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The first zero-field step in the current-voltage characteristic of intermediate-length, high-quality, low-
loss Nb/Al-AlO, /Nb Josephson tunnel junctions has been carefully investigated as a function of temper-
ature. When decreasing the temperature, a number of structures develop in the form of regular and
slightly hysteretic steps whose voltage position depends on the junction temperature and length. This
phenomenon is interesting for the study of nonlinear dynamics and for application of long Josephson
tunnel junctions as microwave and millimeter-wavelength oscillators.

The resonant motion of magnetic flux quanta (fluxons)
in the barrier of a long (with respect to the Josephson
penetration length A;) Josephson tunnel junction has
been studied extensively in the last 20 years both by
recording the dc current-voltage characteristic (IVC) of
the zero-field steps (ZFS) and by detecting the radiation
emitted as a result of fluxon reflections. Most of the ex-
perimental work reported in the literature was made on
samples based on the native oxide of tin or niobium
(Sn/Sn0O, /Sn and Nb/NbO, /Pb junctions), which makes
rather good tunneling barriers; however, by means of the
present Nb/Al-AlO,/Nb technology based on a metal
overlayer, very high-quality barriers can be realized
which have almost negligible ohmic losses. The superior
quality together with the improved thermal and mechani-
cal stability of these new devices are being exploited for
the practical utilization of superconducting tunnel junc-
tions. Among the various applications, we presently
focus on the use of a spatially extended Josephson tunnel
junction in the resonant fluxon regime as a building block
in microwave and millimeter-wavelength oscillators.

We report on a thorough experimental investigation of
the properties of Nb/Al-AlO, /Nb intermediate-length
Josephson tunnel junctions operated in the resonant
fluxon regime, i.e., when dc current biased on a ZFS. We
have limited our measurements to the first ZFS, which is
related to the shuttling back and forth of a single fluxon;
the fluxon dynamics is more complicated on higher-order
steps. Most of our measurements were done by detecting
the emitted radiation of the fundamental fluxon frequen-
cy f; this rf technique, because of the Josephson (re-
duced) voltage-frequency relation V =2¢,f ~4.1
uV/GHz X f has, by far, a better resolution than its dc
counterpart, i.e., the recording of the dc IVC.

In this paper, we focus our attention on the appearance
of fine structures on the first zero-field step which occurs
in high-quality samples and which is enhanced by lower-
ing the operating temperature; after the presentation of
the experimental results, we discuss the difference with
previous related experiments.

The samples consisted of unidimensional overlap
Josephson tunnel junctions, coupled to a microstrip line
through a capacitive gap: The details of the geometry are
shown in Fig. 3 of Ref. 1. The fabrication procedure is
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based on the anodization of the top layer of a
Nb/Al-AlO, /Nb trilayer as described in Ref. 2. As a re-
sult of this technique, the junction is embedded in a win-
dow opened in a 200-nm thick Nb,O5 layer between the
base electrode and the wiring layer, which are always
larger than the junction itself. All the samples were fa-
bricated in the Laboratory of Superconductivity at the
University of Salerno, Italy.

The relevant parameters for the samples have been
evaluated from the junction IVC, the magnetic pattern of
the critical current, the voltage of the Fiske steps in small
junctions, and the maximum frequency of the signal emit-
ted by long junctions biased on the first ZFS. All tested
junctions had the critical current density J, in the range
10-50 A/cm?, specific capacitance C; =0.03 F/m?, mag-
netic barrier thickness d =160 nm, and normalized
lengths / from 3 to 5 at T'=4.2 K. We recall that, since
the propagation velocity of electromagnetic waves in the
junction barrier is ¢=A;w, and the junction fundamental
frequency of resonance is f,=c /2L (which was within
the microwave X band for our samples), then the plasma
frequency w, /2w can alternatively be obtained from the
relation 27f, /w, =m/l. The cryogenic setup and the mi-
crowave detection system have been described else-
where.?

Experiments on three samples gave qualitatively simi-
lar results and for the sake of simplicity, we will limit our
attention to one particular sample whose geometrical and
electrical (at T'=4.2 K) parameters are reported in Table
I and whose IVC (at T =4.2 K) is shown in Fig. 1. In
Fig. 2 the stars are experimental data relative to the fre-
quency f of the emitted signal (at one end of the junction)
vs the external bias current / when the junction is biased
on the first ZFS at T'=4.1 K. The quasiparticle tunnel-
ing current is less than 10 uA (one small division). It is
evident that the curve is not continuous, but is split into a
number of small isolated branches almost equally spaced
in frequency. We remember that the fluxon average ve-
locity v is related to emitted signal frequency f through
f=v/2L, where L is the junction length. The experi-
ments show that the fluxon average velocity does not in-
crease continuously with the energy externally supplied
via the bias current, but jumps from one branch to the
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TABLE I. Geometrical and electrical (at 4.2 K) parameters
of the sample.

