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We report an experimental and numerical study of microwave-induced flow of vortices in long Josephson
junctions at zero dc magnetic field. Our intriguing observation is that applying an ac bias of a small frequency
f ! fp and sufficiently large amplitude changes the current-voltage characteristics(I-V curve) of the junction in
a way similar to the effect of dc magnetic field, well known as the flux-flow behavior. The characteristic
voltageV of this low voltage branch increases with the powerP of microwave radiation asVs~ Pa with the
index a.0.5. Experiments using a low-temperature laser scanning microscope unambiguously indicate the
motion of Josephson vortices driven by microwaves. Numerical simulations agree with the experimental data
and show stronglyirregular vortex motion. We explain our results by exploiting an analogy between the
microwave-induced vortex flow in long Josephson junctions and incoherent multiphoton absorption in small
Josephson junctions in the presence of large thermal fluctuations. In the case of long Josephson junctions the
spatially temporal chaos in the vortex motion mimics the thermal fluctuations. In accordance with this analogy,
a control of the intensity of chaos in a long junction by changing its damping constant leads to a pronounced
change in the shape of theI-V curve. Our results provide a possible explanation to previously measured but not
yet understood microwave-driven properties of intrinsic Josephson junctions in high-temperature
superconductors.
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I. INTRODUCTION

The discovery of intrinsic Josephson junctions in highly
anisotropic high-Tc superconductors1 has boosted the interest
in the dynamics of Josephson vortices. These junctions were
proposed as candidates for high power flux-flow oscillators
at THz frequencies. The Josephson penetration depthlJ in
these junctions is rather small, typically of the order of
0.1 mm. Thus the standard micron-size intrinsic junctions
possess the motion of Josephson vortices, similarly to con-
ventional low-Tc long s,@lJd junctions.

Many of the experiments with intrinsic junctions have
been performed during the last decade at microwave(GHz)
frequencies, which are well below the junction’s zero-bias
plasma frequencyfp. These experiments led to observations
of Josephson plasma resonance2 and novel microwave-
induced branches in the current-voltage characteristics(I-V
curves) of intrinsic junctions.3 While the Josephson plasma
resonance has been thoroughly investigated and explained,
the effects produced by microwaves onI-V curves have not
yet been fully understood. One obvious reason for that is that
the dynamics of Josephson junctions at frequenciesf , fp
can be chaotic and thus complicated. Nonetheless, many ex-
periments with underdamped intrinsic junctions driven by
microwaves at zero dc magnetic field revealed very puzzling
smooth branchesin I-V curves.3 The aim of our work is to
find an explanation for this behavior. For this purpose, we
have performed a detailed study of conventional low-Tc long
Josephson junctions under strong microwave irradiation and
have done also numerical simulations, which we compare
with experimental data.

The dynamics of long Josephson junctions under micro-
wave irradiation was studied in various contexts in the past
both theoretically and experimentally. In particular, there had

been an extensive search for regimes in vortex motion syn-
chronized by the external microwaves.4 The vortex dynamics
in underdamped junctions under the influence of an ac drive
is often very complicated, showing along with synchronized
(phase-locked) dynamics5 also the chaotic behavior.6 The
spatially temporal chaos in underdamped long Josephson
junctions typically occurs at low drive frequenciessf , fpd.
Moreover, the chaotic behavior in long junctions may appear
even in the absence of external irradiation at low character-
istic frequencies of vortex oscillations.7 Increase of damping
usually helps obtaining more regular dynamics.

