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We present the observation of Josephson self-coupling in Nb/AlO,/Nb tunnel junctions. In current-voltage
characteristics, anomalous subharmonic gap structures were observed; steep current steps and peaks which
were sensitive to the magnetic field appeared at the voltages of 2A/3e and 2A/5e. The characteristics of these
structures could not be explained by multiparticle tunneling and/or multiple Andreev reflection. We conclude
that the structures at 2A/3e and 2A/5e are due to Josephson self-coupling.

In Josephson tunnel junctions, it is possible that tunneling
characteristics are affected by the electromagnetic field due
to its own ac Josephson effect. This effect is known as Jo-
sephson self-coupling (JSC)."? JSC is directly derived from
the Werthamer's equation which is based on the tunneling
Hamiltonian method and describes the basic behavior of tun-
nel junctions.! JSC occurs at voltages determined by
eV+nhv=2A, where nhv is the Josephson photon energy
and A is the superconducting gap energy. This effect should
be present in a Josephson tunnel junction with sufficiently
low capacitance or high current density.

The main results of JSC are the appearance of current
steps and peaks at voltages corresponding to 2A/(2n+1)e,
where n is an integer. JSC as well as other two theories of
multiparticle tunneling (MPT)> and multiple Andreev reflec-
tion (MAR)*’ have been considered as possible explanations
for the current steps and peaks appearing at
2A/ne (n=23,4, ...); namely, the subharmonic gap struc-
ture (SGS).*~'* However, it is rather interesting that in pre-
vious experimental reports of SGS, several important fea-
tures required by the JSC model are absent. To our
knowledge there are few reports on the direct observation of
JSC so far.!-13

In this paper, we present the observation of Josephson
self-coupling in Nb/AlO,/Nb junctions. Anomalous SGS
was observed in these junctions. Steep current steps and
peaks which emerged at odd submultiples of the gap voltage
2A/e showed a magnetic-field dependence similar to the
critical current /., while weak structures at even submul-
tiples, which were also observed, were insensitive to mag-
netic fields. Moreover, step height and peak intensity at
2A/3e were larger than those of 2A/2e without the external
magnetic field. These behaviors are different from the ordi-
nary SGS studies®!* reported so far. We demonstrate that
only JSC can explain these anomalous odd series consis-
tently. To our knowledge this is the first report on clear ob-
servation of JSC.

Subharmonic gap structure is directly predicted by JSC
theory or by Werthamer’s equation,? while multiparticle
tunneling and multiple Andreev reflection also can explain
SGS. In addition these three could arise simultaneously.
Therefore it is difficult to make clear whether JSC really
occurs or not, even if SGS is clearly observed. However,
following criteria allow one to distinguish JSC experimen-
tally from the two other mechanisms MPT and MAR.
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(1) The magnetic-field dependence. JSC predicts both
pair-current and quasiparticle-current contributions to
SGS,"? whereas MPT and MAR predict only quasiparticle-
current contributions to SGS. The pair current is sensitive to
the external magnetic field and the quasiparticle current is
insensitive. If SGS is caused by JSC, the step height of SGS
should show a magnetic-field dependence.'” For small rect-
angular junctions with uniform distribution of current den-
sity, the magnetic-field dependence of the height of the pair-
current step should be similar to the Josephson critical
current, i.e., a Fraunhofer pzlttern.14 If SGS is caused by MPT
and/or MAR, the step height of SGS should be insensitive to
magnetic field.

(2) The line shape of SGS.>!*!* The current peaks with
negative differential resistance can be explained only by the
JSC picture, while the current steps can be explained by any
of the three.

(3) The position of the structure.!? The JSC model de-
rived from Werthamer’s equation predicts only odd series of
oGS, while MPT and MAR predict both even and odd series.
If one intends to attribute even series of SGS to JSC, addi-
tional processes, such as pair breaking in superconducting
electrodes,»>" should be considered to in addition to JSC
model.

