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Spontaneous creation of discrete breathers in Josephson arrays

M. Schuster, F. Pignatelli, and A. V. Ustinov
Physikalisches Institut III, Universita¨t Erlangen-Nu¨rnberg, Erwin-Rommel-Straße 1, 91058 Erlangen, Germany

~Received 12 September 2003; revised manuscript received 15 December 2003; published 11 March 2004!

We report on the experimental generation of discrete breather states~intrinsic localized modes! in frustrated
Josephson arrays. Our experiments indicate the formation of discrete breathers during the transition from the
static to the dynamic~whirling! system state, induced by a uniform external current. Moreover, spatially
extended resonant states, driven by a uniform current, are observed to evolve into localized breather states.
Experiments were performed on single Josephson plaquettes as well as open-ended Josephson ladders with 10
and 20 cells. We interpret the breather formation as the result of the penetration of vortices into the system.
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Discrete breathers~DB’s! are spatially localized, time
periodic excitations of spatially uniform nonlinear lattice
After initial theoretical studies,1,2 they were observed in ex
periments in a variety of systems.3–6 In arrays of supercon
ducting Josephson junctions, so-called Josephson lad
~JL’s!, DB’s can be excited in a controlled way.5–7 Experi-
ments that were carried out in JL’s ranging from one cell
to several tens of cells revealed a large variety of poss
DB states.8 The region of existence and the resonant inter
tion of the nonlinear DB excitation with linear waves we
studied.9,10

DB states in JL are usually excited from the uniform sta
state of the lattice by using additional currents~i.e., local
forces! which are removed after the DB creation. This we
controlled procedure helps one to study DB properties s
tematically. In this paper we report that DB can be also
cited without applying any local forces to the lattice. W
present several scenarios where DB states are observ
form spontaneously. The DB formation may occur eith
from the initially static system state, or as a ‘‘breakdown’’
spatially extended whirling states that are in resonance w
the cavity eigenfrequency.

Within the RCSJ~resistively and capacitively shunte
junction! model,11 a Josephson junction~JJ! has a simple
mechanical analog, which is a pendulum. In this analog,
differencew of the superconducting phases across the JJ
responds to the pendulum tilting angle. The current s
across the JJ is represented by a torqueg applied to the
pendulum. Both JJ and pendulum are subject to a velo
dependent friction forceaẇ with damping constanta. In the
case considered here, the damping is small,a!1. The JJ or
pendulum phase moves in a cosine potential due to the
sephson energy or gravitation, respectively, which leads
force proportional to sinw. The dynamical equation govern
ing the phase motion can in either case be written in norm
ized units as

ẅ1aẇ1sinw5g. ~1!

The time-averaged solutionŝw& and ^ẇ& of this equation
have several simple forms,11 depending on the value ofg.
Equation~1! is symmetric forg→2g, w→2w, hence we
restrict the following consideration tog>0. For 4a/p,g
,`, a whirling solution exists~corresponding to a stabl
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limit cycle in phase space!, with ^ẇ&5g/a⇔^w&5(g/a)t.
For 0,g,1, there also exists astaticsolution~a fixed point
in phase space! with ^w&5arcsing. For the intermediate
range 4a/p<g<1, both solutions are possible. Which o
the solutions the system tends to depends on the initial c
ditions, hence the pendulum is hysteretic. Due to the Jose
son law, the time derivative of the phase is proportional
the voltage drop across the JJ. For the whirling solution,
normalized voltagev is therefore proportional to the curren
g, v5^ẇ&5(1/a)g, and the inverse of the dampinga is
simply the ~normalized! ohmic resistancer of the JJ, r
51/a. The real currentI is normalized to the maximum
current allowing for the static stateI c , henceg5I /I c , for
convenience.

A JL is a single row of a two-dimensional rectangul
Josephson junction array@see Fig. 1~b!#. The JJ’s are con-
nected via superconducting leads. JJ’s on the spars of
ladder will be referred to as the ‘‘vertical’’ junctions, thos
along the rungs as ‘‘horizontal’’ junctions. The vertical JJ
are all identical and have an area ofAv , likewise all hori-
zontal JJ’s are identical but have an areaAh . The elementary
cell of the ladder consists of two vertical and two horizon
JJ’s. Many of the properties from the extended Joseph
ladder are preserved in a single cell with only one horizon
JJ@Fig. 1~a!#. This system is the simplest possible Joseph
array permitting DB-like excitations. The anisotropyh
is defined as the ratio of the horizontal and vertical
areas,h5Ah /Av . The JJ phases inside a cell are coup
due to the magnetic flux quantization and via a circulat
inductive current. Every cell has a self-inductanceL. A

FIG. 1. Sketch of the single-cell system~a! and of the Josephson
ladder~b!. Josephson junctions are indicated by crosses, super
ducting leads by straight lines. The homogeneous bias currentI is
injected through resistorsRB .
©2004 The American Physical Society07-1
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simple model12 describing the phase dynamics of the JL
based on the RCSJ model and neglects mutual inducta
between cells.