The interest to drive vortices in long junctions by micro-
waves has been also biased by practical applications. Re-
cently, low-frequency microwave properties of long Joseph-
son junctions have been studied in relation to their possible
application in tuneable resonators.8 On the other hand, driv-
ing long junctions by microwaves is now successfully used
for phase-locking of Josephson flux-flow oscillators in inte-
grated superconducting submillimeter wave receivers.9

In this paper, we investigate experimentally(Sec. II) and
numerically(Sec. III) the effect of microwave irradiation on
long underdamped Josephson junctions. In particular, we are
interested in the influence of microwaves on the current-
voltage characteristics of the junctions at zero(or small) dc
magnetic field. Our results suggest an explanation for previ-
ously observed microwave-induced smooth branches inI-V
characteristics of intrinsic high-Tc junctions. We find that
these smooth branches are due to flux flow, but the vortex
motion is very irregular and shows spatially temporal chaotic
behavior.

It is interesting to note that the smooth branches in the
I-V curves of long junctions resemble the ones observed in
extremely small Josephson junctions driven by microwaves
of a small frequency in the presence of large thermal
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fluctuations.10 In this case the effect of microwaves on the
I-V curves has been explained as incoherent multiphoton ab-
sorption in the Josephson phase diffusion regime. Thus, we
will discuss(Sec. IV) our results by exploiting the analogy
between the spatially temporal chaos of vortex motion in
long junctions and the diffusive behavior of the Josephson
induced by thermal fluctuations in small Josephson junc-
tions.

II. EXPERIMENTS

We performed measurements using Nb/Al-AlOx/Nb long
Josephson junctions11 of overlap geometry. Below we
present our results for the junction of the lengthL
=250mm and widthw=3.5 mm. The critical current density
jc is about 180 A/cm2, which corresponds to the Josephson
penetration lengthlJ of about 28mm and zero-bias plasma
frequency offp<77 GHz. The sample was placed inside the
vacuum volume of a variable-temperature optical cryostat.
Magnetic field was applied in the plane of the junction per-
pendicular to its larger dimension. The dc measurements
were carried out using a four-probe configuration.

We investigated the junction behavior under the micro-
wave irradiation of a frequency in the range from
10 to 20 GHz at two different temperatures 4.2 and 5.0 K.
The external microwave radiation was applied to the junction
by an antenna placed outside the cryostat close to the optical
window facing the sample. Thus, the ac bias current was
induced by the antenna in the bias leads and across the junc-
tion. The typical powerP of the applied microwave radiation
was ranging from few pW to several mW, as referenced to
the output port of the microwave source. Below we present
and discuss the results obtained for the frequency of micro-
wave radiationf ;v / s2pd=16.61 GHz, which corresponds
to the f .0.2fp. We note that results obtained at different
frequencies within the studied range were qualitatively simi-
lar.

The dependence of the critical current of the junction on
microwave power at zero magnetic field and temperature
4.2 K is shown in Fig. 1(a). The critical currentIc monotoni-
cally decreases with power and drops abruptly to zero at the
power levelPcr<3 dBm. This kind of behavior can be inter-
preted in general terms for nonlinear systems as a threshold
in energy transmission.12 For a long Josephson junction, it
can be treated as ac-driven dissociation of a virtual breather
(vortex-antivortex bound state) at the junction boundary.13 A
smoother drop occurs at the power level ofPr <−10 dBm. It
is associated with the Josephson plasma resonance, which we
will not address in the rest of the paper. Plasma resonance in
long junctions has been studied previously in several
experiments.14,15

As the applied microwave power exceedsPcr, the super-
current branch of theI-V curve disappears. Figure 1(b)
shows the gradual changes inI-V curves with increasing mi-
crowave power abovePcr. EachI-V curve has a linear region
at low bias and its slope decreases with power. At a certain
bias point, which depends on the power level, we observe a
sudden jump from the voltageV=Vs to much higher voltages
of the energy gap atV<2.7 mV. The dependence of the

voltageVs of this critical point on the applied power is pre-
sented in Fig. 1(c). We have found this dependence to be of
power-law type,Vs~ Pa, with the indexa=0.55±0.01. Very
similar behavior of theI-V curves was also observed at the
temperature 5 K. The major difference was in the modified
shape of theI-V curves, where the linear branch at low bias
was replaced by a more pronounced pseudoresonant feature,
i.e., a peak with downward curvature. Figure 3(a) illustrates
this behavior. The microwave power dependence of the
switching voltageVs [its position is marked in Fig. 3(a)]
remained of power-law type witha=0.62±0.01.