The above three features are reasonable consequences of
JSC and Werthamer’s equation and are unlike those of ordi-
nary SGS studies®'® reported until now. Although many
demonstrations of SGS have been reported, none of them
satisfies all of the above three features.

The investigated tunnel junctions consisting of
Nb/AlO,/Nb trilayer were fabricated by a method described
before'® for 5X5 um?, 3X3 um?, and 2X2 um? size and
by CLIP method'’ for 2X2 um?, 1.5X1.5 um?, 1.2X1.2
um?, 1X1 um?, and 0.9X0.9 um? size. The thickness of
Al normal layer was less than 6 nm for all junctions. The
critical-current density J . of the junctions was in the range of
2.1 kA/cm? to 33 kA/cm 2. The current-voltage characteristic
measurements were carried out under current biased condi-
tion. Measured characteristic parameters of typical junctions
are given in Table L.

Current-voltage characteristics of J,=11 kA/cm? junc-
tion at 4.2 K with and without the external magnetic field
parallel to the junction are shown in Fig. 1. A steep current
step and a smooth one appear at the voltages corresponding
to 2A/3e and 2A/2e, respectively. The step at 2A/3e was
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TABLE 1. Measured characteristic parameters of typical junc-
tions. J . is critical-current density under zero magnetic field. R is
normal resistance. 2A/e is gap voltage; the average voltage of cur-
rent rising point and shoulder in /-V characteristic. V,, is quality
parameter, I.(0)R;,,y. RC/T,=2ARC/h, where h is Planck’s con-
stant and C is junction capacitance; we assume C=6 uF/cm? for
Nb/AlO,/Nb junction. I,(0)/1.(0) is step height at 2A/3e normal-
ized by critical current 7.(0). All parameters were obtained at 4.2
K. J. and R are the average for junctions of the same wafer and
other parameters are for individual junction.

J R 2A/e  V,

Sample (kA/::mz) (uQcm®) (mV) (mV) RC/7, I,(0)/1.(0)
a 2.1 0.68 27 300 267  0.0041
b 7.1 0.21 28 365 0.86 0.035
c 11 0.14 27 105 0.5 0.048
d 14 0096 275 75 0.39 0.055
e 16 0095 27 67 039 0.052
f 24 0079 27 38 031
g 33 0050 26 27 0.19

sensitive to the external magnetic field, while the step at
2A/2e was insensitive. This SGS was observed independent
of the size of junction and wiring pattern of junction. When
dc Josephson current was suppressed by applying the exter-
nal magnetic field, the SGS like those reported in Refs. 6, 7,
and 10 was clearly observed (the lower curve in Fig. 1). This
ordinary SGS was observed in all measured junctions and
became more noticeable with increasing J ..

Contrary to the ordinary SGS, the step at 2A/3e was
larger in height and steeper in slope than that at 2A/2e with-
out the external magnetic field (the upper curve in Fig. 1).
This anomalous structure at 2A/3e was observed in the junc-
tions with J,=2.1 kA/cm? to 16 kA/cm?. The structure at
2A/3e appeared more clearly with increasing J. (see Table
I). But the structure at 2A/3e could not be observed in junc-
tions with J.>16 kA/cm?, since these still higher J, junc-

FIG. 1. Current-voltage characteristics of a 3 X3 um? junction
with J.=11 kA/cm? at 4.2 K. The upper curve was obtained with-
out the external magnetic field and the lower was with magnetic
field of 14 mT. The field was applied parallel to junction and was
corresponding to the fourth minimum of 7. Vertical scale: 50 nA/
div., horizontal scale: 500 wV/div.
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FIG. 2. The position of the structure V as a function of the gap
voltage 2A(T)/e for a J =11 kA/cm? junction. A solid line pre-
sents one-third of 2A(T)/e. The value of A(T) was varied by
means of changing temperature.

tions switched back to zero voltage state at V>2A/3e under
zero magnetic field.

