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Microwave-induced flow of vortices in long Josephson junctions

F. L. Barkov# M. V. Fistul," and A. V. Ustinov
Physikalisches Institut 1, Universitat Erlangen-Niirnberg, D-91058 Erlangen, Germany
(Received 25 June 2004; published 25 October 2004

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<f, and sufficiently large amplitude changes the current-voltage charactefistiosurve) 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 poweof microwave radiation a¥s« P* with the
index «=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 the/ 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.
DOI: 10.1103/PhysRevB.70.134515 PACS nuni®er74.50+r, 74.25.Nf, 85.25.Cp
[. INTRODUCTION been an extensive search for regimes in vortex motion syn-

chronized by the external microwave&$he vortex dynamics

The discovery of intrinsic Josephson junctions in highlyin underdamped junctions under the influence of an ac drive
anisotropic highf, superconductotshas boosted the interest is often very complicated, showing along with synchronized
in the dynamics of Josephson vortices. These junctions werg@hase-locked dynamic$ also the chaotic behaviérThe
proposed as candidates for high power flux-flow oscillatorsspatially temporal chaos in underdamped long Josephson
at THz frequencies. The Josephson penetration depih  junctions typically occurs at low drive frequencigs<f).
these junctions is rather small, typically of the order of Moreover, the chaotic behavior in long junctions may appear
0.1 um. Thus the standard micron-size intrinsic junctionseven in the absence of external irradiation at low character-
possess the motion of Josephson vortices, similarly to conistic frequencies of vortex oscillatioridncrease of damping
ventional lowT, long (£>\;) junctions. usually helps obtaining more regular dynamics.

Many of the experiments with intrinsic junctions have The interest to drive vortices in long junctions by micro-
been performed during the last decade at microw@dz)  waves has been also biased by practical applications. Re-
frequencies, which are well below the junction’s zero-biascently, low-frequency microwave properties of long Joseph-
plasma frequency,. These experiments led to observationsson junctions have been studied in relation to their possible
of Josephson plasma resonahaand novel microwave- application in tuneable resonatér@n the other hand, driv-
induced branches in the current-voltage characterigtid4  ing long junctions by microwaves is now successfully used
curves of intrinsic junctions® While the Josephson plasma for phase-locking of Josephson flux-flow oscillators in inte-
resonance has been thoroughly investigated and explainegtated superconducting submillimeter wave receivers.
the effects produced by microwaves bV curves have not In this paper, we investigate experimental§ec. 1) and
yet been fully understood. One obvious reason for that is thatumerically(Sec. 1)) the effect of microwave irradiation on
the dynamics of Josephson junctions at frequenéied,  long underdamped Josephson junctions. In particular, we are
can be chaotic and thus complicated. Nonetheless, many eiterested in the influence of microwaves on the current-
periments with underdamped intrinsic junctions driven byvoltage characteristics of the junctions at zéwo smal) dc
microwaves at zero dc magnetic field revealed very puzzlingnagnetic field. Our results suggest an explanation for previ-
smooth branches 1-V curves? The aim of our work is to  ously observed microwave-induced smooth branches\n
find an explanation for this behavior. For this purpose, wecharacteristics of intrinsic highi; junctions. We find that
have performed a detailed study of conventional leweng  these smooth branches are due to flux flow, but the vortex
Josephson junctions under strong microwave irradiation anchotion is very irregular and shows spatially temporal chaotic
have done also numerical simulations, which we comparéehavior.
with experimental data. It is interesting to note that the smooth branches in the

The dynamics of long Josephson junctions under microt-V curves of long junctions resemble the ones observed in
wave irradiation was studied in various contexts in the paséextremely small Josephson junctions driven by microwaves
both theoretically and experimentally. In particular, there hacbf a small frequency in the presence of large thermal
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fluctuationst® In this case the effect of microwaves on the 15
[-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.
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II. EXPERIMENTS

critical current 1, (mA)