The vertical JJ’s form an array of rotors~pendulums!.
These JJ’s can be driven by a uniform bias current. Tec
cally, this is achieved by using a single current source wh
feeds a comb of parallel resistorsRB @see Fig. 1~b!#. If the
resistanceRB is large enough, the currents through all ver
cal branches are identical. If the normalized currentg per
vertical JJ is large compared to unity, all vertical JJ’s rota
This is the so-called homogeneous whirling state~HWS!. In
contrast, if the current is small, all JJ’s remain in the sta
state~SS!. In the region 4a/p,g,1, the ladder may have
some vertical JJ’s in the whirling state, while the remaini
JJ’s are in the static state. In the standard terminolo
this localized state is called rotobreather state~RB!. Because
of the JL geometry, localized voltage states always h
to conform to Kirchhoff’s voltage law. Hence a single ver
cal rotating JJ has to be accompanied by one or more h
zontal JJ’s in the whirling state. A large variety of differe
RB states is possible, as it has been observed
experiment.13,8

The SS of the ladder is influenced by an externally
plied magnetic fluxFext5BextA ~due to a magnetic fieldBext
threading the cell areaA). The magnetic field leads to
screening~Meissner! current flowing around the JL. Th
field may penetrate into the ladder, leading to vortices in
screening current distribution. A measurement of the ma
mum ~critical! currentgc sustaining the SS reveals inform
tion on the magnetic field penetration into the ladder. In R
14, the existence region of the SS of a Josephson ladder
investigated and compared to theoretical predictions..15 De-
viations were found for close to half-integer frustration a
attributed to the presence of meta-stable states. In this p
we present similar measurements ofgc vs magnetic field and
will argue that the deviations are related to the creation
DB’s.

When the ladder is in the HWS, all vertical JJ phas
rotate at an identical average frequencyV, while the hori-
zontal JJ’s do not rotate. This is accompanied by a unifo
voltage drop across the vertical JJ’s. Superimposed ph
oscillations are strongly enhanced if the rotation freque
V matches one eigenfrequency of the cavity formed by
finite ensemble of cells. The enhanced oscillations lead
to an enhanced damping. A suitable experiment is to mea
the differential resistance~which is inversely proportional to
the damping! of the JL. It is defined as the ratio of voltag
change induced by current variation. The matching frequ
cies~voltage positions! are characterized by steps in the cu
rent vs voltage characteristics. Such resonances of the H
with cavity modes have been studied by Caputoet al.16 A
similar behavior was observed when frequency compon
of a localized RB state coincide with one of the cav
eigenfrequencies.9,10 We will show experiments where th
HWS resonances are found to enforce the creation
symmetry-broken RB states.

We performed the first group of experiments on a sin
cell, having the central hole areaA5434 mm2, with three
small underdamped Nb/Al-AlOx /Nb JJ’s,17 Fig. 1~a!. The
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vertical JJ’s have an areaAv5636 mm2, while the horizon-
tal JJ has an areaAh5334 mm2. The anisotropy of the
system is thenh5Ah /Av50.33. At 4.2 K the parameter o
self-inductance evaluated by a measurement of a dc SQ
~superconducting quantum interference device! of the same
geometry, isbL52pLI cv /F050.98. Measurements wer
done in a temperature range between 4.2 K and 6.3 K.
each temperature position the dampinga5pg r /4 and the
critical current densityj c are evaluated from the curren
voltage characteristic of the HWS. AtT54.2 K, a.0.03,
and j c5126 A/cm2. The bias currentI is introduced via two
parallel external resistors,RB51.5 kV, see Fig. 1, so tha
the bias currents on the two vertical branches are equal.
convenience, the experimental data are shown in the norm
ized units of the bias currentg5I /I cv and frustration f
5Fext/F0, whereF0 is the flux quantum.