It is worth mentioning that there is some uncertainty in
determining the position of the switching voltageVs (espe-

FIG. 1. (a) Critical currentIc of the junction at zero magnetic
field versus the applied microwave powerP at the frequency
f =16.61 GHz.(b) I-V curves for different power levels atP. Pcr.
The measured voltageVs at the top of the first curve is also shown.
(c) Dependence of the voltageVs on the microwave powerP using
double-logarithmic scale.
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cially in the case of numerically calculated curves; see re-
sults below). At the same time, it will be useful in the fol-
lowing to have a criterion for the voltage that characterizes
the effect of microwaves on theI-V curves. One could, for
example, choose some current value and observe how the
voltageVI at this current changes with microwave powerP.
In such a case, however, question arises whether the behavior
of VIsPd is universal or depends on current. We have inves-
tigated theVIsPd dependence for three current values marked
by dotted horizontal lines in Fig. 3(a). The dependence is
always of power-law type,VI ~ Pb, atb=0.68, 0.63, and 0.47
for current values 150, 184, and 223mA, correspondingly.
Thus, the power lawV~ Px, whereV is eitherVs or VI and
the value ofx is close to 0.5, describes theI-V curve evolu-
tion versus applied microwave power with a reasonable ac-
curacy.

It is interesting that theI-V curves under the influence of
microwave irradiation resemble the well-known flux-flow
state of long Josephson junctions. The microwave fieldÎP
affects the junction similarly to dc magnetic fieldH applied
in the plane of the tunnel barrier. However, the sudden drop
of the junction critical currentIc to zero atP=Pcr qualita-
tively differs from behavior ofIc in dc magnetic field.

In order to experimentally obtain information about the
microwave-induced vortex motion in the junction we have
performed spatially resolved measurements using a low-
temperature laser scanning microscope(LSM). The principle
of probing the junction by laser beam is to introduce a local
heating of the sample at the beam position and to get the
information about the local properties of the junction at this
point. We scanned a focused laser beam over the junction
area and simultaneously recorded its electrical response. The
voltage response of a current-biased junction is due to the
change of damping induced by local temperature increase at
the illuminated spot. In order to improve the signal-to-noise
ratio and increase spatial resolution, the beam intensity is
modulated at a frequencyfmod and the circuit response is
detected using lock-in technique. The spatial resolution of
this technique is limited by both the thermal healing length
(depending on the material properties andfmod) and the laser
beam diameter. In the presented experiment it was about
2 mm.

Figure 2 illustrates the scheme of the LSM experiment.
The junction area is scanned by a tightly focused laser beam,
whose power is modulated atfmod=100 kHz. The voltage
responsedV arising due to the temperature oscillations is

detected by lock-in technique. The characteristic time of a
laser beam displacement is much longer than 1/fmod, which
allows us to measure the voltage response for every geo-
metrical point of the junction averaged over many thermal
cycles. In its turn, the characteristic modulation time 1/fmod
is much longer than the flux-flow oscillation frequencyV/F0
in the junction, whereF0=h/ s2ed is the magnetic flux quan-
tum. We adjusted the laser beam power to have the relative
magnitude of the voltage signaluDV/Vu.10−3, which en-
sured that the beam acts as a weak perturbation of the dy-
namical state of the junction. In order to reduce noise, we
averaged the measureddV over the junction width. We plot
the inverted voltage responses−dVd as a function of the laser
beam position along the length of the junction.