We performed measurements using Nb/Al-AI®@b long 0.0 —
Josephson junctiohs of overlap geometry. Below we 20 15 -0 -5 0 5
present our results for the junction of the length
=250 um and widthw=3.5 um. The critical current density
jc is about 180 A/crfy which corresponds to the Josephson
penetration length ; of about 28um and zero-bias plasma
frequency off ,~77 GHz. The sample was placed inside the 1 v (b)
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 0 . T . T .
induced by the antenna in the bias leads and across the junc- 0 100 200 300
tion. The typical poweP of the applied microwave radiation voltage V (uV)
was ranging from few pW to several mW, as referenced to
the output port of the microwave source. Below we present 24 -
and discuss the results obtained for the frequency of micro-
wave radiationf = w/(27)=16.61 GHz, which corresponds
to the f=0.2f,. We note that results obtained at different
frequencies within the studied range were qualitatively simi- ]
lar. 21 4

The dependence of the critical current of the junction on é ' é ' ; ' ;3 ' é '
microwave power at zero magnetic field and temperature
4.2 K is shown in Fig. (8). The critical current. monotoni-
cally decreases with power and drops abruptly to zero at the FIG. 1. (a) Critical currentl, of the junction at zero magnetic
power levelP,~3 dBm. This kind of behavior can be inter- field versus the applied microwave powér at the frequency
preted in general terms for nonlinear systems as a threshold-16.61 GHz.(b) 1-V curves for different power levels &> P,.
in energy transmissiol. For a long Josephson junction, it The measured voltagé at the top of the first curve is also shown.
can be treated as ac-driven dissociation of a virtual breathdr) Dependence of the voltagé on the microwave powel using
(vortex-antivortex bound statat the junction bounda2 A double-logarithmic scale.
smoother drop occurs at the power leveRpf=—10 dBm. It
is associated with the Josephson plasma resonance, which
will not address in the rest of the paper. Plasma resonance
long junctions has been studied previously in severa

experiments:*1® temperature 5 K. The major difference was in the modified
As the applied microwave power exceeélg, the super-  ghape of thd-V curves, where the linear branch at low bias

current branch of thd-V curve disappears. Figure(th  \yas replaced by a more pronounced pseudoresonant feature,

shows the gradual changeslHV curves with increasing mi- e, a peak with downward curvature. Figur@gillustrates

crowave power above,. Eachl-V curve has a linear region this behavior. The microwave power dependence of the

at low bias and its slope decreases with power. At a certaiBwitching voltageV, [its position is marked in Fig. (3)]

bias point, which depends on the power level, we observe gemained of power-law type with=0.62+0.01.

sudden jump from the voltagé=V, to much higher voltages It is worth mentioning that there is some uncertainty in

of the energy gap a¥=2.7 mV. The dependence of the determining the position of the switching voltayye (espe-
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V\\//gltagevs of this critical point on the applied power is pre-
sented in Fig. (c). We have found this dependence to be of
wer-law type Vo P, with the indexa=0.55+0.01. Very
imilar behavior of thd-V curves was also observed at the
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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 thieV curves. One could, for
example, choose some current value and observe how the
voltageV, at this current changes with microwave povirer

In such a case, however, question arises whether the behavior
of V|(P) is universal or depends on current. We have inves-
tigated theV,(P) dependence for three current values marked
by dotted horizontal lines in Fig.(8). The dependence is
always of power-law typey, = P?, at 3=0.68, 0.63, and 0.47

for current values 150, 184, and 223\, correspondingly. o0 ieorm—
Thus, the power law/ « PX, whereV is eitherV; or V, and 0 50 100 150 200 250
the value ofx is close to 0.5, describes thé/ curve evolu-
tion versus applied microwave power with a reasonable ac-

curac':y.. . . FIG. 3. () I-V curves for different power levels obtained at the
Itis interesting that thé-V curves under the influence of gyme regime as ones from Figibi but at higher temperaturg

microwave irradiation resemble the well-known flux-flow -5 k; (b) LSM response of the junction in a state corresponding to

state of long Josephson junctions. The microwave fig?d  the marked bias poirk in (a), at zero(solid circleg and nonzero dc

affects the junction similarly to dc magnetic fiettlapplied  magnetic fields (H=2.3 Oe up triangles,H=-2.3 Oe down

in the plane of the tunnel barrier. However, the sudden drofriangles.

