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Super-relativistic fluxon in a Josephson multilayer: Experiment and simulation
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The propagation of a single Josephson vortex is studied experimentally in stacks of five and ten Nb-
Al/AlO x-Nb annular Josephson tunnel junctions. To gain a detailed insight in the dynamics of the system,
experimental data are compared to numerical simulations. This comparison enables us to determine the par-
ticular junction in the stack in which the vortex is located. We study in detail the interaction of the vortex with
the Josephson plasma oscillations at different temperatures that correspond to different dissipation values. At
low temperatures, the resonant locking of the vortex to the emitted Cherenkov waves is observed. At high
temperatures, the nonresonant behavior of the vortex is found. Experimental data, simulation, and analytical
models are in good agreement, and show a consistent picture of the dynamics of a single vortex in the stack.
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I. INTRODUCTION

Kleiner and Müller’s finding of the intrinsic Josephso
effect in highly anisotropic high-Tc superconductors1 gave a
strong impetus to the research in the field of Josephson p
ics. Anisotropic high-Tc superconductors are in essence v
tical stacks of Josephson junctions produced by nature.
to the close spacing of the superconductor-insulator latt
the superconducting screening currents range across m
layers and induce a coupling between the individual ju
tions. The dynamics of magnetic flux quanta in Joseph
junction multilayers has raised a lot of interest for they a
good candidates for high power flux-flow oscillators at TH
frequencies, as shown in simulations.2–4 Yet the predicted
in-phase mode is still to be confirmed experimentally.

To investigate the mechanisms that govern the fluxon
namics in high-Tc multilayers we mimic them by artificia
stacking of Nb-Al/AlOx-Nb junctions.5 This approach allows
us to control the sample properties in a wide parame
range, and the samples can be tailored for experimental
application purposes. Nb-Al/AlOx-Nb stacks with as many a
28 junction layers have been produced,6 with a typical spread
of the critical currents of less than 10%. This makes the lo
Tc systems an interesting counterpart to high-Tc mesa struc-
tures, where the achievable number of junctions ranges
tween a few and several hundred. Besides modeling intri
Josephson junctions, Nb-based stacks also provide a
integration level for cryoelectronic chips. Regarding possi
applications as flux-flow oscillators, the fluxon dynamics
the most interesting field to investigate in stacks with a la
number of junctionsN.

It is very important to learn aboutthe simplest dynamic
statesin stacks before moving into the very complex mul
vortex flux-flow regime. This regime differs greatly from i
counterpart found in single-junction flux-flow oscillator
Therefore, our primary objective here is to study and und
0163-1829/2002/66~6!/064527~7!/$20.00 66 0645
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stand the dynamics ofa single Josephson vortexin the
(Nb-Al/AlO x)N-Nb system. Yet despite the obvious attra
tiveness of high-N systems, the only experimental studies
single Josephson vortices done until now were using twof
stacks.7,8 The underdamped single-vortex propagation
stacks with the number of junctions larger than two has b
analyzed and studied numerically in Refs. 3 and 9–11, bu
experiments have been made until now. The central mes
of this paper is reporting such experiments for the first tim
to the best of our knowledge.

A single vortex in an underdamped junction stack m
exceed the lowest characteristic velocity of Joseph
plasma waves. In this case the vortex does not behave
relativistic particle of solitonic nature as it does in singl
Josephson junctions, but its motion becomessuper-
relativistic ~it overcomes the characteristic electromagne
wave velocity! and is accompanied by Cherenkov radiati
of Josephson plasma waves.7 Experimental and numerica
results show that in twofold stacks only one out of the tw
linear modes can be excited. In higher-order systems, h
ever, N of these modes12,5 exist and may affect the fluxon
dynamics. In measurements presented below we were
observe such dynamics in a multilayer Josephson media
5–10 junctions. To interpret the data and ultimately det
mine the excited plasma modes, we perform numerical sim
lations using the inductively coupled Josephson junct
model.