Results of the LSM investigation of the junction state cor-
responding to pointA marked on theI-V curve in Fig. 3(a)
are presented in Fig. 3(b). The vertical axis displays the in-
verted voltage signals−dVd in arbitrary units. Solid circles
illustrate the LSM response in the absence of dc external
magnetic field. There is hardly any voltage response at the
junction edges, while a noticeable maximum occurs in the
center of the junction. The pattern is rather symmetric, re-
flecting the symmetry of the junction at zero magnetic field.

To check the above hypothesis of the flux-flow nature of
the observed microwave driven behavior of the junction, we

FIG. 2. Schematic view of the laser scanning experiment. Di-
mensions are not to scale.

FIG. 3. (a) I-V curves for different power levels obtained at the
same regime as ones from Fig. 1(b) but at higher temperatureT
=5 K; (b) LSM response of the junction in a state corresponding to
the marked bias pointA in (a), at zero(solid circles) and nonzero dc
magnetic fields (H=2.3 Oe up triangles,H=−2.3 Oe down
triangles).
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also measured LSM patterns at nonzero dc magnetic field
directed perpendicular to both current flow direction and
junction length as shown in Fig. 2. The main idea of apply-
ing dc field is to break the symmetry between two junction
edges and facilitate injection of Josephson vortices at one of
them. We would expect that under such conditions the vorti-
ces would be mainly entering the junction from one edge.
The measured response patterns corresponding to two mag-
netic fields of 2.3 Oe equal in magnitude but opposite in
polarity are presented in Fig. 3(b) by up and down triangles.
We clearly observe asymmetric patterns: ForH.0 a maxi-
mum of the response is located at the right half of the junc-
tion while in the case ofH,0 the maximum is shifted to the
opposite junction edge. We obtained similar asymmetric pat-
terns in nonzero magnetic field for all measured bias points
of I-V curves in the Fig. 3(a), as well as for bias points in
Fig. 1(b). The maximum in the voltage response −dV was
shifting back and forth between junction edges, depending
on the polarity of the applied field. This fact indicates that
the response is most probably generated by Josephson vorti-
ces entering the junction from one of the edges.

We note that similar asymmetric response patterns were
observed for a pure flux-flow state in a long Josephson junc-
tion by Quenteret al.16 and analyzed in Ref. 17. The re-
sponse is typically the largest in the region where vortices
are injected in the junction. In detail, the effect of a local
perturbation induced by a hot spot(e.g., laser beam) on vor-
tex dynamics in the junction has been studied elsewhere.20

Thus, we argue that junction dynamics under the micro-
wave irradiation at relatively low frequencyf ! fp is gov-
erned by the injection of Josephson vortices at the junction
edges. This hypothesis is further supported by numerical
simulations presented in the following section.

III. NUMERICAL RESULTS

The ac-driven weakly damped long Josephson junction is
described by the well-known perturbed sine-Gordon equa-
tion for the Josephson phase differencewsx,td

wxx − wtt − sinw = asxdwt − g − gacsinsvtd, s1d

where the subscripts stand for the partial derivatives, the co-
ordinatex, running along the junction, and the timet are
normalized so that the Josephson penetration lengthlJ and
plasma frequencyvp=2pfp are both equal to unity. A param-
eterasxd is the damping coefficient, which we will assume to
be spatially dependent when simulating the effect of the laser
beam on the junction. The termg is the uniform bias current
density normalized to the critical current densityjc, andgac
is the amplitude of uniformly flowing ac current normalized
in the same way.

If the long junction is placed in external dc and ac mag-
netic field, Eq.(1) is accompanied by the boundary condi-
tions:

wxs0,td = h − hacsinsvtd, s2d

wxs,,td = h + hacsinsvtd, s3d

where,=L /lJ is the normalized length of the junction. In
Eqs.(2) and(3) we take opposite signs in front ofhac assum-

ing that a part of ac bias(due to its nonuniform distribution)
flows near the junction edges.18,19The precise distribution of
the oscillatory currents and fields induced by microwaves in
the junction can be rather complex. We suppose that in the
absence of a ground plane the largest microwave current is
induced near the junction edges. That can be described by a
distribution of the currentgac sharply peaked near the junc-
tion boundaries8 or, equivalently, by an oscillating bias com-
ponent ±hac at the edges. In the following we show the simu-
lation results obtained forgac=0, so that microwave drive is
coupled via the boundary conditions. We have also done
simulations with a uniformly distributedgac current and got
qualitatively similar results.

