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Pt.1

Pt.2

Outline

. Josephson ladders: crossing over the border

between 1D transmission lines and 2D arrays

. Recalling underdamped parallel 1D arrays

. Electromagnetic wave propagation in ladders

- experiment: IV curves in magnetic field
- resonances, dispersion relation

- dependence on the ladder anisotropy
- propagation of fluxons

. Observation of localized excitations in ladders

- discrete breathers in nonlinear lattices

- our tool: low temperature laser microscope
- excitation of roto-breathers

- annular ladders

- open-boundary ladders

- symmetry of the observed states

. Metastable localized states in larger systems:

meandered row switching in 2D arrays



Summary of Pt.1:

Wave propagation in ladders

. Linear electromagnetic waves lead to
resonances that are observed on |V curves

. These resonances are well explained
by the dispersion relation (multiple branches)

. Static properties: ladder vs 1D array
BeﬁL —> BL + 2/11

. Fluxon motion: locking to Josephson plasmons
In both vertical and horizontal junctions

. Ballistic fluxon propagation: strongly influenced
by the anisotropy parameter n=I./I.,



Summary of Pt.2

Localized excitations in ladders

1. Discrete rotobreathers are directly
visualized in Josephson ladders

2. Diversity of multi-site states is observed

3. Breather states are also found to occur
spontaneously (with no local force)

4. Both the top-bottom symmetric and
anti-symmetric states are found

5. To be studied: Stability range vs. damping,
discreteness, and anisotropy;
plasmon scattering on breathers

6. This is the first direct observation of
discrete breathers in a nonlinear lattice
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Electromagnetic waves which propagate along a Josephson junction ladder are shown to manifest them-
selves by resonant steps in the current-voltage characteristics. We report on experimental observation of
resonances in ladders of different geometries. The step voltages are mapped on the wave dispersion relation
which we derive analytically for the general case of a ladder of arbitrary anisotropy. Using the developed
model, current amplitudes of the resonances are also calculated and their dependence on magnetic field is
found to be in good accord with experimefs0163-18299)06121-4

Josephson junction ladders have given rise to a great deegnt, andhorizontal (JJ,) the junctions transverse to the
of interest in the past few yeals’ These quasi-one- bias. The ladder voltage is read across the vertical junctions.
dimensional(1D) structures are more complex than already We have measured current-voltage\() characteristics
well-understood 1D parallel Josephson junction arrays oof annular ladders with two different values of the ratio of
long Josephson junctions. In contrast to the latter systems, the JJ's areaSy to JJ,/'s areaS, . This ratio is referred in
ladder contains small Josephson junctions in the directiothe following as anisotropy facton=1I.,/l.y, defined in
transverse to the bias curreffig. 1). The ladder can be terms of the junction critical currents. Our annular ladders
viewed as the elementary row of a two-dimensional Josepthave either »=0.5 (Sy=16 um?, S,=32 um?) or 7z
son junction array which, in general, shows very complex=1 (Sy=Sy=16 um?). The number of cells i8l=12, the
dynamics. Thus, better understanding of electromagnetigell size A=135 um?. The studied linear ladders hawe
properties of ladders may lead to new insight into the dy-=1 (Su=Sy=16 un¥), N=15, andA=140 um’. The
namics of underdamped 2D Josephson junction arrays.  discreteness of the ladder is expressed in terms of the param-

For experimentally relevant modeling of Josephson lad€terBL=2mlc\L/®o, wherel is the self-inductance of the
ders it is important to take into account magnetic ﬁe|de_lementary ceII_ of th_e laddelr,y, is the critical current of the
screening effects which are related to the finite inductance§Ndle vertical junction, ane, is the magnetic flux quan-
of elementary cells. Using the simplest model with only self-UM- The cell inductance can be roughly estimatedLas
inductances taken into account, both statit’and some of
the dynamié ® properties of ladders have been recently in-
vestigated. However, one of the basic characteristics of these
systems such as the dispersion relation for small-amplitude
waves remained unstudied until now. As in the case of long
junctions and 1D parallel arrays, cavity resonances in under-
damped ladders can be important as experimentally measur-
able “fingerprints” of their electrodynamic properties.

In this paper we report on the observation of cavity reso-
nances in Josephson junction ladders with different anisot-
ropy. We also derive the dispersion relation for linear waves
in ladders which allows us to consistently explain the mea-
surements and also interpret previously published data by
other authors.

The measured ladders consist of Nb/Al-AlDIb under-
damped Josephson tunnel junctions. We investigated both
the annular geometry and the linear geometry ladders,
sketched in Fig. 1. Each cell of a ladder contains four small
junctions. The bias curremt,; is injected uniformly at every
node via the external resistors. Here, we ealitical (JJ,) FIG. 1. Sketches of 1D Josephson junction laddéasiinear
the junctions placed in the direction of the external bias curgeometry;(b) annular geometryN=10).

0163-1829/99/5@1)/140504)/$15.00 PRB 59 14 050 ©1999 The American Physical Society
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pendencies of the resonance voltageson the frustratiorf for two
FIG. 2. Current-voltage characteristics of an annular Josephso@nnular Josephson ladders. Results are shown for isotfopin
ladder with anisotropyy=0.5 for different values of frustratioh ~ circles and anisotropic(solid circleg ladders. Temperaturd
TemperaturéT=4.2 K. Inset: Measurel, vsf at the same tem- ~5.7 K. To fit the experimental data by EG), we have used the
perature; the horizontal branches indicate the step stability range.parametersy=1 with 8=0.16 andz=0.5 with =0.3.