We ramped up the bias currentg and registered a transi
tion of the system to a resistive state by detecting a nonz
voltage at either junction V1 ~this critical value ofg we call
gc

1) or junction V2 ~we call it gc
2). The measured dependenc

of gc
1 andgc

2 on the external magnetic field is, as expected11

periodic, see Fig. 2. Aroundf 560.5, the behavior of the
two vertical JJ’s is found to differ and spontaneous format
of broken-symmetry states10 is observed. In Fig. 2 the ex
perimental data atT.6 K are shown. At this temperature
the parameters of the cell area.0.09,bL.0.7,
j c.95 A/cm2,vp/2p555 GHz. In the range of frustration
20.7& f &20.5 and 0.3& f &0.5, where large clockwise
mesh currents are induced, the junction V1 remains in the SS
while the junction V2 switches to the resistive state. Th
junction V1 switches to the resistive state at a higher curr
about g.0.8 that limits the existence of this broken
symmetry breather state.18,10 As expected, the maximum
value of the bias current that allows for the existence of
breather state does not depend on the frustration.10 In
the range20.5& f &20.3 and 0.5& f &0.7, large counter-
clockwise mesh currents are induced. The junction1
switches first and the second possible breather state is s

FIG. 2. Dependence of the depinning currentsgc
1 andgc

2 on the
external frustration, shown, respectively, by full and open circl
The hatched patterns show the regions where junctionsV1 andV2

are in the SS.
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taneously induced. The range of frustration, where the m
netic field induced breather states are observed, broa
with temperature.

At temperatures higher than 4.2 K, the HWS curre
voltage characteristic in presence of external frustrat
showed the well-known resonance due to the interaction w
the electromagnetic oscillatory modes of the cell.19,16,20At
T.6 K, for some values of frustration about 0.5, the int
action of the HWS with the oscillatory modes of the cell l
the system to switch from the top of the resonance towar
RB state, see Fig. 3.

The second group of experiments has been perform
with various open-ended JL’s. Ladder 1 consisted of 20 ce
with parametersh50.5, bL'1.2, anda'0.03. Ladder 2
consisted of 10 cells, withh50.42, bL'0.36, and a
'0.03. Ladder 3 hasN510, h50.49, bL'0.35, anda
'0.03. The sample layout is similar to the one presente
Ref. 14. The measurement was performed at a temperatu
4.2 K.

Measurements of the critical currentgc
i needed to force

the vertical JJi to the finite voltage state are presented in F
4. These data were obtained from ladder 1. The pattern o
depinning currentgc

i is periodic in frustration, with the pe
riod corresponding to a magnetic flux ofF0 per cell. Around
integer values off, the critical currents for left, center, an
right positions in the ladder coincide. After the depinning,
g>gc

i , the HWS is formed. Forf ;0.5, the critical currents
gc

i differ for voltages measured on different positions in t
ladder. At 20.35& f &20.25 and 0.65& f &0.7, the right
and central vertical JJ’s of the ladder start to rotate at a lo
value of g than the left part of the ladder. For 0.35&u f u
&0.65, the central part depins at the lowest value of
current (g'0.7) , the right part at an intermediate curre
(g'0.8) , and the left part at the highest value of the curr
(g'0.85) . For20.75& f &20.65 and 0.25& f &0.35, the
center and left parts depin for a low current and the right p
depins at a higher current.

In Fig. 5, we present similar measurements for ladde
These data qualitatively resemble those of Fig. 4. Howe

FIG. 3. Dynamic switching from the resonance of the HW
~black dots, with a resonant step at about 0.2 mV! to the broken
symmetry state~gray points!; f 520.41.
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the minimum depinning currents in the central region arou
0.3&u f u&0.7 are lower, here the central region depins ag
'0.4. The left and right side of the ladder depin forg
'0.5.

By definition, a breather state is formed when one par
the vertical JJ’s in the ladder rotates while the rest of it
mains in the SS. Hence in the described frustration regi
aroundf ;0.5, breathers are found. They form solely due
an external magnetic field. Because of the limited numbe
voltage probes in our long ladder, we were not able to
actly identify the precise number of rotating JJ’s in t
breather states which were formed, but could clearly dis
guish them from the HWS.

Our observations can be qualitatively explained in the f
lowing way. When the HWS has formed for largeg and
finite frustrationf, magnetic flux penetrates into the syste
via the boundary cells. Wheng is reduced to zero, the ladde
settles in the SS, which may be a metastable state or
system ground state. Above some critical value of the fr
tration f c , this state consists of a nonzero amount

FIG. 4. Dependence of the left~open squares,gc
1), central~filled

diamonds,gc
11), and right~open circles,gc

21) vertical junction de-
pinning currents on the frustrationf, measured on ladder 1 withN
520, h50.5, bL'1.2.

FIG. 5. Frustration dependence of the left~squares,gc
1), central

~diamonds,gc
6), and right~circles,gc

11) vertical junction depinning
currents for ladder 2 withN510, h50.42, andbL'0.36.
7-3
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vortices.15 The critical field permitting a stable static vorte
inside a ladder is estimated21 as

f c'
1

p
arcsinS 12h2

11h2D . ~2!

