrier
between two superconductors. The solitary wave charac-
ter of this propagating phase kink has recently been con-
firmed by direct time-resolved measurements on long and
narrow Josephson tunnel junctions.? One of the manifes-
tations of soliton excitations in such a structure is the ap-
pearance of zero-field current steps (ZFS) in the dc I-V
curve.’ As an experimental “rule of thumb” the number
of ZFS, regularly spaced along the voltage axis, is given
by L /A;. The Josephson penetration length A; measures
the spatial extent of a stationary fluxon. The line may be
considered one-dimensional when /=L /A;>>1 and
w=W/A;<<1. Here L and W are the length and the
width of the junction. In a magnetic field additional
steps, Fiske steps (FS), appear. These steps may also be
explained within the soliton picture, if the propagating
fluxons are combined with plasmon or plasmonlike excita-
tions on the line.*

II. THEORY

A one-dimensional Josephson tunnel junction is gen-
erally accepted to be described by the perturbed sine-
Gordon equation,” which without surface losses may be
written as

—@xx +du +ad,+sing=n, (1)

where the subscripts stand for partial derivatives. Here
é(x,t) is the space- and time-dependent phase difference
between the two superconducting films. The time, ¢, is
measured in units of the reciprocal maximum plasma fre-
quency, wg !, where wo=¢/A;=(2eJ /#C)'/%. The max-
imum velocity, ¢, is the propagation velocity of (Swihart
mode) electromagnetic waves on the identical supercon-
ducting transmission line free from nonlinear effects
caused by the sing term. The spatial variable, x, is mea-
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sured in units of A;=(#/2ugedJ)'/. J is the maximum
pair current density and d is the magnetic thickness of the
barrier. The parameter « is the damping constant,
a=G (#/2eJC)!/?, where C and G are the shunt capaci-
tance and conductance per unit area (the quasiparticle
conductance), respectively. a=p.'"?, where B, is the
McCumber parameter. For an overlap junction (see inset
in Fig. 1) with uniform current distribution p=1I4 /I¢".
Here I, is the bias current and I§' =JWL is the critical
current of the junction. Perturbation theory based on Eq. .
(1) (valid for small a and ) gives the following resuit for
the ZFS voltages:®

u o0
VZFS,N:NZ'TTVOT , (2)

where the appropriate boundary conditions
[6x(0,6)=¢,(1,t)=0, i.e., zero magnetic field] have been
used, and where u , is the normalized steady-state fluxon
velocity,

U, =[1+4a/mm)?1~12. (3

Vo="%wy/2e is the voltage corresponding to the max-
imum plasma frequency. In general we would expect this
perturbative approach, which builds on modifications to
the exact analytical solutions to the sine-Gordon equation
on an infinitely long line, to describe the behavior of the
low-order ZFS in the I- ¥ curve of very long junctions (we
note that analytical solutions to the finite line case have
been obtained recently’). For short junctions, analytical
extensions of Kulik’s small-junction (/ << 1) theory for FS
(Ref. 8) have been worked out and extended to include
ZFS.° These models use an approach based on nonlinear
self-coupling of cavity waves to solve Eq. (1) employing
various types of Ansdtze as solutions. For example, En-
puku et al.’ used solutions of the following form:

d(x,t)=w,t+ 3, ¢,(t)cos(nmx /1), (4)

n=1

where w;=(2e /#)V4.. Their computations showed that
the ZFS may be described by mixing modes and that more
than one solution exists even on the first ZFS (degenera-
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FIG. 1. Overlap junction, T=3.8 K, J=55 A/cm?

L XW =396.0X25.5 um?, [ ~6. The inset shows the junction
geometry. (a) I-V curve with 11 zero-field steps (B =0). (b) I-
V curve with Fiske steps (B+0). We vary B,,, in order to
trace out all branches and to find the maximum step heights.

cy). A third approach to the solution of Eq. (1) is direct
numerical or analog simulation. For intermediate-length
junctions which may be described neither by the perturba-
tive approaches (for long junctions) nor by the multimode
self-coupling analyses (for short junctions), direct simula-
tion seems to be necessary.* °

III. EXPERIMENTAL TECHNIQUE

The experimental radiation data reported here is ob-
tained by detecting the microwave power emitted from
one end of the junction. For a mode with N bunched soli-
tons, the frequency of the Mth harmonic of the radiation
detected when the junction is biased on the Nth ZFS is
given by the generalized Josephson relation'!