=1.2540VA, where u, is the magnetic permeability. AT nances is field dependent and approaches its maximum at
=4.2 K, the values of8 are between 0.1 and 0.2, depending =0.5. We show these dependencies for isotropic and aniso-
on the vertical junction critical current. The damping of the tropic annular ladders in Fig. 3 and for a linear ladder in Fig.
ladder is given in terms of the junction McCumber param-4. All curves are found to be nearly symmetric with respect
eter, defined ag.= 27T|cv,HR2v,HCv,H /®y. HereRyy is  to f=0.5. Thus, for the isotropic case we show data only up
the subgap resistanc€y y is the junction capacitance, cal- to f=0.5.
culated from the Fiske modes in a long junction on the same In Fig. 4 the two resonanceg, andV_ for the linear
chip (C/S=3.4 uFlcn?). At T=4.2 K, typical values of ladder are compared with the resonant step in a linear 1D
B¢ for annular ladders are around 200. The applied fi€ld  parallel array. The 1D array has the same number of cells
is transverse to the cells plane and is expressed in terms ahd cell and junction areas as the ladder. A small difference
the frustrationf, defined as the magnetic flux threading thein their critical currents gives3=0.12 for the ladder, and
cell normalized tod,. B=0.17 for the array. The responses of the ladder and 1D
In the presence of frustration, theV curves of the lad- array to the frustration are very different. In the 1D array,
ders show steps with resonant behavior. These steps occurtaere is only one resonanc&{,), and the voltage of this
fixed voltage positions and are split in two voltage domaingesonance follows the well known sin-like dependencd.on
denoted byV, and V_ (upper and lower voltage reso- Above a critical value of frustrationf&0.1) the resonance
nances Figure 2 shows an enlargement of {h% curves of  appears, by increasinigit moves to higher voltages, and at
the anisotropic annular ladder in the voltage region where thé=0.5 it saturates at the valdé,,=135 uV. The ladders,
upper resonanceg, appear. The curves were recorded atinstead, have two branch®s. andV ., , which are confined
different values of frustration fof =4.2 K. At this tempera- in two different voltage regions. Botii_ andV_ have the
ture, in both the anisotropic and isotropic annular ladderssamef periodicity asVp,. In contrast to the annular case, in
only four resonance¥ | are present in the region of frustra-
tion 0=<f=<0.5. A slight increase of the temperature leads to
the appearance of the fifth resonance, at albeud.4. Each 160
step is located at a given voltage position and shows a reso-
nant dependence of its magnitude fofsee the inset of Fig.
2). In contrast to 1D parallel arrayso horizontal junctions,
n=»), in ladders the reduction of the Josephson critical
current due to frustration is rather smabyen in the case of
low B. As a consequence of this, at ahthe critical current
of a ladder is always larger than the amplitude of the reso-
nances, and the ladder switches from the zero voltage state
directly to the gap voltage state. The only way to bias the 0 — ——
ladder on one of the resonances is to follow the backward 000 025 030 075  1.00
hysteretic branch of the-V curve to the bottom part of the frustration 1
resonance. The voltage spacing between the higher steps is F|G. 4. Experimentaicircles and theoreticallines) dependen-
Sllghtly reduced. |nverse|y, the current amplitude of the eSOcijes of the voltage position of two resonandés(f) on the frus-
nances increases with voltage, and the resonanée-@t5 tration for the linear isotropic ladder. The dependence of the reso-

has the maximum height. nance voltage position on the frustration for the parallel array
In both annular and linear ladders the voltage of the reso¢»=) is also showr(solid circles.
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the linear laddery _ andV, were found to be continuously

tuned by field in the ranges<OV_<25 uV and 135V, 10
<165 uV, respectively. iy
In the following, we present a theory ofV resonances 08l

for a Josephson junction ladder. The theory allows us to |+ +max
predict the voltages and the current magnitudes of reso- * % 061
nances observed in experiment.
We use the time-dependent Josephson phases of vertical 0.4
¢n and horizontakf; , junctions. The indices 1 and 2 refer
to the lower and upper branches of horizontal junctions, and o214 : L 40
n is the index of the cell in the ladder. For the upper and 00
lower horizontal junctions we use the symmetry condition 0

that .1 = — .= ¥,,.>>8 According to the derivation done

in Refs. 2,8 for the isotropic case, we use the resistively
shunted model for Josephson junctions and the usual analysis FIG. 5. Dependence of the maximum magnituigeof the reso-
for superconductive loops with only self-inductances takemanceV, on the self-inductance paramet@rand frustrationf for
into account to derive a set of normalized dynamical equathe isotropic ladder.

tions for the phase,, and i, for the anisotropic case

. . ] (g=0.5) considered in Ref. 5. The presence of the horizontal
ont+ ap,t+sing, junctions leads to two branches in the spectrum of electro-
magnetic waves. Moreover, the maximum valuewof is
higher than that of 1D parallel array and the dependence
w.(q) is more flat*®

Note, that in the case of another particular ground state

1
= E[Z'pn_zdfnfl"'(Pnfl_2¢n+‘Pn+1]+ Y

- : 1 2t ({en)=(¢n)=0) instead of Eq(2), the spectrung3) is sub-
Ynt aiptsin w”_%[%_ Pne1= 240l F B’ stituted byw = w,\2F andw_ = w,,. This dispersion rela-

tion is important, e.g., for understanding the radiation by
n=1,...N. (1)  fluxon moving in the ladder.
) ) N ) As is well known, the electromagnetic waves interact with
Here, the unit of time isw, “= A Cy/(2elcy), the in-  the oscillating Josephson current and this effect leads to the
verse of plasma frequency of the ladder. The parameter resonances on theV curve!'*2 More precisely, the reso-
=1/\/ﬁ—C determines the damping in the ladder. We havenance conditions are
used the fact that the anisotropy in typical Josephson circuits
is realized by choosing different areas of horizontal and ver- - (do)
tical junctions. Thus, the conditionl.y/l,,=Cy/Cy go=", VI:__o_
=Ry /Ry is assumed in Eq.1). Note that, in this casay, 2e
and « do not depend on anisotropy of the ladder. Finally,
v=lgyll vy is the normalized bias current. In the finite volt-  The possibility to observe these resonances onl the
age state we impose a whirling solution along the verticaturve depends on their current amplitudes. In the same limit
junctions and oscillations with a small amplitude for the of small amplitudes of the Josephson phasesd ¢ and by
horizontal junctions. Moreover, the phase of vertical junc- making use of the method elaborated in Refs. 11,12, the
tions increases from cell to cell due to the presence of frusmagnitudes of the resonances are given by
tration. In this case, we quite naturally decompose the Jo-