The paper is organized as follows. In Sec. II we revie
the model which describes the dynamics of the phase dif
ences in stacks and discuss linear modes. The experim
results are presented and compared with the simulation
Sec. III. Particular dynamic regimes at various temperatu
are discussed here in detail. Section IV concludes the w

II. THEORETICAL MODEL

An N-fold stack of long Josephson junctions, consisti
of N insulating andN11 superconducting layers~see Fig.
©2002 The American Physical Society27-1
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1!, is well described by the Sakai-Bodin-Pedersen mode
coupled sine-Gordon equations.13 The equations which gov
ern the phase dynamics in the Josephson stack are writte

\

2em0
]xxf l5sl 21 j l 21

z 1dl8 j l
z1sl j l 11

z , ~1!

wherel 51 . . .N21, and

j l
z5

\

2e
Cl] ttf l1

\

2e
Gl] tf l1Jl sinf l2I l

is the total current flowing through junctionl in the z direc-
tion. HereCl , Gl , Jl , and I l denote the unit area capac
tance, conductance, critical current, and bias current, res
tively. We assume that the junctions are connected in se
and, therefore, receive the same bias currentI l5I for all l.
The parametersGl5G and Cl5C are taken equal for al
layers. The effective junction thicknessdl8 and the coupling
parametersl are defined in Ref. 13.

Neglecting the quasiparticle damping and inserting an
satz of linear traveling wavesf l5Al exp@i(kx2vt)# with
small amplitude into Eqs.~1! yields the dispersion relation o
the eigenmodes:

vm
2 5vp

21~cm
(N)!2k2 with m51, . . . ,N. ~2!

The valuescm
(N) are called characteristic velocities, and c

be calculated5 by solving the eigenvalue problem of the co
pling matrix from Eq.~1!. Note that, unlike in single long
junctions, the maximum velocity of fluxons in stacks is ge

FIG. 1. Geometry of the annular Josephson junction stack
N55 junctions; a fluxon is accelerated clockwise under the in
ence of the~normalized! bias currentg5I /J.
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erally unknown9 and does not necessarily coincide with t
minimum phase velocity of linear wavescN

(N) . In particular,
fluxon motion at velocities higher thancN

(N) is possible and it
leads to excitation of traveling plasma waves by the fluxo7

Since an analytical treatment of Eq.~1! is hardly possible,
numerical simulations prove to be the most valuable tool
gaining insight into the dynamics of Josephson junct
stacks. The numerical procedure that we employ for solv
Eqs.~1! is based on the finite difference scheme describe
Ref. 14. To check the accuracy of the algorithm, we ha
compared our results with those of a simulation routine
Kleiner et al.,3 which applies a Fourier expansion method
solve Eqs.~1!. Good agreement between the results of b
algorithms has been found.10

III. RESULTS AND DISCUSSION

Single-vortex states have been prepared and measur
ring-shaped stacks ofN55 and 10 junctions; see Fig.1. I
order to exclude the influence of the junction edges a
study of the vortex motion under periodic boundary con
tions we used the annular junction geometry. The circum
enceL of 418 and 597mm ~cf. Table I! of the samples was
large compared to the typical Josephson length. The th
nesses of the superconducting Nb films were comparabl
the London penetration depthlL'90 nm atT50 K, so
that strong inductive coupling was achieved between
junctions.

To induce a Josephson vortex into the system, the sam
are cooled through the critical temperatureTc59.2K while a
small bias current is applied. BelowTc the number of vorti-
ces trapped in the junctions is conserved due to the magn
flux quantization and the topology of the sample. Since tr
ping of vortices in Josephson multilayers turns out to
considerably more difficult than in single junctions, gre
care is taken to determine the resulting state. The numbe
freely moving vortices in the stack is determined from t
maximum voltage of the fluxon step obtained from a me
surement of the current-voltage characteristic~CVC!. Fur-
thermore, the critical current diffraction pattern is measu
~see Fig. 2! to check the obtained state.15,7 This method is
also a sensitive probe for the possible pinning of the vor
by defects or parasitic flux in the films.

f
-

one of
TABLE I. Properties and parameters of the measured samples.

Sample LayersN Length (mm) Thicknesses of the Nb films~nm! Critical current density
top intermediate bottom at 4.2 K (A/cm2) a

1 5 416 180 90 90 90
2 5 416 180 90 90 130
3 5 416 180 90 90 140
4 5 597 180 90 90 140
5 10 416 120 60 90 81
6 10 597 120 60 90 81

aThe spread of the critical current density in all samples is below 5%, except for sample No. 1, where
the junctions has a critical current density of 145 A/cm2.
7-2
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Since the quasiparticle tunneling conductanceG decreases
exponentially with temperature, the damping in the system
controlled by varying the temperature between 1.3 and
K. A typical set of measurements is shown in Fig.3. Note t
at low temperatures we find resonances on the fluxon C
which vanish as the temperature is increased. Close toTc the
fluxon step does not approach any asymptotic voltage
found in single junctions, but instead shows an S shape
the following sections, the fluxon dynamics in the low a
high temperature regimes is analyzed with the help of
merical simulations of Eqs.~1!.