L, _1M2e
det—2 N &

Sample preparation and experimental technique, includ-
ing the microwave detection system, have been described,
in principle, in previous publications.!""!?> The microstrip
coupling scheme was changed somewhat. It consisted of a
microstrip antenna at a fixed distance of about 10 um
from one end of the junction and a moveable ground
plane (Nb) whose distance to the substrate could be tuned
from the top of the cryostat (inverted microstripline
geometry). The overall noise figure for the X-band mi-
crowave detection system was about 4.5 dB. The spectral
resolution was 1 kHz. '

The junction used for this study was a Nb-Nb,O,-Pb
overlap junction with W =25.5 um and L =396.0 um.
Viewed in a microscope the overlap was nearly perfect (to
within 0.5 pm). The critical current density was about 50
A/cm? at 4.2 K, giving A; =70 um and [ ~5 to 6. Great
care was taken in order to protect the junction from exter-
nal noise sources. These precautions included a series of
microwave rejection filters and isolators, distributed rf fil-
tering of the bias leads and magnetic shielding. For the
radiation data reported here an extremely high stability of

Vac - (5)
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FIG. 2. Same junction as in Fig. 1, T=2.7 K. Measured
ZFS Nos. 1, 2, 3, and 8 all scaled by 1/N along the voltage axis.
The inset shows the lower part of the hysteresis curve for ZFS 1
with enhanced current sensitivity.

the bias parameters (T, By, and I4) was essential.
Typical frequency tuning rates Av/AT, Av/AB, and
Av/AI were 0.1 MHz/mK, 0.5 MHz/uT, and 2
MHz/uA (dynamic resistance ~10 mQ). The electronic
temperature stabilization system was capable of maintain-
ing a constant temperature to within 10 uK. A small
external magnetic field could be applied in the plane of
the junction (see inset in Fig. 1). When recording the ZFS
the strength of this field was set to give maximum critical
current (Bypp ~5 uT).® Experimentally this field also
corresponded to an extremum in the frequency of the ra-
diation emitted by the junction biased on one of the
ZFS."

IV. EXPERIMENTAL RESULTS

Figure 1(a) reproduces the I- ¥ curve of the junction at
4.2 K with the six ordinary ZFS and the five extra, small-
er high-order steps (N =7—11) with distorted shapes [see
also Fig. 3(c) below]. Up to 21 steps have been observed
in a junction of similar normalized length (/~6)."* In
Fig. 1(b) is shown the I-V curve with B,,;0. This
curve was recorded with varying magnitude of the applied
field in order to trace out all the Fiske-step branches and
the maximum heights of the steps. _