4

sephson phases as follows: X 1 +JF2—G-F+G
= wt+ 27fn+ peilet+2mn). Is=Nlev— ' ®
#n ¢ * JF+F?-GJF?-G
wn: ¢ei(wt+2qu)’ (2)

wherew andq are the angular frequency and the wave num- The importa+n_t result c_>f this t_he_ory is that the amplitude of
ber of the electromagnetic wave in the ladder. The time ayiN€ resonancks is smallin the limits of both small and large
erage Josephson current of vertical junctions is zero for thi§ (S€€ Fig. 5. Moreover, it has a maximum &t=0.5. In the
kind of a solution. In the limit of small amplitudes andy, ~ IMit of very anisotropic ladder, whew=c°, the magnitude
we obtain the spectrum of electromagnetic wave propagatingf s Of the resonanc&_ decreases as 4/and only the
along the ladder. This spectrum consists of two branchekesonance/, can be observed. This is consistent with the

w-(q) and is given by(in the usual units case of 1D parallel arrays. . _
Using the developed theory, we can explain all important
0= w, /F + m 3) features of experimentally observed resonances on the

current-voltage characteristic of Josephson ladders. First, due
where F=3%1+1/(9B)+(2/B)sirk(wg), and G= (4/ tothe annular geometry only the electromagnetic waves with
B)sirf(7q). This equation generalizes, for the case of thequantized wave numberg,=n/N can propagate in the lad-
arbitrary wave number, the dynamical checkerboard statder. Heren=1,2,... N is an integer. The resonances of
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sufficiently large magnitude are observed on th¥ curve V. andV_ in the upper and lower voltage regions. How-
when the value of frustration matches these wave numbersver, in this case, most probably due to a relatively low value
[see Eq.(4)]. of the subgap resistandtarger «) we have found that the
The experimentally observed dependence of the voltaggependence of their voltages on frustration is continuous
V. on the frustratiorf, shown in Fig. 3, is well described by (Fig. 4). Again, the resonanc¥. disappears in the limit of
Eq. (3) for both isotropic and anisotropic annular ladders.small frustration due to its small amplitude according to Eq.
We obtain a goo_d guantitative agreement between theory ar*(@)_
experiment using the plasma frequency=wp/2m Finally, we have observed that the dependevicéf) de-
=14 GHz (independent measurements give the value of;ates from the theoryEgs. (3) and (4)] in the region of

wp~16 GHz) and the self-inductance parametgrs0.16  ,qirationf<0.3. This can be connected with the particular
and 0.3, correspondingly, for isotropic and anisotropic Casesassumption on the state of the horizontal junctions. Our
We also observe that the current magnitude of the resonancg

. : Ralysis h n carri t for the most simple stat
monotonically decreases when the frustrafialeviates from ysis has been camied out for the most simple state

) - : ({(¥n)=0), but in general one might consider the case when
the value O.E(se_:e Fig. 2 It q_uahtatwely agrees with the Eq. the phases of the horizontal junctions undergo small ampli-
(5) for the maximum magnitude of the resonance.

ol tude oscillations around a finite angle. In this case, the reso-
In the case of annular ladder witki=12 cells, we may " . . N
. . . nance condition on the wave numlegrs not simplyge="f ,
expect to observe six resonances in the regionsf &0.5. but a more complicated relationship can appeae Ref. 9
The theoretical and experimental study of the properties of
such general state, i.e., of the current-voltage characteristics

; . of Josephson ladder in the region of small voltage, is in
apparently, not stable due to its small current magnitude aﬁrogress
described by Eq(5). Another resonance corresponding to '
the frustrationf=5/12 is not stable af=4.2 K, but we We thank H. Kohlstedt for providing us access to tech-
observed it at slightly higher temperature. The poor stabilitynological facilities for sample preparation at Forschungszen-
of this resonance can be due to its small distance from thum Juich. P.C. and M.V.F. thank, respectively, the Euro-
neighboring resonance at=1/2. pean Office of Aerospace Research and Development

Similar results have been obtained for Josephson junctiofEOARD) and the Alexander von Humboldt Stiftung for

ladder of linear geometry. We have observed two resonancesipporting this work.

sponding to the values of=2, 3, 4, 6(see Fig. 2 The reso-
nance corresponding to the value of frustration1/12 is,

1s, Ryu, W. Yu, and D. Stroud, Phys. Rev58, 2190(1996. (1995.
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Broken Symmetry of Row Switching in 2D Josephson Junction Arrays

D. Abraimov, P. Caputo, G. Filatrella,* M. V. Fistul, G. Yu. Logvenband A. V. Ustinov

Physikalisches Institut I11, Universitéat Erlangen-Nirnberg, D-91058 Erlangen, Germany
(Received 30 April 1999

We present an experimental and theoretical study of row switching in two-dimensional Josephson
junction arrays. We have observed novel dynamic states with peculiar percolative patterns of the voltage
drop inside the arrays. These states were directly visualized using laser scanning microscopy and
manifested by fine branching in the current-voltage characteristics of the arrays. Numerical simulations
show that such percolative patterns have an intrinsic origin and occur independently of positional
disorder. We argue that the appearance of these dynamic states is due to the presence of various
metastable superconducting states in arrays.

PACS numbers: 74.50.+r, 47.54.+r, 74.80.—g

Spatiotemporal pattern formation in a system of non- In this Letter, we report on the observation of new
linear oscillators is governed by mutual coupling. Exam-dynamic states with peculiar percolative patterns of the
ples of such patterns are domain walls and kinks in arraysoltage drop insidehomogeneously biased arrays. We
of coupled pendula, topological spin, and charge excitahave found broken symmetry in row switching such that
tions in large molecules and solids, and inhomogeneouthe dc voltage drop meanders between rows. These
states in many other complex systems [1]. A single driverstates appear in dc measurements in the form of fine
and damped nonlinear oscillator displays two distinctlybranching on thel-V curves. The states have been
different states, a static state and a whirling (dynamicyisualized by using the low temperature scanning laser
state. Therefore, a system of coupled oscillators can shomicroscopy (LTSLM) [10]. We have also carried out
various spatiotemporal patterns with concurrently presemumerical simulations in which similar dynamic states
static and dynamic states. are found. The measured two-dimensional arrays consist