Data
Length L 500 pm
Width W 20 pum
Critical current I, 1.15 mA
Critical current density J, 11.5 A/cm?
Normal resistance R, 14 Q
Subgap resistance R, (at 2 mV) 28 Q
Gap voltage V, 2.75 mV
Quality factor V,, 32 mV
Magnetic thickness d 160 nm
Josephson length A; 120 pum

Normalized length L/A; 4

Specific capacitance C; 0.03 F/m?
Total capacitance C 300 pF
Plasma frequency f, 17 GHz
Resonance frequency f, 12.71 GHz
1/(R,C) frequency 0.12 GHz
McCumber B, 8 X 10°

Swihart velocity ¢ 1.27X 107 m/sec
Legend
Va=LR,, A=V7/2epdl,, f,=(1/2w)\ 2el,/hC
c=2f.L=27\;f,, Bc=(21'rf£R§gC)2

next in such a way that certain values of the velocity are
not allowed. Furthermore, sometimes the behavior is
hysteretic and the current ranges of two contiguous
branches overlap. When the hysteresis is very small (or
absent) at the bias point where switching occurs two sig-
nals were observed simultaneously on the spectrum
analyzer. This is due to the noise induced intermittence
between the upper part of one branch and the lower part
of thé successive branch. The application of a small
external magnetic field parallel to the plane of the junc-
tion and perpendicular to the long dimension of the junc-
tion tuned the frequency a few MHz upward independent
of the field direction. However, the switching frequency
positions did not change significatively.

The asymptotic resonance frequency in Fig. 2 is
f,=12.69 GHz so that, in normalized units, as indicated
by the upper horizontal scale, the data only span a small
frequency range from 0.91 to 1.00. The positions of the
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FIG. 1. Current-voltage characteristic of the sample at 4.2
K.
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FIG. 2. First ZFS profile (emitted signal frequency vs exter-
nal bias current) at 4.1 K.

switching frequency for each branch are almost, but not
exactly, equally spaced. (If we interpret these branches as
resonances, the relatively large dynamical resistance of
the lower structures suggests that the switching positions
are somehow lower than the asymptotic resonant fre-
quencies.) The distance between successive branches is
very small; in normalized units it is less than 2% of the
maximum frequency, and, for this sample corresponds to
about 260 MHz (the uncertainty of these frequency mea-
surements is less than 1 MHz). With an effective voltage
amplifier noise of 100 nV, the switching jumps from one
branch to the next could be easily resolved in the dc IVC
traced on the X-Y recorder. The junction critical tem-
perature was 7,=8.9 K and the first ZFS was clearly
visible, although very small, at about T'=8 K. Figure 3
shows the evolution of the first ZFS for temperatures be-
tween T'=6.4 K [curve (a)] and T =2.0 K [curve (g)].
For T > 6 K the ZFS profile is very smooth as in curve (a)
whose upper part is practically linear. Decreasing the
temperature results in a shift of the ZFS profile to higher

vV (rV)
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L
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FIG. 3. First ZFS profile at different temperatures. (a) 6.4 K,
57K, 45K, (d) 41K, (e) 39K, (f) 3.5 K, and (g) 2.0 K.
The solid lines connecting the experimental points at each tem-
perature are drawn as a guide to the eye.
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frequencies due to the change of the Swihart velocity ¢
through the temperature dependence of the London
penetration depths of the junction electrodes. For
symmetrical junctions the dependence is
c(T)/e(0)=[1—(T/T.)*]"/* being strongest for T close
to the critical temperature T,. Lowering the temperature
slightly below 6 K, a number of superimposed bumps be-
gin to develop in the upper part of the profile, as seen in
curve (b); they gradually change into well defined not
overlapping structures [curve (c)]. Note that the solid
lines drawn between the experimental points obtained at
the same temperature are unrelated to the switching to
other branches. At even lower temperatures, these
branches become more pronounced also in the lower part
of the ZFS profile, as in curve (d) corresponding to Fig. 2.
At the lowest temperatures the upper branches became
unstable and they gradually disappear [curves (e), (), and
(g)] until at last the whole profile vanishes at tempera-
tures below 7T'=2.0 K. This is consistent with the dc
measurements made by other authors*> where the ampli-
tude of the ZFS decreases at low temperatures unlike oth-
er current singularities, which follow the critical current
temperature dependence. Experimentally, since in high-
quality junctions and, especially, at low temperatures it
becomes increasingly difficult to latch onto any low volt-
age current singularity, the measurements illustrated in
Figs. 2 and 3 were obtained by first raising the tempera-
ture to a value where it was possible to latch onto the
singularity, then varying the current, choosing an ap-
propriate bias point, and finally lowering the temperature
to the desired value. Similar measurements made on oth-
er two samples having a smaller length (L =350 yum in-
stead of L =500 um) showed very similar behavior, the
main difference being a lower frequency separation be-
tween successive branches (scaling proportionally from
about 170 to about 260 MHz). The same results have
been obtained after repeated thermal cycles and under a
number of experimental conditions, i.e., by changing the
sampleholder, the mounting of the junctions (with and
without ground plane), and the rf coupling to the external
waveguide and coaxial cable. Furthermore, we have car-
ried out a series of measurements in order to exclude the
existence of an on-chip spurious resonance, both at low
(VHF and UHF) and high (X band) frequencies. From
this we infer that the splitting of the ZFS into many
branches is due to internal mechanisms. This is further
supported by the consideration that the main effect of the
lowering of the temperature is a strong decrease of the
shunt loss of the barrier; this is particularly true in the
range 0<T <T,/2 in which other relevant quantities
such as the Josephson current and the London penetra-
tion depths remain virtually unchanged. In contrast, the
losses due to the dissipation in the barrier, which are usu-
ally referred to in the literature by the dimensionless fre-
quency independent damping parameter a=1/1/8,,
have a strong temperature dependence,® since they are
related to the subgap resistance R, that is, to the tun-
neling of quasiparticles across the barrier (see the legend
of Table I). Recently, it has been demonstrated>”® that
the subgap current of high-quality Nb/Al-AlO, /Nb su-
perconducting tunnel junctions follows very closely an
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exponential dependence down to temperatures below 1.5
K, in particular for small voltage values ( <500 V). For
the sample described here, the dependence of the subgap
current on the temperature is shown in Fig. 4 in which a
logarithmic scale is needed to evidence the strong tem-
perature dependence typical of high-quality supercon-
ducting tunnel junctions. These data were taken by ap-
plying a small magnetic field (=~0.1 T) in order to
suppress the Josephson current and the Fiske resonances.

