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Discrete breathers in dc-biased Josephson-junction arrays
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We propose a method to excite and detect a rotor localized rrotigbreather in a Josephson-junction
array biased by dc currents. In our numerical studies of the dynamics we have used experimentally realizable
parameters and included self-inductances. We have uncovered two families of rotobreathers. Both types are
stable under thermal fluctuations and exist for a broad range of array parameters and sizes including arrays as
small as a single plaquette. We suggest a single Josephson-junction plaquette as an ideal system to experimen-
tally investigate these solutionsS0163-182009)02821-0

The phenomenon of intrinsic localizati¢imtrinsic local- According to the resistively and capacitively shunted
ized modes or discrete breathéBB)] is a recent discovery junction(RCSJ model, a Josephson junction is characterized
in the subject of nonlinear dynamit®B are solutions to the by its critical currentl,, normal-state resistandg,, and
dynamics of discrete extended systems for which energy isapacitanc&. The junction voltage is related to the gauge-
exponentially localized in space. They appear either as osciinvariant phase difference as
lator localized modes, for which a localized group of oscil-
lators librate, or rotor localized modes or rotobreathers, for
which a group of oscillators rotate while the others librate.

Recently, it has been found that DB are not restricted to . .
T . ) whered, is the flux quantum. After standard rescaling of the
periodic solutions but can also include more complelxa-

otic) dynamics’ time by 7= {®,C/27l, the normalized current through the

; . ._junction i
DB have been proven to be generic solutions in! ction is

Hamiltoniart and dissipativé nonlinear lattices. It is be-
lieved that they might play an important role in the dynamics
of a large number of systems, such as coupled nonlinedtereI’ represents a damping and is directly related to the
oscillators or rotors. Stewart-McCumber parametgy=I""2=2!.C Rﬁ/(l)o.

Though intrinsic localized modes have been the object of Our anisotropic JJ ladde(see Fig. 1 contain junctions of
great theoretical and numerical attention in the last ten yearswo different critical currentst., for the horizontal junctions
they have yet to be generated and detected in an experimemind | ., for the vertical ones. Anisotropic arrays are easily
Thus finding the best system and method for the generatiofiabricated by varying the area of the junctions. In the case of
detection, and study of an intrinsic localized mode in aunshunted junctions, the critical current and capacitance are
condensed-matter system has become an importafroportional to this area. Due to the const&f, product,
challengeé®’ the normal-state resistance is inversely proportional to the

Josephson-junctior{g) arrays are excellent experimental junction area. The anisotropy paramektecan then be de-
systems for studying nonlinear dynamfcs this paper we ~ fined ash=1I¢,/l¢,=Cy/C, =R, /R;. _ _
propose an experiment to detect a rotating localized mode in 10 Write the governing equations of an anisotropic JJ lad-
JJ anisotropic ladder arrays biased by dc external curfentsder aray withN cells, Fig. 1, we need to apply current con-
For this, we have done numerical simulations of the dynam-
ics of an open ladder including induced fieltist experi- ‘ I *(pt ‘ *
mentally accessible values of the parameters of the array. We !

also propose a method for exciting a rotobreather in the ar- v v 3 A vt v
ray. We distinguish between two families of solutions which (p1 (Pi > '\i, ) (pN+1
LR R ] ray LA N ]

®y de

= 5. dr 1

v

i=p+Tp+sing; 2

7N

present different voltage patterns in the array. Both types are
robust to random fluctuations and exist over a range of pa-
rameter values and array sizes. Unexpectedly, we have found * Vpi ‘ ¢

that many of the rotobreather solutions do not satisfy the

up-down symmetry usually assumed for most types of dy- FIG. 1. Anisotropic ladder array with uniform current injection.
namical solutions in the ladder. We also show that a DBVertical junctions have critical curremt, and horizontal junctions
solution can be most readily studied in a single plaquette. I,.

=
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servation at each node and flux quantization at each mesh. ¢
. . - - . d G
We are including self-induced magnetic fields so that flux % % X % 3¢
uantization at meshyields 1 T
q hy X X X xv X X X
(VX @);=—2mf;. ) H——H————X¢ >
e f
Here (VX ¢);= go} + <p}’+l— <pr— <pj” and it represents the cir- @ (b)
culation of gauge-invariant phase differences in mpsi Y~ ~
throughN. The self-induced flux through megmormalized H—T— pw T A
by @ is given byf;. The resulting equations can be written X XAX X X X A~ X
compactly as v v N v 3¢
N\ N\ N N\ 7N
h(e!+T ¢! +sing))=—N(VX ), () (d)
) FIG. 2. Schematic picture of rotobreather solutions: type-A ro-
é;':j”+I‘go}’+sin<p}’=)\[(V><go)]-—(VX(p)j71]+| tobreather in the ladder arrasg) and plaquettgb); type-B roto-

breather in the laddeic) and plaquettéd). Arrows are associated

. . . with rotating junctions and labels ifa) corresponds to graphs in
h(@P+T P +sine?) =\ (VX ¢);, @ Fg. 3,

where the open boundaries can be imposed by setfhg (simple experimental detection when measuring the average
X¢)o=(VX¢@)n+1=0 in Egs.(4). The system has four in- yoltage through different junctions.