of the junction critical current; to zero atP=P,, qualita- ) ) o

tively differs from behavior ol in dc magnetic field. detected by lock-in technique. The characteristic time of a
In order to experimentally obtain information about the [aSer beam displacement is much longer thafi,d4 which

microwave-induced vortex motion in the junction we have@/OWs us to measure the voltage response for every geo-

performed spatially resolved measurements using a lowM€lrical point of the junction averaged over many thermal

temperature laser scanning microscop8M). The principle cycles. In its turn, the characteristic modulation time .4

of probing the junction by laser beam is to introduce a local

. " in the junction, wheraby=h/(2e) is the magnetic flux quan-
_heatlng .Of the sample at the beam position and_ to get t.h m. We adjusted the laser beam power to have the relative
information about the local properties of the junction at this

Y magnitude of the voltage sign#AV/V|=1073, which en-

; i . Sured that the beam acts as a weak perturbation of the dy-
area and simultaneously recorded its electrical response. Thg\mical state of the junction. In order to reduce noise, we

voltage response of a current-biased junction is due to thgyeraged the measure¥ over the junction width. We plot
change of damping induced by local temperature increase ghe inverted voltage responéesV) as a function of the laser
the illuminated spot. In order to improve the signal-to-noisepeam position along the length of the junction.
ratio and increase spatial resolution, the beam intensity iS Results of the LSM investigation of the junction state cor-
modulated at a frequencif,,q and the circuit response is responding to poinfA marked on thd-V curve in Fig. 3a)
detected using lock-in technique. The spatial resolution ohre presented in Fig.(8). The vertical axis displays the in-
this technique is limited by both the thermal healing lengthverted voltage signal-5V) in arbitrary units. Solid circles
(depending on the material properties dpgy) and the laser illustrate the LSM response in the absence of dc external
beam diameter. In the presented experiment it was abouhagnetic field. There is hardly any voltage response at the
2 um, junction edges, while a noticeable maximum occurs in the
Figure 2 illustrates the scheme of the LSM experimentcenter of the junction. The pattern is rather symmetric, re-
The junction area is scanned by a tightly focused laser beanflecting the symmetry of the junction at zero magnetic field.
whose power is modulated dt,,q=100 kHz. The voltage To check the above hypothesis of the flux-flow nature of
responsesV arising due to the temperature oscillations isthe observed microwave driven behavior of the junction, we

——H=0

0084 () —#ina

0.06 4
0.04

0.02 4

voltage response -3V (arb. units)

laser beam position X (um)

is much longer than the flux-flow oscillation frequenéfd
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also measured LSM patterns at nonzero dc magnetic fielchg that a part of ac bia@ue to its nonuniform distribution
directed perpendicular to both current flow direction andflows near the junction edgé®!°The precise distribution of
junction length as shown in Fig. 2. The main idea of apply-the oscillatory currents and fields induced by microwaves in
ing dc field is to break the symmetry between two junctionthe junction can be rather complex. We suppose that in the
edges and facilitate injection of Josephson vortices at one @fbsence of a ground plane the largest microwave current is
them. We would expect that under such conditions the vortiinduced near the junction edges. That can be described by a
ces would be mainly entering the junction from one edgedistribution of the currenty,. sharply peaked near the junc-
The measured response patterns corresponding to two maiien boundariebor, equivalently, by an oscillating bias com-
netic fields of 2.3 Oe equal in magnitude but opposite inponent 4. at the edges. In the following we show the simu-
polarity are presented in Fig(l® by up and down triangles. lation results obtained foy,.=0, so that microwave drive is
We clearly observe asymmetric patterns: For0 a maxi- coupled via the boundary conditions. We have also done
mum of the response is located at the right half of the juncsimulations with a uniformly distributeg,. current and got
tion while in the case ofl <0 the maximum is shifted to the qualitatively similar results.

opposite junction edge. We obtained similar asymmetric pat- We numerically integrated Eq1) with boundary condi-
terns in nonzero magnetic field for all measured bias pointsions(2) and(3). The details of the simulation procedure can
of 1-V curves in the Fig. @), as well as for bias points in be found elsewher®. Simulations were performed with pa-
Fig. 1(b). The maximum in the voltage responsé\Vwas rameters very close to our experiment described above: a
shifting back and forth between junction edges, dependingiormalized junction lengt=8.9, the normalized ac-drive
on the polarity of the applied field. This fact indicates thatfrequencyw/(27)=0.2, and two values of dissipation coef-
the response is most probably generated by Josephson vorfieient a(x) = a;=0.05 andxy=0.02. The calculated averaged
ces entering the junction from one of the edges. voltage ® is just (¢) normalized to the voltage at the first