Curve (a) refers to the normal sample (at 7 > T7,.) and
corresponds to an ohmic curve with R, =0.14 Q. Insert-
ing the experimental value of the subgap resistance mea-
sured at, say, V=500 uV, a goes from 4X 1073 at
T =6.4 K [curve (b) of Fig. 4] to 2X10™%at T=2.0 K
[curve (f) of Fig. 4]. On the contrary, the frequency
dependent losses due to the surface impedance of the su-
perconducting junction electrode are only weakly temper-
ature dependent.

It is well known that in underdamped unidimensional
Josephson tunnel junction richer nonlinear phenomena
occur due to the intimate interaction of the fluxons with
persistent oscillations along the line originated by the
fluxons themselves”!© (the normalized time over which
these oscillations decay goes as 1/a). This idea has been
used to explain the regular fine structures observed on the
first ZFS of very long Sn/Sn0O, /Sn junctions. 2 In par-
ticular, in Ref. 11 the fine structures were related to the
resonant interaction of n fluxon oscillations with the mth
fractional cavity mode determined by f,=¢ /L assuming
the response of the Josephson resonator to be linear: The
resonant frequencies in that case were found to corre-
spond to f,,,, =(n/m)f, where n and m can be any in-
teger numbers. Although supported by numerical simula-
tions, 13 this scheme is questionable; in fact, later, taking
into account the nonlinear nature of a Josephson cavity,
regular fine structures observed on similar junctions were
interpreted as due to the interaction of the traveling
fluxon with small amplitude plasma oscillations at f,,
i.e., with k =0,'? so that the resistive branches occur at
Sn=fp/n. [It is well known that the dispersion relation
of small amplitude plasma oscillations and in the limit of
zero bias is w’=t’k*+wl, which for k =0 gives the
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FIG. 4. Subgap current at different temperatures. The tem-
peratures are (a) 10 K, (b) 6.4 K, (c) 4.6 K, (d) 3.6 K, (¢) 2.8 K,
(f) 2.0 K. The solid lines connecting the experimental points at
each temperatures are drawn as a guide to the eye.
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lower cutoff frequency ®=w,; in underdamped junctions
the approximation of small amplitudes has to be removed
and the dispersion relation (k) becomes very complicat-
ed, since it involves complete elliptic integrals'*.] How-
ever the restrictions to small amplitude, bias independent,
and k =0 plasma oscillations do not have any physical
justification but it is surprising that in our data the reso-
nant frequencies f, can be rational related to a frequency
f*by f,=n/mf*, where n and m are integer numbers
and f* is very close to the plasma frequency; for exam-
ple, for a particular sample, we found that the branches
shown in Fig. 2 are tentatively related to the series
L2 13 14 115 18 with £*=17.5 GHz; analogous series can
be found also for the other samples.

We wish to stress that a phenomenological model
without restrictive conditions is very difficult to rule out
so that resorting to numerical simulations is mandatory.
However, great care must be used to simulate low damp-
ing nonlinear systems, since, besides the longer transients,
the results are very sensitive to the numerical algorithm
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adopted to integrate the partial differential equation.'
We do not exclude that fine structures similar to those re-
ported here have already been observed on high-quality
long Josephson tunnel junctions although interpreted in
terms of different mechanisms (see, for example, Ref. 16).

In conclusion, the observed regular fine structures on
the ZFS of high-quality Josephson junctions is a
phenomenon which deserves further investigation both
motivated by its interest in the basic study of nonlinear
dynamic systems and also to better ascertain the feasibili-
ty of long Josephson tunnel junctions as practical devices.
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