We observed the structure at 2A/3e in junctions of the
same size with different wiring pattern and in junctions of
various size with the same wiring pattern. Therefore, any
Josephson resonance mechanism proposed until now, e.g.,

Fiske steg,18 zero-field step,!® and step due to external
resonator,”” is ruled out as an explanation for the observed
structure.

Figure 2 shows the relationship between position corre-
sponding to the 2A/3e step and gap voltage 2A(T)/e of a
junction with J.=11 kA/cm?. The position of 2A/3e step
was proportional to the gap voltage 2A(T)/e at a rate of 1/3.
This figure shows that the steep step is not a resonance step
but a subharmonic gap structure.

The line shapes of structure at 2A/3e were steep steps in
most cases. But the junctions with J.=7.1 kA/cm? showed
clear current peak at 2A/3e with negative differential resis-
tance, as shown in Fig. 3. The current peak cannot be ex-

FIG. 3. Current-voltage characteristics of a 5X5 wm? junction
with J.=7.1 kA/cm? at 4.2 K. The upper curve was obtained with-
out magnetic field and the lower was with magnetic field of 21 mT.
The field was parallel to the junction and corresponding to the tenth
minimum of /. ; this rather large field was necessary in order to
suppress the first Fiske step emerging near 1.5 mV. Vertical scale:
20 pA/div., horizontal scale: 500 . V/div.
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FIG. 4. Magnetic-field dependence of the current step height I
at 2A/3e (solid circles) and Josephson critical current I, (open
circles) of a 3X 3 um? junction with J.= 11 kA/cm 2. The magnetic
field B was applied parallel to the junction. In this case the structure
at 2A/3e showed step figure. /; and /. are normalized by the values
I,(0) and I.(0) at zero magnetic field, respectively. A solid line is
the theoretical dependence, sin(7B/B,)/(7B/B,) where B, is the
field corresponding to the first minimum of 7. .

plained by MPT and MAR.

The magnetic-field dependence of step height at 2A/3e of
aJ.=11 kA/cm? junction is plotted in Fig. 4. At the current
minimum, a small bump was observed at 2A/3e (see the
lower curve in Fig. 1). We defined the zero of the step height
as this minimum current. It is found that the magnetic-field
dependence of the 2A/3e step is similar to Josephson critical
current I, of the junction. This magnetic-field dependence
corresponds to the prediction of JSC for the small rectangu-
lar junction and is never explained by MPT and MAR. Po-
sition of the step was not shifted in voltage scale by applying
the magnetic field.

For some junctions, temperature dependence of the SGS
was measured over the range of 1.6—4.2 K. Distinguishable
change in magnitude and position of SGS was not observed
with decreasing temperature except for the decrease of back-
ground leak current.

Almost all measured junctions switched back to zero volt-
age state at V=2A/3e (as shown in Figs. 1 and 4) without
the external magnetic field. The existence of higher-order
structures in these junctions are unknown without the mag-
netic field. As shown in Fig. 5, however, in case of J.=2.1
kA/cm?, some junctions showed a current step at voltage
corresponding to 2A/5e as well as 2A/3e while neither cur-
rent step nor current peak was found at 2A/4e. The normal-
ized step heights I, /I (0) at 2A/5e and at 2A/3e in Fig. 5
are 0.0046 and 0.0041, respectively. The step at 2A/5¢ was
suppressed by magnetic field in the same way as that of
2A/3e and critical current. We tried to measure quantita-
tively the magnetic-field dependence of these structures ap-
pearing in the J,=2.1 kA/cm? junction but could not obtain
accurate data since these structures are so small. MPT and
MAR predict both even and odd series of SGS and monoto-
nous decrease of step height at 2A/ne with increasing n.5’
The emergence of a step at 2A/5e¢ without a step at 2A/4e
strongly suggests that the step at 2A/5e is caused by JSC.