Arrays of Josephson junctions have attracted a lot 0bf underdamped NRAI-AIO,/Nb Josephson junctions
interest because they serve as well-controlled laboratorfi1]. The junctions are placed at the crossing of the
objects to study such fundamental problems as abovsuperconducting striplines that are arranged in either
mentioned pattern formation, chaos, and phase lockinghe square lattice (with four junctions per elementary
In the systems of coupled Josephson junctions [2—8] theell) or the triangular lattice (with three junctions per
two local states are the superconducting (static) state arelementary cell). An optical image of a 2D square
the resistive (dynamic) state. For underdamped junctiongrray and the equivalent electrical circuit are shown in
these states manifest themselves by various branches &ig. 1. The junction area i® um?> and their critical
the current-voltagel¢V) characteristics. The hysteretic current density is about.1 kA /cn? for the square array,
switching between branches has been found in stacks aind 0.1 kA /cn? for the triangular array, with a typical
Josephson tunnel junctions [4], layered high temperaturspread of junction parameters of about 5%. The square
superconductors [5], and two-dimensional (2D) Josephsoarrays consist of ten columns by ten rows and have
junction arrays [2,3,7,8]. the cell areaS = 38 um?. The triangular arrays are

In 2D arrays, this switching effect appears in the formmade of twelve columns by twelve rows and have
of row switching when a voltage drop in the array oc- S = 160 um?. All arrays are underdamped and typical
curs on individual rows of junctions perpendicular to values of the McCumber parameter [12] atT = 4.2 K
the direction of the bias current. A typical behavior are around 200. The paramet@; characterizing the
found in both experiments [7] and in numerical simu-influence of self-inductance [6,8] changes fr@in = 0.5
lations [3,9] is that the number of rows switched to afor triangular arrays t@; = 2 for square arrays.
resistive state and, even more important, their distribu- The bias current is injected uniformly via external re-
tion inside the array can change during sweeping thaistors. The voltage is read in the direction along the bias,
I-V curve. An analysis of such row switching has beenboth across the whole array and across several individual
carried out recently [8] to predict the range of stabil-rows. Thel-V curves are digitally stored while sweeping
ity of the various resistive states. However, until nowof the bias current occurs. ThHeV characteristic of the
only relatively simple resistive states have been foundsquare array is shown in Fig. 2. For every bias polarity,
These states correspond to a whirling statevetical the number of branches is equal to the number of rows
junctions (placed in the direction of the bias current) andvhich are at the gap voltage stdtg = 2.7 mV, and the
small oscillations of the Josephson phase difference dfighest gap voltage corresponds to the sum of gap volt-
horizontal junctions (transverse to the bias) around theirages of the ten rows. By choosing a bias point at a cer-
equilibrium state [8]. tain gap voltage, we can select the number of rows which

5354 0031-900799/83(25)/5354(4)$15.00 © 1999 The American Physical Society
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FIG. 1. Optical image and sketch of a 10 X 10 square array.

will be in the resistive state, while the other rows remain
in the superconducting state.

On the hysteretic part of the 7-V curves, we have
systematically observed a fine branching around the row
gap voltages [Fig. 3(a)]. The branching has been detected
simply by recording a large number of I-V curves in
the absence of externally applied magnetic field and at a
constant sweep frequency and temperature (T = 4.2 K).
It was always possible to choose a stable dc bias point on
aparticular branch. The fine branching of the 7-V curves
around the gap voltages was found to be a typical feature
of al studied arrays.

In order to determine the actual distribution of re-
sistive paths in the array, we used the method of LT-
SLM [10]. The LTSLM uses a focused laser beam for
local heating of the sample. The local heating leads
to an additional dissipation in the area of severa mi-
crometers in diameter. The laser beam induced vari-
ation of the voltage drop across the whole sample is
recorded versus the beam coordinates. This method
dlows one to visudlize the junctions that are in the
resistive state. In order to increase the sensitivity and spa-
tial resolution, the intensity of the beam is modulated at
a frequency of several KHz and the voltage response of
the array is the detected phase sensitively by a lock-in
technique.

-2 — 1 1 1
-40 -20 0 20 40
Voltage (mV)

FIG. 2. Current-voltage characteristics of a 10 X 10 array.

By using the LTSLM, we have systematically imaged
different resistive configurations biased at various fine
resistive branches of the 7-V curves. The experimental
procedure is the following: the number n of switched rows
is fixed by biasing the array at voltages V = nV,. Then
LTSLM images of the sample are recorded at a constant
bias current value. Typical images from the square array
are shown in Figs. 3(b)—3(e). The black spots correspond
to the junctions that are in the resistive state. The
junctions that are in the superconducting state do not
appear on the array image. As expected, the images show
that the number of rows which are in the resistive state is
equa to the number n of gap voltages selected by the
bias point. To trap a different resistive configuration,
we aways increased the bias current 7 above ¢,
the array critical current, and then reduced it to the
low level.

Similarly to the experimental results of Ref. [7], we
have found that most of the images show various com-
binations of straight resistive and superconducting rows
[Figs. 3(b) and 3(c)]. However, the most striking feature
of our measurements is that the resistive lines are not a-
ways straight, but may undergo a meandering towards the
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FIG. 3. (a) Enlargement of digitally stored I-V curves in

the region between zero and 4V,; (b)—(e) LTSLM images of
resistive states of the array at the bias points close to the 4V,.
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neighboring row involving one of the horizontal junctions
in the resistive state; see Fig. 3(d).

We have found that such a broken symmetry of row
switching systematically appears in al studied arrays.
Moreover, we have observed that the horizontal junctions
switched to the resistive state were distributed randomly
inside the array and have found no tendency for the
meanders to occur at the same places. Thus, we suppose
that the meandering is not predominantly due to any
disorder in the junction parameters. The meandering of
resistive paths is a rare event and its probability does not
exceed 1% per horizontal junction of a single switched
row. Therefore, the observation of deviation of resistive
paths from the straight lines is easier for larger arrays.
We have aso observed rare resistive states with two
switched horizontal junctions in one row, as shown in
Fig. 3(e). Sometimes even more complicated distributions
of switched junctionswere registered [Figs. 4(a) and 4(b)].

In the following, we present numerical simulations of
the dynamics of underdamped arrays. Calculations were
performed using the resistively shunted model for Joseph-
son junctions and the usua analysis for superconductive
loops with only self-inductances taken into account, i.e.,
the Nakajima-Sawada equations [13]. For a discussion of
these equations and the application limits see Refs. [6,8].
The phase configuration of a row switched state was used
astheinitial condition for the next run.