We numerically integrated Eq.(1) with boundary condi-
tions (2) and(3). The details of the simulation procedure can
be found elsewhere.20 Simulations were performed with pa-
rameters very close to our experiment described above: a
normalized junction length,=8.9, the normalized ac-drive
frequencyv / s2pd=0.2, and two values of dissipation coef-
ficient asxd=a0=0.05 anda0=0.02. The calculated averaged
voltageQ is just kẇl normalized to the voltage at the first
zero-field step(ZFS1) kẇlZFS1=2p /,.

Figures 4(a) and 4(b) show the numerically calculated
current-voltage characteristic for several values of the nor-
malized ac field amplitudehac at zero dc magnetic field
h=0. As the amplitude of ac drivehac approaches the ampli-
tudehac=2, the critical current is reduced and theI-V curves
display a smooth branch at low voltages. In this regime, in
order to obtain accurate enough curves we had to perform
numerical integration over 40 000 time units at every bias
point. Increasing the amplitudehac shifts the smooth branch
towards high voltages. In some current ranges we observe
locking of theI-V curves to vertical Shapiro steps at constant
voltage. Figures 4(a) and 4(b) correspond to two different
damping constantsa0=0.05 anda0=0.02, respectively.

The dependence of the voltageQg taken at the constant dc
bias levelsg=0.072 andg=0.088 on the applied ac-drive
amplitudehac, is presented in Fig. 4(c). The best linear fits to
the power lawQI ~hac

b are with the indicesb=1.27±0.08
andb=0.85±0.08 for smaller and larger current values, cor-
respondingly.

Thus, we find in good accord with the experimental re-
sults that the characteristic voltage values of the low voltage
branch depend on the microwave power asV~ P1/2 [see Fig.
4(c)]. By analogy with the flux-flow behavior, we argue that
the characteristic voltageV is proportional to the average
number of fluxons in the junction, which in its turn is
roughly proportional to the microwave field intensity,P1/2.
We should take here into account that the microwave current
generates magnetic field at the junction boundaries. At every
time moment, the generated magnetic field components at
the two long junction boundaries are equal in magnitude but
opposite in polarity. If the field amplitude is larger than criti-
cal, there will be vortices injected at one junction boundary
and antivortices injected at the other boundary. At micro-
wave frequenciesf ! fp the magnetic field generated at the
junction boundaries varies relatively slow in comparison
with the vortex injection rate. Thus, at each junction bound-
ary, there will be a bunch of vortices injected every half-
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period of microwave field and a bunch of antivortices in-
jected at every other half-period. During the half-period of
the microwave oscillation, vortices on one side of the junc-
tion and antivortices on its other side are injected simulta-
neously and propagate through the junction under the influ-
ence of the dc bias current. Vortices and antivortices will
eventually annihilate in the middle of the junction or, as the
dissipation is rather low, may propagate through one another
and annihilate at the opposite junction boundary.

We found that voltage oscillations in the junction are very

irregular at nearly any point of smoothI-V branches. We
calculated the Fourier power spectra of the voltage oscilla-
tions ẇstd at the center of the junction using a fast Fourier
transform. Figure 5 illustrates such spectra for two pointsA
and B of the current-voltage characteristics shown in Fig.
4(a). PointA displays a typical spectrum for the states along
the smooth branches[see Fig. 5(a)]. Voltage oscillations are
strongly irregular, and the oscillation spectrum is very broad
and resembles a chaotic state. PointB has been chosen at a
Shapiro step, which is expected to be synchronized with the
frequency of ac drivef =v / s2pd<0.0318. In the corre-
sponding spectrum presented in Fig. 5(b) we clearly see
strong peaks at frequencies corresponding to various har-
monics of the driving frequency. We suppose that the pre-
vailing even harmonics are related to symmetric injection of
vortices and antivortices into the junction from two bound-
aries.