A. Low damping regime

At low temperature the damping due to the quasipart
tunneling is sufficiently small so that Josephson plas
waves have significant influence on the dynamics of the fl
ons. Due to the periodic boundary conditions in the annu
junctions, there exist only eigenmodes~2!, with wave num-

FIG. 2. The critical current diffraction patterns for sample No
measured for the fluxon-free state and with a fluxon trapped in
of the junctions.

FIG. 3. Measured CVC’s of a single fluxon in the center barr
of sample No. 3. The labels on the curves indicate the tempera
g is the bias current normalized to the fluxon-free critical curren
the stack.
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berskh5(2p/L)h, exist, whereh51,2, . . . ,̀ . These plasma
waves can be excited when the Cherenkov condition ho
i.e., the fluxon velocityvfluxon equals the phase velocity o
linear wavesvphase5v/k.

Using the dispersion relation for linear plasma waves@Eq.
~2!#, one finds that Cherenkov modes are excited at a flu
velocity of7

v res5A~cm
(N)!21S vpL

2phD 2

. ~3!

From Eq.~2! it is clear that the lowest characteristic veloci
cN

(N) plays the role of a lower bound of the fluxon velocitie
at which Cherenkov radiation exists~see Fig. 4!.

To test whether this prediction is correct, the phase
namics of a single fluxon in the center junction of samp
No. 3 at 4.2 K is simulated. The junction parameters
either known from the sample fabrication~dimensions!,
single-junction measurement data~capacitance C
53.2mF/cm2) or are obtained by direct measurements~e.g.,
the critical currentJ5140 A/cm2). The tunnel conductance
can be deduced from the nonrelativistic part of the CVC. F
all simulations the dependence of the parameters suc
damping in Eq.~1! on temperature is taken into accoun
while a stochastic term to simulate fluctuations was not ta
into account. For numerical analysis a conductanceG
560 kS/cm2 of about twice the real value atT54.2 K is
used. Such an increased conductance correspondin
higher damping was chosen in order to reduce the comp
tion time. For this reason we also refrained from a detai
analysis of data obtained at temperatures lower than 4.2
Figure 5 shows the calculated CVC of a fluxon captured
the center junction No. 3 of the stack at 4.2 K. This juncti
is referenced byl 53 in Eq. ~1!. The corresponding profiles
of the sine of the phase differences at the bias points lab
in roman are plotted in Fig. 6. The vertical lines with Arab
labels in the inset of Fig. 5 correspond to the analytica
calculated resonant velocities@Eq. ~3!# and demonstrate ex
cellent agreement with the results of simulation.

With the aid of the simulated phase differences it is n
possible to understand the dynamics of the fluxon in
stack. At fluxon velocities smaller than the lowest charac
istic velocityc5

(5) in Fig. 6i , one can identify the fluxon in the

e

r
re;
f

FIG. 4. Plasma dispersion relation calculated for the fivef
stack No. 3. The numbers indicate the dispersion branchm; squares
correspond to the resonant modes counted by indexh; the straight
line illustrates the fluxon velocityvfluxon.
7-3
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center junction and its images in the other junctions. Wh
vfluxon exceedsc5

(5) , an oscillating tail of Cherenkov radia
tion arises behind the fluxon. Figure 6i i shows that the am
plitude of these waves quickly decays in space and time
to the damping. With increasing velocity, the fluxon excit
modes with lowerh and larger wavelength. In addition, th
amplitude of the Cherenkov wake, and therefore its leng
grow. Once the Cherenkov wake extends over the circum
ence of the junction, the fluxon interacts with its radiati
and vfluxon locks to v res. Intuitively thinking, one may say
that the fluxon is trapped in the potential created by its w
tail and can overcomev resonly if the driving forceg exceeds
the force due to this potential. Therefore, the velocityvfluxon
locks to discrete values and hysteretic resonant steps ap
on the CVC. These in turn can be assigned to the differ
wave numberskh of modes~2! as illustrated in Fig. 5. At
even higher bias current, the amplitude of the plasma wa
exceeds 2p in the junction where the fluxon is located. Th
results in the creation of a fluxon-antifluxon pair in this jun

FIG. 5. Simulated CVC of a single fluxon in the center barr
using the parameter set for sample No. 3 at 4.2K. Vertical line
the main plot indicate the characteristic velocitiescm

(N) ; the vertical
lines in the inset show the voltages corresponding to the reso
velocitiesv res of the modeh.