dependent parametersh, I', the penetration depthh Although the rotobreather solution can theoretically be
=®/27l, L, wherel is the mesh self-inductance, and the continued from itsh=0 limit by varyingh, we have devel-
normalized external curreit On writing Egs.(3) and(4) we  oped a simple method of exciting it in an array. This method
assume zero external field and normalizelby. Nonzero  should be experimentally reproducible and has three steps:
external fields can be included in the model replacing thgj) pias all the array up to the operating point=(1*); (ii)

(VX ¢); terms in Eqgs.(3) and (4) by (VX¢);+27f5*"  increase the current injected into one of the junctions to a
wheref}*Xt is the flux due to an applied external field, mea-value of the current above the junction critical current (

sured in terms ofb,,. =1*+T1>1); (iii) go back to the operating point by decreas-

The param.eter.values- we W'!I. consider are bqsed O'ihg to zero the value of this extra currdntTypical values of
Nb-Al,O,-Nb junctions with a critical current density of ~ . .
I* andl in our simulations are 0.6.

1000 Afcnf. Typical values of the Stewart-McCumber pa- We have checked the robustness of this method under

rameter and the penetration depth for arrays \withl/4 are . : . X .
b ! P y | fluctuations by simulating the equations of the ladder while

~ ~0.02. For th f thi k il : ) S
@i F?;OOazrld)Z\: 0082 an?er :espurposes ot this work we wi adding a noise current to the junctiofthis is the standard

Consider theh=0 limit in Egs. (4). In this limit the ver- manner of including thermal effects in the systemThus
tical junctions behave as uncoupled damped pendula drivef{© &€ able to excite DB in the ladder at some values of the

by an external currert There, we can think of a configura- parameters of the system. The solution showed in Fig. 3 was
’ excited using this procedure.

tion in which one or a few of the phases are rotating or Henceforth. we ar ing t nsider ladders with an even
oscillating around their equilibrium points while the others encetorin, we are going to consider fadders an eve
umber of cells for which one vertical junctidthe central

remain at rest. Thus rotor and/or oscillator localized moded "M~ ; . L ) :
appear as solutions to the dynamics when the array is biase?(ﬁ]e.'s rotating. We will re]abel this junction gs=0. .
either by dc or ac external currents. Figure 3 shows a solution of a stab_le rotobreather in a JJ
For a single underdamped junction driven by a constantedder. We plot the phase portraip{, ¢j') of some of the
external current, the response measured in terms of dc volguperconducting gauge invariant phase differences of the ar-
age presents a hysteresis loop between the depinning and tiy- The corresponding junctions are shown in Fig).2=or
retrapping currents. In this range the pinn&i=0) and ro- clarity we have reduced the values of the phases to the
tating (V#0) solutions coexist. Then the rotobreather solu-(— 7, 7] interval. We see that at this value of the penetration
tion in theh=0 limit corresponds to a solution in which the depth the solution is highly localized, while three of the junc-
phase of one of the vertical junctions is rotating while thetions describe a nearly sinusoidal rotation, all the others os-
other vertical junctions are at rest. cillate with decreasing amplitudes. The average voltage
As h is increased from zero the nonconvex character ofhrough the three rotating junctions in the array is different
the coupling allows for the continued existence of roto-ffrom zero and equals to zero for all the other junctions. Fig-
breathers in the system. Since a solution with a time increagd!ife 4 shows the average value of the induced field of the
ing field cannot physically exist, the flux quantization condi-cells of the array. It decreases exponentially &s
tion [Eq. (3)] implies that each cell with a rotating junction ~e 1%2® (j=0 andf_;=—f;_,).
must have at least one other junction which is rotating. Thus There are some surprising characteristics in this solution.
for the single rotobreather solution one of the vertical andCurrent conservation in the open ladder impliés —i]-b.
some of the horizontal neighboring junctions rotate. Figure Zrom Eqgs.(2) and(4) we can see thap}z - <pjb is a simple
shows schematically simple rotating localized modes in aolution of the dynamics of the array and it corresponds to
ladder and in the single plagquette. These DB are amenable the up-down symmetry of the phases. All the previous theo-
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FIG. 5. Maximum values of anisotropy for the existence of
-0.001 type-A (solid circles and type-B(open circley rotobreather solu-
-5 . . . . .
-1x10 tions at different values of in an eight-cell laddefa) and a single
-04120 -04110 -8715x10°° -8.705x10° plaquette arrayb). I' and| are equal to 0.2 and 0.6, respectively.
(p Lines serve as a guide to the eyes.