We note that similar asymmetric response patterns wergero-field stegZFS1) (¢)zr51= 27/ 4.
qbserved for a pure flux-flow state in allong Josephson junc- Figures 4a) and 4b) show the numerically calculated
tion by Quenteret al!® and analyzed in Ref. 17. The re- cyrrent-voltage characteristic for several values of the nor-
sponse is typically the largest in the region where vorticesnalized ac field amplitudén,. at zero dc magnetic field
are inject_ed _in the junction. In detail, the effect of a localp=(. As the amplitude of ac drivie,. approaches the ampli-
perturbation induced by a hot sp@.g., laser beayon vor-  ,deh, =2, the critical current is reduced and th¥ curves
tex dynamics in the junction has been studied elsewtere. gisplay a smooth branch at low voltages. In this regime, in

Thus, we argue that junction dynamics under the microgrder to obtain accurate enough curves we had to perform
wave irradiation at relatively low frequendy<f, is gov-  nymerical integration over 40 000 time units at every bias
erned by the injection of Josephson vortices at the junctiopyoint. Increasing the amplitude,. shifts the smooth branch
edges. This hypothesis is further supported by numericabwards high voltages. In some current ranges we observe
simulations presented in the following section. locking of thel-V curves to vertical Shapiro steps at constant

IIl. NUMERICAL RESULTS voltage. Figures @) and 4b) correspond to twq different
damping constante;=0.05 anday=0.02, respectively.

The ac-driven weakly damped long Josephson junction is  The dependence of the volta@e, taken at the constant dc
described by the well-known perturbed sine-Gordon equabias levelsy=0.072 andy=0.088 on the applied ac-drive
tion for the Josephson phase differenge, t) amplitudeh,,, is presented in Fig.(4). The best linear fits to
the power law®,«h?_ are with the indicegs=1.27+0.08

— @~ SINE = a(X) @ — ¥~ YacSiN(wt), 1
Proc Pu ¢ = aler =y~ YaoSiNWY @ and$=0.85+0.08 for smaller and larger current values, cor-
where the subscripts stand for the partial derivatives, the caespondingly.
ordinatex, running along the junction, and the tinteare Thus, we find in good accord with the experimental re-

normalized so that the Josephson penetration lehgiind  sults that the characteristic voltage values of the low voltage
plasma frequency,=27f, are both equal to unity. A param- branch depend on the microwave poweNasP*? [see Fig.
etera(x) is the damping coefficient, which we will assume to 4(c)]. By analogy with the flux-flow behavior, we argue that
be spatially dependent when simulating the effect of the lasethe characteristic voltag¥ is proportional to the average
beam on the junction. The termis the uniform bias current number of fluxons in the junction, which in its turn is
density normalized to the critical current densjtyandy,.  roughly proportional to the microwave field intensiyP2.
is the amplitude of uniformly flowing ac current normalized We should take here into account that the microwave current
in the same way. generates magnetic field at the junction boundaries. At every
If the long junction is placed in external dc and ac mag-time moment, the generated magnetic field components at
netic field, Eq.(1) is accompanied by the boundary condi- the two long junction boundaries are equal in magnitude but
tions: opposite in polarity. If the field amplitude is larger than criti-
L : cal, there will be vortices injected at one junction boundary
#(0.0 = h=hgesin(wt), 2) and antivortices injected at the other boundary. At micro-
3) wave frequencie$ < f, the magnetic field generated at the
junction boundaries varies relatively slow in comparison
where {=L/\; is the normalized length of the junction. In with the vortex injection rate. Thus, at each junction bound-
Egs.(2) and(3) we take opposite signs in front bf.assum-  ary, there will be a bunch of vortices injected every half-

oy (€,t) =h+hy.sin(wt),
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FIG. 5. Calculated voltage spectra at two bias points of the
current-voltage curves shown in Fig.@ pointA; (b) pointB. The
numbers near the peaks indicate the corresponding harmonics of the
ac drive frequency.