FIG. 6. The simulated profiles of sinfl in sample No. 3 with a
fluxon in the center barrier for the bias points indicated in Fig.
g ( i )50.07, g ( i i )50.22, g ( i i i )50.38, g ( iv)50.42, andg (v)50.47.
The fluxon is marked by a circle.
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tion. The Lorenz force due to the bias current pulls the c
ated fluxon and antifluxon in opposite directions. An insta
later, the pair causes the nucleation of further fluxons a
antifluxons in all other junctions and this avalanche switch
the stack to the phase-whirling state.

But simulation can do more than giving insight in th
phase dynamics. Looking at the experimental CVC of
single fluxon state, it is not knowna priori in which junction
out of the N junctions of the stack the fluxon is trappe
Nevertheless, by comparing the measured data with
simulations we can approximately determine the junction
which the fluxon is located. This can be decided from t
features of the relativistic part of the CVC, such as its sha
and curvature, as well as from the positions of the resonan
and their switching currents. The CVC’s for all possib
single-fluxon states simulated with the parameter set of s
No. 3 are presented in Fig. 7. The fluxon state characteris
are distinct for the top and bottom junctions, because t
both are lacking a neighboring junction on one of their sid
The distinction between the bottom and top junctions the
selves is due to the difference in thickness of the top a

r
n

nt

:

FIG. 7. High-velocity range of simulated CVC’s for all fiv
possible single-fluxon states in sample No. 3. The different cur
correspond to fluxon located in different junctions.

FIG. 8. Measured and simulated CVC’s of a single fluxon in t
center junction of sample No. 3 at 4.2 K. The onset shows
simulated profiles of the phase differences at the marked point
7-4
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SUPER-RELATIVISTIC FLUXON IN A JOSEPHSON . . . PHYSICAL REVIEW B66, 064527 ~2002!
bottom Nb film~see Table I!. Still, states with fluxon in inner
junctions cannot be sorted and identified with sufficien
good confidence.

The experimental data in Figs. 8 and 9 show two differ
single fluxon states in sample No. 3. The differences in
measured CVC’s enable us to conclude that for Fig. 8
fluxon is located in one of the inner junctions, while for Fi
9 it is trapped in the bottom junction. Cycling the samp
throughTc allows us to catch various fluxon states, whi
can easily be identified by their respectively reproduc
CVC’s. The disagreement between the simulated and m
sured CVC’s is mainly due to the sensitive dependence of
data on variations in the tunnel conductancesGl in the junc-
tions.

Note that the CVC’s in Figs. 8 and 9 cross over the vo
age value corresponding toc4

(5) . Thus linear Josephso
plasma modes can be excited on them54 and 5 branches o
the dispersion relation, which is illustrated by the profile
the phase differences in the inset of Fig. 9. This clearly po
the question on the maximum velocity of the fluxon in t
stack, which so far is still not fully solved theoretically9 for
stacks with arbitraryN. When the fluxon is located in th
bottom junction, we note the negative differential resistan
at the top of the fluxon step in both measurements and si
lation. A qualitative explanation for this feature is given
Sec. III D.

Experiments also show that at lower temperature the ju
to the gap occurs at a considerably lower bias current tha
higher temperature~see Fig. 3!. As mentioned above, simu
lations prove that the switching to the resistive state is du
the creation of a fluxon antifluxon avalanche in the flux
tail. In this process, the amplitude of Cherenkov oscillatio
in the tail needs to exceed 2p, which in systems with lower
damping happens at a lower bias current. Understanding
energy distribution between the fluxon and its radiat
might lead to a theoretical model for the switching curren

B. Crossover between the low and high damping regimes

As mentioned above, an increase in temperature dra
cally raises the quasiparticle tunneling and, therefore,

FIG. 9. Measured and simulated CVC’s of a single fluxon in
bottom junction of sample No. 3 at 4.2 K. The onset shows
simulated profiles of the phase differences at the marked point. N
the negative differential resistance on the top of the upper step
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damping in the stack. The Cherenkov oscillations induced
a moving fluxon are damped by the increased quasipar
conductanceG. In consequence, the decay length of the
cillating tail created by the fluxon decreases and the re
nances on the fluxon step cease to exist~cf. Fig. 3!. Yet
because of its topologically solitonic nature, the fluxon st
preserves.