Next we turn to a numerical simulation of our LSM ex-
periment where the laser beam produces a local heating of
the junction around the beam position atx=x0. Thereby the
dissipative terma is locally increased. We model the laser
beam perturbation by a dissipative spot placed at the point
x=x0 and described by the following function:

asxd = a0f1 + «dsx − x0dg. s4d

In simulations, we approximate thed function by the
expression20

«dsx − x0d < kF1 − tanh2
2sx − x0d

h
G , s5d

where «=kh. In order to model the laser beam scanning
procedure we calculate the time averaged voltage across the
Josephson junction as a function ofx0. This algorithm ac-
counts for the experimental situation since the period of the
fluxon oscillations is much shorter than the characteristic
times of scanning and power modulation of the laser beam.
Similarly to the experiment, the LSM patterns are presented
in the form of the dependence of the inverted voltage change
−DQsx0d at a fixed bias point on theI-V curve. In simula-

FIG. 4. Numerically calculatedI-V curves for different ampli-
tudes of the ac bias and two different values of dissipation:(a) a0

=0.05; (b) a0=0.02. DashedI-V curve shows the first zero-field
step (ZFS1) corresponding to a vortex shuttling between junction
boundaries in the absence of microwaves.(c) Dependence of the
voltage Qg at the dc bias levelsg=0.072 (circles) and g=0.088
(triangles) indicated by horizontal dotted lines in(b) on ac-drive
amplitudehac using a double-logarithmic scale.

FIG. 5. Calculated voltage spectra at two bias points of the
current-voltage curves shown in Fig. 4:(a) point A; (b) point B. The
numbers near the peaks indicate the corresponding harmonics of the
ac drive frequency.
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tions we have chosen the strength of the laser spot given by
k=2 h=1.

Figure 6 shows the calculated voltage response −DQsx0d
obtained for the bias pointC marked in Fig. 4. The scan
shown by solid circles has been simulated ath=0. Two types
of triangles show simulation results for positive and negative
dc magnetic field. These plots should be compared to experi-
mentally measured ones presented in Fig. 3(b). One can see
that simulations qualitatively match the experiment. In both
cases, the response increases with the magnitude of magnetic
field and becomes asymmetric. Inverting the field reverses
the response with respect to the center of the junction. The
magnetic field makes it favorable for vortices(or antivortices
for negative fields) to enter from one boundary of the junc-
tion. The response is the largest near the boundary,16,17 i.e.,
in the region where vortices enter the junction.

IV. DISCUSSION AND CONCLUSIONS

Our numerical studies show that applying of a microwave
radiation of large amplitude induces a vortex flow in long
Josephson junctions. As the frequency of ac drive is small,
i.e., f ! fp, the dynamics of vortices is extremely irregular. It
is appropriate to note here that chaotic dynamics in long
junctions driven by ac field has been observed and discussed
before.6 However, the novelty of our results is in the particu-
lar appearance of the chaotic states inI-V curves, which we
relate to experimental observations. Indeed, the observed
low-voltage branches are similar to the well-known dis-
placed linear branch, which is associated with chaotic dy-
namics in the absence of microwaves.7 In both cases, the
smooth branches shift towards high voltages with increasing
the amplitude of the field(either ac or dc). This feature be-
comes even more pronounced, displaying the downward cur-
vature [see Figs. 3(a) and 4(a)] as the chaos in vortex dy-
namics is reduced. Note here that the increase of temperature
(and thus increase of dissipation) suppresses the chaos.