With use of a much higher voltage sensitivity than in
Fig. 1, Fig. 2 shows the first three plus the eighth ZFS all
scaled by 1/N along the voltage axis [see Eq. (2)]. The
branching (hysteretic) fine structure on the three lower-
order steps is evident. We note that the magnetic and
thermal tuning of the shape of these structures is very
strong. Here we shall only deal with structures in zero
field. Note the voltage sensitivity which is necessary in
order to resolve the close-lying branches on the ZFS
(AV4.~100 nV in a 20-Hz bandwidth). On some of the
ZFS [e.g., on the fourth step shown in Fig. 3(b) below] the
higher-voltage branches of the step could only be accessed
by tuning the loss (a) in the junction by varying the tem-
perature.!®
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In Figs. 3(a), 3(b), and 3(c) we compare the measured
dc I-V curves with the measured v, -versus-I curves for
ZFS Nos. 1, 4, and 8 (no scaling of the voltage axis). Us-
ing a small test junction on the same substrate as the long
junction, we performed an accurate in situ dc voltage cali-
bration on the 5X 10~* level. This was done by using rf-
induced steps in the I- V curve of the small diode obtained
by irradiating it with the output from a phase-locked X-
band microwave source. The voltage measuring circuit
could then be calibrated using the Josephson relation,
V4. =mhv/2e, where m refers to the mth rf-induced step.
The limiting factor for the accuracy of this calibration
was the temperature drift of the dc voltage amplifier. As
may be seen by inspection of Figs. 3(a) and 3(b), for ZFS 1
and 4 the measured frequencies and dc voltages fulfill Eq.
(5) to within the experimental uncertainty. Such agree-
ment is representative for the lower-order ZFS (N =1-—6
at 4.2 K). For the higher-order ZFS, significant devia-
tions from Eq. (5) were observed. Figure 3(c) shows ZFS
8. Here the frequency of the radiation detected from the
junction was about 1% higher than the corresponding dc
voltage and the observed relative changes in vy, and Vg,
were not correlated. Similar strong deviations from the
generalized Josephson relation [Eq. (5)] were observed for
the next high-order irregular ZFS. It should be pointed
out that for all the ZFS, the measured linewidth of the
detected radiation was on the order of 5 kHz. A similar
observation of “non-Josephson” radiation has been report-
ed by Langenberg et al.'® from a long tunnel junction
presumably biased on a Fiske step (in a magnetic field).

V. DISCUSSION

As shown in Ref. 11, the observation of radiation in the
same frequency range on all the ZFS may be explained by
assuming N bunched fluxons moving on the Josephson
transmission line biased on the Nth ZFS. Branching on
some of the regular low-order ZFS [e.g., ZFS No. 4 in
Fig. 3(b)] may be explained by assuming different config-
urations of bunched fluxons.!” This picture can account
for the branching on the higher-order regular ZFS since
the different configurations of fluxons and antifluxons
will move with slightly different average velocity. The
new observation of branching on ZFS 1 is, however, diffi-
cult to explain on the basis of the multiexcitation bunch-
ing picture, since this would require an asymmetrical con-
figuration, which logically seems to be incompatible with
the symmetric boundary conditions in the absence of a
magnetic field.

Likewise, the appearance of the extra, high-order ZFS
does not fit into the multiexcitation soliton model. Other
modes are evidently excited on the line. We have observed
that the extra, high-order ZFS develop into regular, low-
order ZFS with decreasing A; (i.e., with decreasing tem-
perature). The distorted shape and the non-Josephson ra-
diation therefore seem linked with the packing of more
than / fluxons on the line. We also find the gradual
change in the heights and the shape of the FS [Fig. 1(b)]
to be suggestive of a gradual transition between modes as
we proceed from the low-order to the high-order steps.
As far as the non-Josephson radiation is concerned, it has
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FIG. 3. (a) ZFS 1, (b) ZFS 4, and (c) ZFS 8: Measured dc V-
I curves (lines) and vge-I curves (X’s). The V4 and vy, axes
are connected by Eq. (5). For ZFS 1 and 8 the detected mi-
crowave power as a function of the bias current is also shown,
(a) and (c).
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been shown!® how a current-biased (0+ 1)-dimensional
Josephson junction (e.g., a point contact) coupled to a
resonant structure pumps the resonance parametrically,
when the junction is biased at a voltage slightly different
from the voltage corresponding to the resonance frequen-
cy. Power should also be emitted at the proper Josephson
frequency, but that radiation may have been too faint to
be observed experimentally.

With regard to the observed branching on the low-order
ZFS, other observations!'® suggest a link to the regular,
weak fine structure on the very lowest part of these steps.
We speculate that either plasmons, large amplitude
plasmon-like excitations, or fractional cavity waves are
excited by the fluxon during the reflections at the ends of
the junction. The observed sensitivity of the branching to
a small applied magnetic field indicates the importance of
the boundary conditions at the junction ends in determin-

ing the nature of the excited modes. Theoretically, a mul-
timode analysis as given by Enpuku et al.’ or an
equivalent approach built on a similar Ansatz to the solu-
tion of Eq. (1) would be fruitful in order to elucidate the
precise nature of the modes that couple to the fluxons,
and which from our observations appear to become dom-
inant for the high-order ZFS.
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