We simulated large (10 X 10) and small (2 X 10)
square arrays with various parameter B, between 0.5
and 2. In al cases, the simulations well reproduce the
branching of 7-V curves and the meandering character
of the finite voltage paths. Moreover, in order to check
the influence of self-inductance effects the simulation was
carried out for the arrays with a small parameter 8, =
0.1. A simulated I-V curve with three different branches
and the corresponding voltage distributions for the2 X 10
array are shown in Fig. 5. Resistive states with both
single and double meanders have been trapped (Fig. 5).
The appearance of the meandering is qualitatively similar
to the experimental images shown in Figs. 3(b)—3(e).
The simulations have been carried out in the presence of a
finite magnetic field in order to prevent the simultaneous
switching of all the array rows[8]. It leadsto the decrease
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FIG. 4. LTSLM images of more complicated dynamic states
observed at the bias points close to the 7V, voltage region.
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of the critical current and the appearance of the flux-flow
region where 7-V curves are highly nonlinear (Fig. 5).

We have found that, in the absence of disorder, the
probability of the appearance of a meander in two row
array is about 1.8% per horizontal junction. Surprisingly,
in the presence of specialy introduced disorder up to
20% the numerical simulations show no increase of the
rate of appearance and no preferred position of the
meanders. Because of this fact, we conclude that
the broken symmetry row switching appears due to an
intrinsic instability of the superconducting state, i.e, a
change of the initial conditions can lead to the appearance
of a different percolative voltage path. The numerica
analysis of the two row array aso alows one to find out
some peculiarities of the new dynamic states. When the
junctions switched to the resistive state form a straight
line in the top or bottom row (no meandering), the array
has the highest resistance, R,,/(N + 1) (triangle symbols
in Fig. 5), where N is the total number of cellsin the row
and R, is the normal resistance of one junction. In the
case when the voltage path with one meandering occurs,
the array shows a lower resistance, R,/(N + 2) (sguare,
Fig. 5). Now there is one more junction connected in
parallel to the resistive path, with respect to the case of no
meandering. For the same reason, the meanders across
two horizontal junctions correspond to the resistance
R,/(N + 3) (circle, Fig. 5). The presence of meanders
shifts the array -V curve to the left and this resistance
scaling explains the experimentally observed fine branch-
ing of the I-V curves.

These dynamic states are stable in a wide range of volt-
ages, i.e., we have not observed direct switching between
branches. This is due to the too large energy necessary
for the junction capacitance recharge in underdamped ar-
rays [12]. So, only switching from the superconducting
state allows one to trap these dynamic states.

Our analysis using the Kirchhoff’s current laws shows
that, in the case of meandering, the dc superconducting
current flows via the horizonta junctions. Moreover, this

4

1/TL(N+1)

Y

0.0

V/2IR,

FIG. 5. Numerically ssimulated /-V characteristics of a two
row array and the corresponding voltage paths at y = 0.4. I.
is the single junction critical current.
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current increases from the row boundary to the cell where
the meandering occurs. This current configuration is dif-
ferent from that without meanders. In the latter case the
horizontal junctions are not active and dc superconducting
current flows only via the vertical junctions.

All these features can be explained, at least quali-
tatively, by the presence of metastable superconducting
states in 2D Josephson arrays. We analyze these states
for a simple case of two plaquettes with five junctions
(Fig. 6). In the absence of the magnetic field, the most
stable superconducting state is the one with al mesh cur-
rents equal to zero. At the bias current I = 21, the ver-
tical junctions switch from a superconducting state to a
resistive state with straight resistive rows (dc mesh cur-
rents are still zero) [Fig. 6(a)]. However, this system has
another peculiar state with finite values of mesh currents,
asshown in Fig. 6(b). At I = I. this system can support
a superconducting state with the Josephson phases of the
horizonta junction and one vertical junction per row be-
ing equal to 77 /2. The Josephson phases of the remaining
vertical junctions are equal to 7. This metastable state
supports finite mesh currents . /2 and switches to the dy-
namic (resistive) state with a meander via the horizontal
junction. The mesh currents decrease to the value of 1. /6
and change sign during the switching process, which re-
sults in a stable dynamic state with meandering. Thus,
the dynamic states with meandered dc voltage drop are
“fingerprints’ of metastable superconducting states with
nonzero mesh currents and active horizontal junctions.
The state appears only when there are at least three junc-
tions per cell and it exists also in the limit of zero lin-
ear self-inductance and zero magnetic field [14]. That
is different from the case of single- and double-junction
SQUIDs, where metastable superconducting states appear

1 1
v 0 v 1w 0 1 v
1% 1% 19 1%
0 : 0
1% 1% 1% 1%
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1/2 1/2 1/2 1/2
vy 172 y , 16
- L
1% 0 x 1/3 % 2/3 ¥
1 $ P 1/3‘
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FIG. 6. Sketches of metastable superconducting and resistive
states for a small array with two plaquettes containing three
junctions per cell: (a) mesh currents are equal to zero; (b) mesh
currents are different from zero. Thick solid lines show the
parts of the array switched to resistive states, and the numbers
are the local dc currents normalized to 1.

only in the limit of large self-inductance [12]. Since the
above discussed metastable state exists in the limit of zero
inductance, the small arrays with few plaquettes can be a
suitable system to observe the effect of macroscopic quan-
tum coherence at low temperatures [12,15].

It appears that also large 2D arrays can provide various
metastable superconducting states that lead to the broken
symmetry in the row switching process. Theoretical and
experimental investigation of these metastable supercon-
ducting states and their dependence on the externaly ap-
plied magnetic field are in progress.
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Observation of Breathersin Josephson Ladders
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We report on the observation of spatially localized excitations in aladder of small Josephson junctions.
The excitations are whirling states which persist under a spatially homogeneous force due to the bias
current. These states of the |adder are visualized using a low temperature scanning laser microscopy.
We also compute breather solutions with high accuracy in corresponding model equations. The stability
analysis of these solutions is used to interpret the measured patterns in the 7-V characteristics.