Another general effect associated with the damping in
Cherenkov tail is the broadening of the radiation line wid
In particular, for the Josephson stack, quickly decaying w
tails do not lock to the sample cavity modes anymore, so
a broader spectrum of waves can be excited. To gain ins
into the nature of the broadening of the linear mode frequ
cies, we performed a spectral analysis of the numeric
simulated voltages in the stack. The parameters for the si
lations were again chosen to match the characteristics
sample No. 3 at 4.2 K. To determine the Cherenkov modh
that is excited at resonances (i i i ) –(v) in Fig. 5, a Fourier
transform of the voltage across the stack at an arbitrary c
sen spatial point is evaluated. The spectrum of the sam
data atg ( iv)50.42 in the top plot of Fig. 10 corresponds to
periodic set of harmonics. The voltage in the time dom
will always peak when the fluxon, and its images pass by
sampling point. The fundamental Josephson frequency
18.9 GHz is associated with the fluxon rotation, and
higher harmonics form a frequency comb. The relative
large power of the high harmonics is due to the sharpnes
the fluxon pulse in the time domain, which is caused by
spatial contraction.

Knowing that at zero damping the fluxon velocity locks
v res, the radiation emitted from modeh adds to thehth
fluxon harmonic. When the plasma spectrum is broadene
dissipation, the plasma radiation power is overlaying

e
te

FIG. 10. Top: Spectral analysis of the voltage in a annular fi
fold stack at the resonance~iv! of Fig. 5. Bottom: Harmonic ampli-
tudes for the resonances (i i i ), (iv), and (v) from Fig. 5.
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fluxon frequency comb. The top graph of Fig. 10 shows
spectrum of bias point (iv) in Fig. 5. We find a rise in the
amplitude of the harmonics ranging from approximate
130–200 GHz. The rise in Fourier amplitude due to t
plasma waves is much smaller than the fluxon harmon
amplitudes. To determine which modes are excited at
resonances indicated by (i i i ), (iv), and (v) in Fig. 5, the
local maxima of the Fourier spectrum are shown in the b
tom plot of Fig. 10~data binning was applied to ensure th
the variance of the Fourier amplitudes is much smaller t
the amplitudes themselves!. Our results are in agreemen
with that of Ref. 11, showing that multiple Cherenkov mod
can be excited by fluxon at a time. We find that the resona
significantly broadens over several modes already at q
low damping. The exited mode numbersh58, 9, and 10
from the simulation nicely coincide with the analytical pr
diction plotted in Fig. 5.

C. High damping regime

Rising the temperature of the sample with the fluxon st
shown in Fig. 8 from 4.2 to 8 K, the quasiparticle condu
tance increases to aboutG5174 kS/cm2. Due to this in-
creased damping the Cherenkov radiation behind the flu
quickly decays and the resonances on the CVC vanish
can be seen in Fig. 11. Yet the velocity of the fluxon does
asymptotically saturate at some value as observed for
tons in single junctions. In contrast, an S shape of the CVC
clearly observed in experiment and numerical simulati
Similarly, at 8 K the fluxon state of Fig. 9 shows an S-shap
CVC in both measurements and simulation~not shown!. This
is remarkable considering that the CVC of this state at 4.
shows a negative differential resistance just below
switching current.

The absence of a limiting velocity for a fluxon in a sta
indicates that the fluxon lacks the properties of a relativis
soliton. Yet the fluxon maintains its topological stability,
indicated by numerical simulations. The ballistic propagat
of solitons known for single-layer Josephson transmiss
lines is not found for fast fluxons in stacks. In addition

FIG. 11. Measured and simulated CVC’s of a single fluxon
the center junction of sample No. 3 at 8 K. The inset shows
profile of the phase differences at the marked point. The vert
lines indicate characteristic velocitiesc5

(5) , c4
(5) , andc3

(5) .
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dissipative losses, the fluxon in a stack loses its energy du
Cherenkov radiation of Josephson plasma waves.

We would like to note that similar S-shaped characte
tics have also been observed for flux-flow states in highTc
intrinsic BiSrCaCuO Josephson junction stacks.16 In that
data the number of moving fluxons is very large, whi
strongly differers from our case here. The non-Josephson
diation observed by Hechtfischeret al.16 was explained by
Cherenkov emission and mixing between many Joseph
plasma mode at close frequencies. This mechanism was
ported by numerical simulations using the parameter set
intrinsic junctions.17,18 Here we can only add that our obse
vations on low-Tc stacks and numerical data for the hig
damping regime are consistent with the above works.