Using the parameters from Fig. 5, we obtainf c50.26, which
fits the region of suppressed depinning currents reason
For small bias currentsg, the vortices are pinned due to th
lattice discreteness. The depinning current can be estim
from the effective discretenessbL,eff5bL12/h in the static
case14 and the corresponding depinning currentgdep in the
discrete sine-Gordon chain, as suggested by Triaset al.21 For
the parameters of Fig. 5, we obtaingdep'0.4 which nicely
fits the experimentalgc .

When the vortices start to move, they may ultimate
bump into the ladder boundary. This will eventually force t
boundary JJ to the whirling state, with the rest of the lad
remaining in the static state. The low value ofh is crucial for
the observed behavior. Preliminary numerical simulatio
have shown this kind of behavior for typical experimen
parameters.22

We note here that a qualitatively similar observation w
presented in Ref. 23, where a mechanical model of the
crete damped and driven sine-Gordon chain was studie
dense chain of vortices hitting the boundary resulted in
rotation of the boundary part of the chain, while the rema
ing part of chain was static. After some time, the rotati
was reversed and the opposite part of the system sta
rotating. However, the described phenomenon does
represent apersistinglocalized state. Due to the topologic
difference of the discrete sine-Gordon model and
system studied here, in our case the localized rotating s
persists with time, representing a discrete breather in
strict sense.

For longer systems, it is also expectable and observed
moving vortices may be expelled via one of the horizon
JJ’s before reaching the boundary. When a vortex pas
‘‘through’’ a horizontal junction, this phase may be left ro
tating, again leading to the formation of a RB. A series
DB’s may be left behind a moving vortex. This has be
observed also in the simulations presented in Fig. 6 of R
21. We conclude that the depinning transitions for JL’s w
low anisotropyh can lead to the formation oflocalized
whirling RB states.

We also observed the creation of a RB state from areso-
nant HWS in JL’s. These experiments were performed w
ladder 3 ~parameters given above!. In the presence of the
external magnetic field, we observe resonant steps on
current-voltage characteristics of the ladder, as shown in
6. They occur when the vertical JJ rotation frequencyV
matches one of the cavity eigenfrequencies, as discusse
Ref. 16. When the homogeneous current is increased
resonance, the amplitude of the cavity oscillations increa
If the driving current becomes too large, the resonant s
cannot be maintained anymore and the nonresonant H
~now with a larger rotation frequency! is retained. This hys-
teretic process is usually repeatable for an arbitrary num
of times. However, in some rare but reproducible cases,
09450
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observed a transition from such a resonant, spatially ho
geneous state towards a localized RB state. The local
state RB can be identified as before by a zero voltage d
across some vertical JJ’s in parallel with a finite voltage d
across another group of vertical JJ’s. In Fig. 6, the volta
switching, and hence the RB formation happens in the reg
emphasized by the circle, aroundI 521.4mA. During fur-
ther increase of the current the RB voltage stays const
apart from some tiny jumps. We thus observe here tha
resonantRB state is formed from the resonant HWS. Ul
mately, the RB voltage switches to a high value~at I
'25 mA). Here the breather state is still present, but is no
resonant. The tiny voltage jumps along the RB resona
may indicate either transitions between different exci
modes or a change in the RB size, which could not be
tected in this experiment due to the limited number of vo
age probes. The described transition occurs for a very nar
range of magnetic field.

In summary, we reported here on the spontaneous crea
of discrete breather states in single Josephson plaquette
Josephson ladders. The excitation of breather states is
served during the transition from the static to the whirli
state of the array, resulting from a ramp of an externa
applied homogeneous bias current. In another regime,
breather states are created from the resonant uniformly w
ing state of the array. The spontaneous creation appea
the presence of an external magnetic field close to h
integer frustration, which leads to large screening curre
The observed behavior may be related to the appearanc
symmetry-broken states in two-dimensional Joseph
arrays.24 An analysis of the described phenomena could p
vide more insight in the physical relevance of intrinsic loc
ized voltage states in Josephson coupled systems.

FIG. 6. Current-voltage curve of ladder 3 withN510, h
50.49, andbL;0.35, indicating the creation of a breather sta
from a whirling mode resonance for a frustrationf 50.66. The cur-
rent was swept fromI 58.4 mA to I 525 mA and back. Both the
central ~circles! and the right boundary~diamonds! voltages are
plotted. Arrows indicate directions of the voltage switching and
path which is taken during the current sweep. The square indic
the initially prepared resonant HWS (I 58.4 mA). The circle indi-
cates the position at which the symmetry-broken state is form
(I 521.4mA). The inset shows the dependence of the center ju
tion depinning current on frustration, the arrow marks the frust
tion at which the current-voltage curve was taken.
7-4
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