PACS numbers: 74.50.+r, 05.45.Yv, 63.20.Ry

The present decade has been marked by an intense theo-
retical research on dynamica localization phenomena in
spatially discrete systems, namely on discrete breathers
(DB). These exact solutions of the underlying equations
of motion are characterized by periodicity in time and lo-
calization in space. Away from the DB center the system
approaches a stable (typically static) equilibrium. (For re-
views, see [1,2]). These solutions are robust to changes
of the eguations of motion, and exist in trandationaly in-
variant systems and any lattice dimension. DBs have been
discussed in connection with avariety of physical systems
such as large molecules, molecular crystals [3], and spin
lattices [4,5].

For a localized excitation such as a DB, the excitation
of plane waves which might carry the energy away from
the DB does not occur due to the spatial discreteness of
the system. The discreteness provides a cutoff for the
wavelength of plane waves and thus allows one to avoid
resonances of all temporal DB harmonics with the plane
waves. The nonlinearity of the eguations of motion is
needed to alow for the tuning of the DB frequency [1].

Though the DB concept wasiinitialy developed for con-
servative systems, it can be easily extended to dissipative
systems [6]. There, discrete DBs become time-periodic
spatially localized attractors, competing with other (per-
haps nonlocal) attractorsin phase space. The characteristic
property of DBs in dissipative systems is that these local-
ized excitations are predicted to persist under the influence
of a spatially homogeneous driving force. This is due to
the fact that the driving force compensates the dissipative
losses of the DB.

So far, research in this field was predominantly theo-
retical. Identifying and analyzing of experimental systems
for the direct observation of DBs thus becomes a very ac-
tual and challenging problem. Experiments on localization
of light propagating in weakly coupled optical waveguides
[7], low-dimensional crystals [8], and anti-ferromagnetic
materials [9] have been recently reported.

In this work we realize the theoretical proposal [10] to
observe DB-like localized excitations in arrays of coupled
Josephson junctions. A Josephson junction is formed be-

0031-9007/ 00/ 84(4) / 745(4)$15.00

tween two superconducting islands. Each island is char-
acterized by a macroscopic wave function ¥ ~ ¢? of the
superconducting state. The dynamics of the junction is de-
scribed by the time evolution of the gauge-invariant phase
difference = 6, — 6, — % [ A - ds between adjacent
islands. Here @ isthe magnetic flux quantum and A isthe
vector potentia of the external magnetic field (integration
goesfrom oneisland to the other one). Inthefollowing, we
consider zero magnetic fields A = 0. The mechanical ana-
log of a biased Josephson junction is a damped pendulum
driven by a constant torque. There aretwo general statesin
this system: the first state corresponds to a stable equilib-
rium, and the second one corresponds to a whirling pendu-
lum state. When treated for achain of coupled pendula, the
DB corresponds to the whirling state of afew adjacent pen-
dulawith all other pendula performing oscillations around
their stable equilibria. In an array of Josephson junctions
the nature of the coupling between the junctions is induc-
tive. A localized excitation in such a system correspondsto
a state where one (or several) junctions are in the whirling
(resistive) state, with al other junctions performing small
forced oscillations around their stable equilibria. Accord-
ing to theoretical predictions [11], the amplitude of these
oscillations should decrease exponentialy with increasing
distance from the center of the excitation.

We have conducted experiments with ladders consisting
of Nb/Al-AlO, /Nb underdamped Josephson tunnel junc-
tions [12]. We investigated annular ladders (closed in a
ring) aswell as straight ladders with open boundaries. The
sketch of an annular ladder is given in Fig. 1. Each cell
contains 4 small Josephson junctions. The size of the hole
between the superconducting electrodes which form the
cell isabout 3 X 3 um?. Here we define vertical junc-
tions (JJy) as those in the direction of the external bias
current, and horizontal junctions (JJp) as those transverse
to the bias. Because of fabrication reasons we made the
superconducting electrodes quite broad so that the distance
between two neighboring vertical junctions is 30 um, as
can be seen in Fig. 3. The ladder voltage is read across
the vertical junctions. According to the Josephson rela-
tion, a junction in a whirling state generates a dc voltage

© 2000 The American Physical Society 745
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FIG. 1. Schematic view of an annular ladder. Josephson junc-
tions are indicated by crosses (X).

\

V = %(I)()(‘Z—‘f}, where (- - -) means the time average. In
order to force junctions into the whirling state we used two
different types of bias. The current g was uniformly in-
jected at every node viathin-film resistors. Another current
Toca1 Was applied locally across just one vertical junction.

We studied ladders with different strengths of horizon-
tal and vertical Josephson coupling determined by the
junction areas. The ratio of the junction areas is called
the anisotropy factor and is expressed in terms of the
junction critical currents n = I.y/I.v. If this factor is
equal to zero, vertical junctions will be decoupled and
can operate independently one from another. Measure-
ments have been performed at 4.2 K. The number of
cells N in different ladders varied from 10 to 30. The
discreteness of the ladder is expressed in terms of the
parameter B = 2w LI.v/dy, where L is the self-induc-
tance of the elementary cell of the ladder. The damp-

ing coefficient « = \/CDO/(zwICCRﬁI) is the same for all

junctions as their capacitance C and resistance Ry scale
with the areaand Cy/Cv = Rnv/Rnu = 1. The damp-
ing « in the experiment can be controlled by temperature
and its typical values are between 0.1 and 0.02.

We have measured the dc voltage across various verti-
cal junctions as a function of the currents I,,.,; and Ig.
In order to generate a localized rotating state in a ladder
we started with applying the local current I1gea; > 2I.q +
I.v. This switches one vertical and the nearest horizontal
junctions into the resistive state. After that I, was re-
duced and, simultaneously, the homogeneous bias Iy was
tuned up. Inthefina state we kept the bias Iy constant and
reduced I1oc,) t0 zero. Under these conditions, with a spa-
tially homogeneous bias injection, we observed a spatially
localized rotating state with nonzero dc voltage drops on
just one or a few vertical junctions.