D. Back bending of resonances

As already mentioned in Sec. III A, we also observ
negative differential resistance~back bending! on the top of
the fluxon step. Such a behavior has been measure
sample No. 3 when the fluxon is located in the bottom jun
tion ~cf. Fig. 9!. We find this effect to be even more pro
nounced in other samples, in particular in sample No. 1
can be seen in Fig. 12. In this sample the critical curr
densities of the different junctions were not identical. Expe
mentally we find that one junction has a critical current de
sity that is roughly 1.5 times higher than the others, spec
cally J55145 A/cm2 andJ1, . . . ,4590 A/cm2 at 6.8 K. For
the case of a twofold stack with nonidentical critical curren
such a back bending was observed before.8

Through extensive simulations we found a sufficient~but
not necessary! prerequisite to observe back bending. Cons
ering the simulations shown in Fig. 6, this shows that
amplitude of the plasma waves is highest in the junct
where the fluxon is located. Consequently the fluxo
antifluxon avalanche which leads to the rotating state w
start in this junction. Clearly this holds for any stacked sy
tem with equal critical current densities of all junctions.

Simulations now show that for the case of sample No
back bending will only occur if the fluxon is placed in th

e
al

FIG. 12. Measured and simulated CVC’s of a single fluxon
the strong junction of sample No. 1 at 6.8 K. The profiles of t
phase differences are shown as insets for the bias pointsg ( i )

50.38 andg ( iv)50.412. The vertical lines indicate characteris
velocitiesc5

(5) andc4
(5) .
7-6
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SUPER-RELATIVISTIC FLUXON IN A JOSEPHSON . . . PHYSICAL REVIEW B66, 064527 ~2002!
junction with high critical current density, which we will ca
the strong junction. A look at the phase differences at the
of the fluxon step in Fig. 12 reveals different dynamics th
the ones just discussed. As seen in the insets of Fig. 12
fluxon is placed in the strong top (l 55) junction, and a
damped wave tail originates from it. The image of the flux
and its radiation is seen in the neighboring junctions. At
starting point of the back bending shown in inset (i ), the
phase difference in junctionl 54 is just abovep/2 ~note that
the plot shows sinfl on the ordinate!. As the bias current
increases, so does the amplitude of the oscillation of
phase differences in this junction. When the amplitude
ceeds 2p at g ( iv)50.412, a fluxon-antifluxon pair is create
and the junction switches to the whirling state.

From this we can formulate a sufficient prerequisite
back bending. The phase difference in a junction not cont
ing the fluxon has to be betweenp/2 and 2p. A practical test
for this hypothesis are the data collected for sample No. 3
fact, simulations show the same behavior as described ab
A fluxon-antifluxon pair is created in the junction neighbo
ing the junction with the fluxon. Clearly, back bending c
now be identified as an effect based on the nonlinearity in
coupled sine-Gordon equations. As it is often seen in non
ear systems, the dispersion of a traveling wave depend
its amplitude. It has been shown19 that for long junctions a
large amplitude of plasma waves leads to an effective red
tion of their frequency. This reduction in frequency effe
tively decreases the phase velocityvphaseof the waves and,
therefore, also the velocityvfluxon of the fluxon that is locked
to the resonance@Eq. ~3!#. In the weak-coupling limit, this
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model is also applicable to stacks so that this mechan
qualitatively explains the back bending effect.

IV. CONCLUSION

We have studied the dynamics of single fluxons in fiv
fold and tenfold stacks of Josephson junctions experim
tally and numerically. The resonances observed at low da
ing are well explained from the inductive coupling model
the effect of Cherenkov radiation of plasma waves. T
mechanism governs the motion of the fluxon in the sup
relativistic regime which extends above the lowest charac
istic velocity of linear waves. In that range, the fluxon velo
ity may lock to the phase velocity of its radiation. Increas
damping attenuates plasma waves and broadens their
trum, so that a locking of the fluxon velocity to one of th
modes is no longer possible. Nonetheless, the experime
evidence for the lack of the Lorenz invariance of the coup
sine-Gordon equations~1! is observed at high damping in th
form of an S-shaped CVC. For low and intermediate dam
ing, a back bending of the CVC is observed. It is attribu
to the nonlinear resonance effect, in which the plasma w
frequency is reduced due to the large amplitude of the wa
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