010 irregular at nearly any point of smooth-V branches. We

calculated the Fourier power spectra of the voltage oscilla-
tions ¢(t) at the center of the junction using a fast Fourier
transform. Figure 5 illustrates such spectra for two poits
and B of the current-voltage characteristics shown in Fig.
4(a). PointA displays a typical spectrum for the states along
the smooth branchdgsee Fig. §a)]. Voltage oscillations are
F strongly irregular, and the oscillation spectrum is very broad
0.00 T T T T T T T and resembles a chaotic state. Pd@ritas been chosen at a
b1es If‘ 2 6| re i Shapiro step, which is expected to be synchronized with the
normalized voltage © frequency of ac drivef=w/(27)~0.0318. In the corre-
sponding spectrum presented in Fighbwe clearly see
061 (o) strong peaks at frequencies corresponding to various har-
05 / monics of the driving frequency. We suppose that the pre-
] vailing even harmonics are related to symmetric injection of
0.4 vortices and antivortices into the junction from two bound-
aries.
Next we turn to a numerical simulation of our LSM ex-
i3 ' Bl periment where the laser beam produces a local heating of
log, h the junction around the beam positionxatx,. Thereby the
o dissipative terma is locally increased. We model the laser
FIG. 4. Numerically calculated+V curves for different ampli- beam perturbation by a dissipative spot placed at the point
tudes of the ac bias and two different values of dissipatianez,  X=Xo and described by the following function:
=0.05; (b) ap=0.02. Dgshed-v curve shows_ the first zerp-fiel_d a(x) = ag[1 +£d(X - Xg)]. (4)
step (ZFS)) corresponding to a vortex shuttling between junction
boundaries in the absence of microwaves. Dependence of the In simulations, we approximate thé function by the
voltage ®,, at the dc bias levely=0.072 (circles and y=0.088 expressioff
(triangleg indicated by horizontal dotted lines ifb) on ac-drive 2%~ %)
amplitudeh,. using a double-logarithmic scale. e8(X— Xg) = K|:1 —tanf —] , (5)
Y

0.05

current density y

i

log, @

0.3

period of microwave field and a bunch of antivortices in- _
jected at every other half-period. During the half-period ofWhere e=«». In order to model the laser beam scanning
the microwave oscillation, vortices on one side of the junc-procedure we calculate the time averaged voltage across the
tion and antivortices on its other side are injected simultaJosephson junction as a function xf. This algorithm ac-
neously and propagate through the junction under the influeounts for the experimental situation since the period of the
ence of the dc bias current. Vortices and antivortices willfluxon oscillations is much shorter than the characteristic
eventually annihilate in the middle of the junction or, as thetimes of scanning and power modulation of the laser beam.
dissipation is rather low, may propagate through one anotheBimilarly to the experiment, the LSM patterns are presented
and annihilate at the opposite junction boundary. in the form of the dependence of the inverted voltage change
We found that voltage oscillations in the junction are very—A®(x,) at a fixed bias point on theV curve. In simula-
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FIG. 6. Simulated LSM response of the junction in a state cor-
responding to the marked bias poi@itin Fig. 4(a), at zero(solid
circles and nonzero dc magnetic fie(dolid triangles for positive
fields and open triangles for negative fields

304 (b)

20 -
tions we have chosen the strength of the laser spot given by
k=2 np=1.

Figure 6 shows the calculated voltage respon&é x,)
obtained for the bias poin€ marked in Fig. 4. The scan
shown by solid circles has been simulatethad. Two types 0
of triangles show simulation results for positive and negative
dc magnetic field. These plots should be compared to experi- voltage (mV)
mentally measured ones presented in Fi{#).30ne can see )
that simulations qualitatively match the experiment. In both_ /G- 7. The power dependence bWV curves calculated using
cases, the response increases with the magnitude of magnefig (7)_for two values of parametes. (3) §=0.0001; (b) &
field and becomes asymmetric. Inverting the field reverses .000% Tl_he povx:er levels correspond RG2’517 dBT' In poth
the response with respect to the center of the junction. Théi%e;; © mearfc’pe Correspondmg to quasiparticle resisince

e . . . . = () andR=140 K (b), is added.