Various measured states of the annular ladder in the cur-
rent-voltage Ig-V plane with I, = 0 are presented in
Fig. 2. The voltage V isrecorded locally on the same ver-
tical junction which was initially excited by the local cur-
rent injection. Thevertical line on theleft side corresponds
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FIG. 2. Current-voltage Iz-V plane for an annular ladder with
the parameters N = 30, n = 0.44, and B = 2.7. Digits indi-
cate the number of rotating vertical junctions.

to the superconducting (static) state. The rightmost (also
the bottom) curve accounts for the spatially homogeneous
whirling state (al vertical junctions rotate synchronoudly).
Its nonlinear /g (V) shapeis caused by a strong increase of
the normal tunneling current at a voltage of about 2.5 mV
corresponding to the superconducting energy gap. The se-
ries of branches represent various localized states. These
states differ from each other by the number of rotating ver-
tical junctions.

In order to visualize various rotating states in our lad-
ders we used the method of low temperature scanning
laser microscopy [13]. It is based on the mapping of a
sample voltage response as a function of the position of
a focused low-power laser beam on its surface. The laser
beam locally heats the sample and, therefore, introduces an
additional dissipation in the area of a few micrometers
in diameter. Such a dissipative spot is scanned over the
sample and the voltage variation at a given bias current
is recorded as a function of the beam coordinate. The
resistive junctions of the ladder contribute to the voltage
response, while the junctions in the superconducting state
show no response. The power of the laser beam is modu-
lated at a frequency of several kHz and the sample voltage
response is measured using a lock-in technique.

Several examples of the ladder response are shown in
Fig. 3 as 2D gray scale maps. The spatially homogeneous
whirling stateisshown in Fig. 3(A). Hereall vertica junc-
tions are rotating, but the horizontal ones are not. Fig-
ure 3(B) corresponds to the uppermost branch of Fig. 2.
We observe a localized whirling state expected for a DB,
namely a rotobreather [10]. In this case 2 vertica junc-
tions and 4 horizontal junctions of the DB are rotating,
with all othersremaining in the superconducting state. The
same stateis shown on an enlarged scalein Fig. 3(C). Fig-
ure 3(D) illustrates another rotobreather found for the next
lower branch of Fig. 2 at which 4 vertical junctions are
in the resistive state. The local current at the beginning
of each experiment is passing through the vertical junc-
tion being the top one on each map. In Fig. 3(E), which
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FIG. 3. Whirling states measured in the annular ladder using
the low temperature scanning laser microscope: (A) spatialy
homogeneous whirling state, (B)—(E) various localized states
corresponding to discrete breathers.

accounts for one of the lowest branches, we find an even
broader localized state. Simultaneously, on the opposite
side of the ring we observe another DB excited sponta-
neoudly (without any local current). An interesting fact is
that in experiments with open boundary ladders (not closed
in aring) we also detected DBs with even or odd numbers
of whirling vertical junctions.

Various states shown in Fig. 3 account for different
branches in the Iz-V plane in Fig. 2. Each resistive con-
figuration is found to be stable along its particular branch.
On a given branch the damping of the junctions in the
rotating state is compensated by the driving force of the
bias current Igz. The transitions between the branches
are discontinuous in voltage. In Fig. 2, we see that al
branches of localized states lose their stability at a volt-
age of about 1.4 mV. Furthermore, as indicated in the
inset on Fig. 2, a peculiar switching occurs: upon low-
ering the bias current Iz the system switches to a larger
voltage. According to our laser microscope observations,
the lower the branch in Fig. 2, the larger the number M
of resistive vertical junctions. The slope of these branches
isdV/dlg = MRnv/(M + ), thusthe branches become
very close to each other for large M. The fact that the volt-
age at the onset of instability is independent of the size of
the DB, indicates that the instability is essentially local in
space and occurs at the border between the resistive and
nonresistive junctions.

The occurrence of DBs is inherent to our system. We
have also found various localized states to arise without
any local current. Namely, when biasing the ladder by the
homogeneous current Iy dlightly below NI.y, we some-

times observed the system switching to a spatially inho-
mogeneous state, similar to that shown in Fig. 3(E).

To interpret the experimental observations, we analyze
the equations of motion for our ladders (see [11] for de-
tails). Denote by ¢, ¢!, @ the phase differences across
the Ith vertical junction and its right upper and lower hor-
izontal neighbors. Using Ve; = ¢;11 — ¢; and Agp; =
¢i+1 t ¢1—1 — 2¢y, the Josephson equations yield

. ) . 1 y
¢ +ag/ +8ngp/ =y — E(—Asoz” + Ve,
—Vei 1), )
N 1

o h b - b~k

¢ +ap +sng = ——(¢/ =@/ +Vo/), (2
nBL

< h < h " 1 A~k

¢, +ap, +sng = B (of =@ + Vo).

Here v = Ig/(Nl.v). First, we compute the dispersion
relation for Josephson plasmons ¢ o« ¢!/~ “) gt ¢ = 0in
the ground state (no resistive junctions). We abtain three
branches. one degenerated with @ = 1 (horizontal junc-
tions excited in phase), the second one below w = 1 with
weak dispersion (mainly vertical junctions excited), and fi-
nally the third branch with the strongest dispersion above
the first two branches (mainly horizontal junctions excited
out of phase), cf. theinset in Fig. 4. The region of experi-
mentally observed DB stability is also shown. Note, that
for DBs with symmetry between the upper and lower hor-
izontal junctions the voltage drop on the horizontal junc-
tions is half the drop across the vertical ones. This causes
the characteristic frequency of the DB to be 2 timessmaller
than the value expected from the measured voltage drop on
the vertical junctions [11].

In order to compare experimental results of Fig. 2 to the
model given by Egs. (1)—(3), we have integrated the latter
equations numerically. We also find localized DB solu-
tions, in particular solutions similar to the ones reported in
previous numerical studies [11]. These solutions are gen-
erated with using initial conditions when M vertical junc-
tions of the resistive cluster (cf. Fig. 3) have ¢ = 0 and
¢ = 2V, and the horizontal junctions adjacent to the ver-
tical resistive cluster have ¢ = 0 and ¢ = Vj, while all
other phase space variables are set to zero. The obtained
Ig-V curvesare shown in Fig. 4. The superconducting gap
structure and the nonlinearity of slopes are not reproduced
in the simulations, as we use a voltage independent dissi-
pation constant « in (1)—(3). We find several instability
windows of DB solutions, separating stable parts of the
Ig-V characteristics.