FIG. 3. Example of a rotobreather in an eight-cell JJ ladder atobreather BFig. 2(c)], is characterized by one vertical and
h=0.25,A=0.02;I'=0.2 andl4.=0.6. The only vertical rotating four horizontal rotating junctions. The solution shown in
junction is the central ong=0, and we show the phase portrait of Figs. 3 and 4 is a type A rotobreather. Up-down symmetric

six of the phases of the arraga) ¢f, (b) ¢, (c) ¢5, (d) ¢5, (6  solutions belong to family B, but not all family-B solutions
g, and(f) ¢} . The plotted phases are labeled in Fig)2Also, in  satisfy this symmetry.
this casep]=¢";, <P5(? :—<P}(P)1- Figures 3 and 4 show a solution for which the scale of
localization is smaller than one cell. Thus it is natural to
retical approaches to the dynamics of the arfapich in-  study the DB solution in the simplest ladder array, the single
clude whirling modes, resonances, row switching,)eaed  plaquette. Obviously, the concept of exponential spatial lo-
many of the numerical ones focus on solutions which satisfyalization is not applicable to the plaguette, but all the other
this up-down symmetry. However, looking at Fig. 3 we seecharacteristics of the solution remain. In particular we will
that the rotobreather solution shown there does not complyglso distinguish between type-A and type-B rotobreather so-
with this simple symmetry; that is,p}aﬁ - (,0? althoughi}= lutions in the plaquette, which in this case correspond to one
—i})_ vertical and one horizontal rotating junctioffsig. 2(b)], and
We will distinguish between two families of single roto- one vertical and both horizontal rotating junctiofisig.
breather solutions in the ladder which present different volt2(d)], respectively. The single plaquette biased by dc exter-
age patterns. The first family, rotobreathefsee Fig. 2a)], nal currents, is then proposed as the simplest and most con-
is characterized by one vertical and two horizontal rotatingvenient experimental system for detecting a rotating local-
junctions. Type-A solutions have two possible configura-ized mode. The method for exciting the mode is also
tions. The two rotating horizontal junctions can be both inapplicable to this system.
the same side, either top or bottom, as in Fi@)2or one in An important experimental issue then becomes finding the
the top and the other in the bottom. The second family, ro¥egion of existence of these DB solutions with respect to the
system parameters in order to investigate the feasibility of

0 designing an array to detect a DB. To design an array we
“f] [ need to calculate the junction areas, so that the anisotropy
102' needs to be known. Since different values of the anisotropy
1T 10'3 I affect the cell geometry, they also change the valug.ddn
jo 107 the other handl’ is determined by the current density of the
10*f junctions and therefore it is fixed and independent of the
107} geometry while the applied current can be easily changed

s o T 01 2 3 while measuring. In order to make an optimal design we will
. fix the value ofl andT" to 0.6 and 0.2, respectively, and
J study DB solutions in thel-\) plane of parameters.
FIG. 4. The average value of the induced fldx (=—f; ;) at ~ TYPe-A and type-B rotobreathers exist close to kel
all the cells of the ladder for the rotobreather shown in Fig. 3. Thislimit. We then calculate the maximum value of the anisot-
average value decreases exponentially which is characteristic of DEPY for which a DB exists as a stable solution of the dy-
solutions. namical equations for different values »f Figures %a) and
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(b) show the result for the ladder and the single plagquetteFigs. 5a) and 8b). The similarity can be easily understood.
The data were calculated by integrating the equations of moFhe rotobreather solution shown in Figs. 3 and 4 presents a
tion for the corresponding system with a small quantity ofmirror symmetry with respect to the rotating vertical junc-
noise. We start with a type-B rotobreather and0.001. As  tion: ¢} =¢";, and¢'™=—¢{®) . In the case of solutions
we increaseh, type-B solutions become unstable and thesatisfying a mirror symmetry it is possible to map the dy-
solution evolves to a type-A rotobreather. As we further in-namics of a JJ ladder for which the rotating junction is the
creaseh this rotobreather becomes unstable and the systementral one, to the dynamics of a smaller JJ ladder for which
usually jumps to either a pinned or a whirling state. To verifythe rotating junction is on one of the ends. Then, due to the
that our method is accurate, we have calculated Floquet mulecalized nature of the DB solution, the dynamics can be
tipliers for periodic rotobreather solutions and found resultsapproximated by studying a single plaquette. When doing
consistent with those shown in Fig. 5. these transformations we need to rescale two of the param-
We note that when doing this existence analysis of theeters of the equations. Thus results for the DB solution stud-
solutions we find many different single-breather solutionsied above present some similarities with the dynamics of a
Most are periodic with different periods and amplitudes butDB in a single plaquette wheh,=2h; and A,=2\,. By
there are some that appear to be chadmecially close to establishing a criteria for the design of simple experiments to
the A =0.2 region in Fig. fa)]. A detailed study of the dif- detect these intrinsic localized modes we hope to stimulate
ferent bifurcations which include period doubling bifurca- experimental investigations.
tions to chaos is in current progress. There also exists a large
family of different multibreather solutions, each one with its  The research was supported in part by NSF Grant No.
own domain of existence. DMR-9610042 and DGE®B95-0797. J. J. M. thanks the
Figure 5 shows that dt=0.2 andl = 0.6 type-A solutions  Fulbright commission and the MECSpain for financial
exist at larger values of the anisotropy than type-B solutionssupport. We thank A. E. Duwel, F. Falo, L. M. FlariP. J.
Also a simple inspection reveals a strong similarity betweerMartinez, and S. H. Strogatz for useful discussions.
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