magnetic field makes it favorable for vorticgs antivortices

for negative fieldsto enter from one boundary of the junc- )

tion. The response is the largest near the bourtfdij.e.,  CUve have been observed, and thesg_k)ranghes also shift to-

in the region where vortices enter the junction. wards larger voltages proportionally tP. This effect has
been explained as an incoherent multiphoton absorption by
the Josephson phase described by the diffusive motion in-

IV. DISCUSSION AND CONCLUSIONS duced by thermal noise. In this case we can write the lumped

Josephson phase as

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 |Ondvhere7;|s the amplitude of the ac drive, 'Fhe r.andom function
junctions driven by ac field has been observed and discusset) determines the Josephson phase diffusion, gyt has
before® However, the novelty of our results is in the particu- to be found self-consistentl.As the frequency is small,
lar appearance of the chaotic states-¥ curves, which we We have obtained the low-voltage branchi&f curve in the
relate to experimental observations. Indeed, the observe@llowing analytical form:
low-voltage branches are similar to the well-known dis- 1
placed linear branch, which is associated with chaotic dy- | (v)=1,=—[f,(V - VJf.(V+Vy) - f_(V=VIf_(V+ V],
namics in the absence of microwavesm both cases, the 2a
smooth branches shift towards high voltages with increasing (7)
the amplitude of the fieldeither ac or dg This feature be-
comes even more pronounced, displaying the downward cuwhere the functionsf,(x)=\\x?+ &%+ x/x?+ & Here, the
vature[see Figs. @) and 4a)] as the chaos in vortex dy- maximum voltage of the branc¥i,= 5/ a= P, and § is the
namics is reduced. Note here that the increase of temperatuparameter characterizing the strength of fluctuations. The
(and thus increase of dissipatjosuppresses the chaos. I-V curves are presented in Fig. 7 for different values of

The presence of strong irregularities in the vortex motionmicrowave power and two values & Note here that the
allows us to draw an analogy with the properties of ex-low-voltage branch appears in the limit &< § as the ther-
tremely small Josephson junctions subject to microwave ramal fluctuations wash out the Shapiro steps. As the fluctua-
diation in the presence of large thermal fluctuatidh#n-  tions characterized by the paramegdncrease, thé-V curve
deed, in this case smooth low-voltage branches inlthe gets more lineafsee Fig. )].

10_ ' /'/

current (arb. units)

— T T T T 7
0.0 0.2 04 0.6

o(t) = Vt+ y(t) - gcoswt + (1), 6)
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We see that all features obtained for microwave inducedimilar to the effect of dc magnetic field, i.e., induce the
irregular vortex flow in long junctions resemble ones ob-flux-flow behavior. Experiments using a low-temperature la-
served in a small microwave driven Josephson junction irser scanning microscope unambiguously indicate the motion
the presence of thermal fluctuations. Thus we argue that thef Josephson vortices driven by microwaves. Numerical
ansatz(6) can be qualitatively used in the case of a micro-simulations are in a good agreement with experimental data
wave induced vortex flow, where the random functiéit) is  and indicate that the vortex flow is strongly irregular. Our
due to chaos in vortex motion. The chaos in the vortex moresylts provide also an explanation for previously measured

tion mimics thermal fluctuations and wash out thé curve. |y cyrves of intrinsic highF, Josephson junctions driven by
According to both our experiment and numerical study, thepicrowaves

reduction of chaos by increasing the damping., decreas- Note addedRecently, we also learned about recent nu-

ing 5) Igads o the pseudorgsqnant fe_ature onltivecurve merical data of the Tuebingen gro&ipTheir simulations us-

i[rfgfea':slgséf(gmanedrafﬁ)(gisli:iIsatligteriflstt%ng to notfel that Jar_1 ing the stacked junction model with the parameters of intrin-
P pation € case otlong Jo- - ;¢ junctions also show chaotic regimes in the vortex

sephson junction leads smallerchaos-induced fluctuations. dynamics driven by microwaves, which is consistent with
This is opposite to the case of a small Josephson junction%r observations '

where the parametefincreases with an increase of tempera-
ture.
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