The observed anomalous behaviors of odd series of sub-
harmonic gap structure are never predicted by multiparticle
tunneling and/or multiple Andreev reflection. In other words,
only the Josephson self-coupling can explain the magnetic-
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FIG. 5. Current-voltage characteristics of a 5X5 um? junction
with J.=2.1 kA/cm? at 4.2 K. The upper curve was obtained with-
out magnetic field and the lower was with magnetic field of 20 mT
which was parallel to the junction and corresponding to the tenth
minimum of /.. Vertical scale: 5 uA/div., horizontal scale: 500
mV/div.

field dependence, current peak with negative differential re-
sistance and the amplitude of the structure. The observed
current-voltage characteristics contained two kinds of SGS;
anomalous SGS caused by JSC and ordinary SGS.

Deviation of the magnetic-field dependence from JSC
theory (in Fig. 4), which becomes pronounced in low current
region, may be due to suppression of Josephson current by
external noise.

According to the results of numerical calculation of Wer-
thamer’s equation,' the condition of emergence of the struc-
tures due to JSC is sufficiently low RC/7, value of the junc-
tion, where R is normal resistance junction, C is capacitance
of the junction and 7,=h/2A. As shown in Table I, the
RC/7, value of our junctions which showed the structure at
2A/3e was in the range 0.4-3 for C=6 wF/cm?. These
RC/7, values suggest the observed structures are due
to JSC.1°

The above condition of emergence of SGS due to JSC,
low RC/7, value, implies a high critical-current density of
the junction. Moreover low subgap leakage is required, since
large leakage causes switching back to zero voltage state at
large currents or at large voltages and smears the character-
istic structures. Generally, it is difficult to fabricate junctions
with both high J,. and low leakage.?! This is a possible rea-
son why JSC has not been observed before. Note that JSC
does not require large tunneling matrix element |T|?; the
assumption of patchy barrier® or pinhole defects*!° is not
necessary.

We do not know the cause of the ordinary SGS observed
in our experiment. To clarify this problem further study is
required.

In conclusion, we have observed Josephson self-coupling
in Nb/AlO,/Nb tunnel junctions. These junctions showed
anomalies in odd series of subharmonic gap structure. At
voltages 2A/3e and 2A/5e, steep current steps and current
peaks emerged. Contrary to ordinary subharmonic-gap-
structure observations, these steps and peaks showed a
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magnetic-field dependence that was quite similar to the Jo-
sephson critical current /.. Even series of subharmonic gap
structure which were also observed were insensitive to the
magnetic field and showed rather smooth current steps. The
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most likely explanation of the anomalous odd series ob-
served here is Josephson self-coupling.

We wish to thank H. Akoh for valuable discussion and his
critical reading and S. Kohjiro for valuable discussion.
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FIG. 1. Current-voltage characteristics of a 3X3 um? junction
with J.=11 kA/cm? at 4.2 K. The upper curve was obtained with-
out the external magnetic field and the lower was with magnetic
field of 14 mT. The field was applied parallel to junction and was
corresponding to the fourth minimum of /.. Vertical scale: 50 A/
div., horizontal scale: 500 wV/div.



FIG. 3. Current-voltage characteristics of a 5X5 pum? junction
with J.=7.1 kA/cm? at 4.2 K. The upper curve was obtained with-
out magnetic field and the lower was with magnetic field of 21 mT.
The field was parallel to the junction and corresponding to the tenth
minimum of /,; this rather large field was necessary in order to
suppress the first Fiske step emerging near 1.5 mV. Vertical scale:
20 wA/div., horizontal scale: 500 pV/div.



FIG. 5. Current-voltage characteristics of a 55 um? junction
with J,=2.1 kA/ecm? at 4.2 K. The upper curve was obtained with-
out magnetic field and the lower was with magnetic field of 20 mT
which was parallel to the junction and corresponding to the tenth
minimum of [,.. Vertical scale: 5 pA/div., horizontal scale: 500
wV/div.