The presence of strong irregularities in the vortex motion
allows us to draw an analogy with the properties of ex-
tremely small Josephson junctions subject to microwave ra-
diation in the presence of large thermal fluctuations.10 In-
deed, in this case smooth low-voltage branches in theI-V

curve have been observed, and these branches also shift to-
wards larger voltages proportionally toÎP. This effect has
been explained as an incoherent multiphoton absorption by
the Josephson phase described by the diffusive motion in-
duced by thermal noise. In this case we can write the lumped
Josephson phase as

wstd = Vt + cstd −
h

a
cosvt + w1std, s6d

whereh is the amplitude of the ac drive, the random function
cstd determines the Josephson phase diffusion, andw1std has
to be found self-consistently.10 As the frequencyv is small,
we have obtained the low-voltage branch ofI-V curve in the
following analytical form:

IssVd = Ic
1

2a
ff+sV − Vsdf+sV + Vsd − f−sV − Vsdf−sV + Vsdg,

s7d

where the functionsf±sxd=ÎÎx2+d2±x/Îx2+d2. Here, the
maximum voltage of the branchVs=h /a~ÎP, andd is the
parameter characterizing the strength of fluctuations. The
I-V curves are presented in Fig. 7 for different values of
microwave power and two values ofd. Note here that the
low-voltage branch appears in the limit ofv!d as the ther-
mal fluctuations wash out the Shapiro steps. As the fluctua-
tions characterized by the parameterd increase, theI-V curve
gets more linear[see Fig. 7(b)].

FIG. 6. Simulated LSM response of the junction in a state cor-
responding to the marked bias pointC in Fig. 4(a), at zero(solid
circles) and nonzero dc magnetic field(solid triangles for positive
fields and open triangles for negative fields).

FIG. 7. The power dependence ofI-V curves calculated using
Eq. (7) for two values of parameterd: (a) d=0.0001; (b) d
=0.0002. The power levels correspond toP=2,5,7 dBm. In both
cases the linear slope corresponding to quasiparticle resistanceR
=50 kV (a) andR=140 kV (b), is added.
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We see that all features obtained for microwave induced
irregular vortex flow in long junctions resemble ones ob-
served in a small microwave driven Josephson junction in
the presence of thermal fluctuations. Thus we argue that the
ansatz(6) can be qualitatively used in the case of a micro-
wave induced vortex flow, where the random functioncstd is
due to chaos in vortex motion. The chaos in the vortex mo-
tion mimics thermal fluctuations and wash out theI-V curve.
According to both our experiment and numerical study, the
reduction of chaos by increasing the damping(i.e., decreas-
ing d) leads to the pseudoresonant feature on theI-V curve
[see Figs. 3(a) and 4(a)]. It is interesting to note that an
increase of temperature(dissipation) in the case of long Jo-
sephson junction leads tosmallerchaos-induced fluctuations.
This is opposite to the case of a small Josephson junctions
where the parameterd increases with an increase of tempera-
ture.

In summary, we reported here experimental and numerical
study of microwave-induced effects on the current-voltage
characteristics of long Josephson junctions. We observed that
low-frequency microwaves act on the junctionI-V curves

similar to the effect of dc magnetic field, i.e., induce the
flux-flow behavior. Experiments using a low-temperature la-
ser scanning microscope unambiguously indicate the motion
of Josephson vortices driven by microwaves. Numerical
simulations are in a good agreement with experimental data
and indicate that the vortex flow is strongly irregular. Our
results provide also an explanation for previously measured
I-V curves of intrinsic high-Tc Josephson junctions driven by
microwaves.3

Note added.Recently, we also learned about recent nu-
merical data of the Tuebingen group.21 Their simulations us-
ing the stacked junction model with the parameters of intrin-
sic junctions also show chaotic regimes in the vortex
dynamics driven by microwaves, which is consistent with
our observations.
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