In addition to direct numerical calculation of Ig-V
curves, we have aso computed numerically exact DB
solutions of (1)—(3) by using a generalized Newton map
[1]. We have studied the linear stability of the obtained
DB [1] by solving the associated eigenvalue problem.
The spatia profile of the eigenmode which drives the
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FIG. 4. [Ig-V characteristics for numerically obtained breather

states with 2, 4, 6, and 8 whirling vertica junctions. The inset
shows the dispersion relation of an annular ladder with y = 0.3,
a =007, N=30,7=044,and B = 2.7.

instability (associated with the edges of the instability
windows in Fig. 4) islocalized on the DB, more precisely
on the edges of the resistive domain. This is in accord
with the experimental observation (Fig. 3) where several
independent DBs can be excited in the system.

The DB states turn to be either invariant under ¢
@ transformation or not. Both such solutions have been
obtained numericaly. To understand this, we consider
the equations of motion (1)—(3) in the limit n — 0 and
look for time-periodic localized solutions. In thislimit the
brackets on the right-hand side of (2) and (3) vanish, and
vertical junctions decouple from each other. Let us then
choose one vertical junction with [ = 0 to bein aresistive
state and al the others to be in the superconducting state.
To satisfy periodicity in the horizontal junction dynamics
we arrive at the condition

h_ 1o, h_ k=1
®o kﬁoo’ (2] X ®o
or
k—1 B 1,
403 = X Po > @g = _E ®o 4)

and a similar set of choices for ¢”, ", with all other
horizontal phase differences set to zero. Here k is an ar-
bitrary positive integer. Continuation to nonzero n values
should be possible [6]. The symmetric DBsin Fig. 3 cor-
respond to k = 2. The mentioned asymmetric DBs cor-
respond to k = 1. The current-voltage characteristics for
asymmetric k = 1 DBs show a different behavior from
that discussed above. These DBs are stable down to very
small current values, and simply disappear upon further
lowering of the current, so that the system switches from
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a state with finite voltage drop to a pure superconducting
state with zero voltage drop.

The observed DB states are clearly different for the
well-known row switching effect in 2D Josephson junction
arrays. The DBs demonstrate localization transverse to the
bias current (driving force), whereas the switched states of
noninteracting junction rows are localized along the cur-
rent. At the same time, DB states inherent to Josephson
ladders are closely linked to the recently discovered mean-
dering effect in 2D arrays [14].

In summary, we have experimentally detected various
types of rotobreathers in Josephson ladders and visualized
them with the help of laser microscopy. Our experiments
show that DBs in Josephson ladders may occupy severa
|attice sites and that the number of occupied sites may in-
crease at specific instability points. The possibility of ex-
citing DBs spontaneously, without using any local force,
demonstrates their inherent character. The observed DBs
are stable in a wide frequency range. Numerical calcula
tions confirm the reported interpretation and allow for a
detailed study of the observed instahilities.

Note added.—After this work was completed we be-
came aware of the experiment [15] which detected 1- and
2-site rotobreathers by using several voltage probes across
aladder. We note that our method allows for direct visual
observation of any multisite breathers.
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Diversity of discrete breathers observed in a Josephson ladder

P. Binder, D. Abraimov, and A. V. Ustinov
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We generate and observe discrete rotobreathers in Josephson junction ladders with open boundaries. Roto-
breathers are localized excitations that persist under the action of a spatially uniform force. We find a rich
variety of stable dynamic states including pure symmetric, pure asymmetric, and mixed states. The parameter
range where the discrete breathers are observed in our experiment is limited by retrapping due to dissipation.

PACS numbd(s): 05.45.Yv, 63.20.Ry, 74.58.r

Nonlinearity and lattice discreteness lead to a generic Measurements are performed on linear laddefth open
class of excitations that are spatially localized on a scaldoundariesconsisting of Nb/Al-AlQ,/Nb underdamped Jo-
comparable to the lattice constant. These excitations, alssephson tunnel junctiorfd2]. An optical image{Fig. 1(a)]
known asdiscrete breathershave recently attracted much shows a linear ladder that is schematically sketched in Fig.
interest in the theory of nonlinear lattics—3]. It is be-  1(b). Each cell contains four small Josephson junctions. The
lieved that discrete breathers might play an important role irsize of the hole between the superconducting electrodes that
the dynamics of various physical systems consisting oform the cell is about 33 um?. The distance between the
coupled nonlinear oscillators. It has even been said that folosephson junctions is about 24n. The number of cell
discrete nonlinear systems breathers might be as important &% the ladder is 10. Measurements presented in this paper
are solitons for continuous nonlinear media. have been performed at 5.2 K. The bias curigntvas uni-

There have been several recent experiments that reportéarmly injected at every node via thin-film resistdRg =32
on generation and detection of discrete breathers in divers@. Here we definevertical junctions (JJ) as those in the
systems. These are low-dimensional crysfdls antiferro-  direction of the external bias current, ahdrizontal junc-
magnetic materialg5], coupled optical waveguidg$§], and  tions (J4,) as those transverse to the bias. The ladder voltage
Josephson junction arraj/g,8]. By using the method of low- was read across the central vertical junction. The damping
temperature scanning laser microscopy, we have recently reoefficient a= \/®,/(271.C Rszg) is the same for all junc-
ported direct visualization of discrete breathf8$ In this  tions as their capacitand® and subgap resistané®, scale
paper we present measurements of localized modes in Jo-
sephson ladders. Using the same method as in our first e
periment, we study an even more tightly coupled lattice of O Y e [P e S
Josephson junctions and observe a rich diversity of localize ﬂ%ol@%plg&gAﬂ&g‘g%olw
excitations that persist under the action of a spatially uniform :
force " pataly eﬁa‘aﬁajﬁa‘a . eyeﬁ

A biased Josephson junction behaves very similarly to its el il
mechanical analog, which is a forced and damped pendulum . S 1@4 (N+i)I,, 4
An electric bias current flowing across the junction is analo-
gous to a torque applied to the pendulum. The maximum
torque that the pendulum can sustain and remain static cor
responds to the critical curremt of the junction. For low
damping and bias below,, the junction allows for two
states: the superconductifgfatig state and the resisti\o-
tating state. The phase differencg of the macroscopic
wave functions of the superconducting islands on both sides *IMW.
of the junction plays the role of the angle coordinate of the - .
pendulum. According to the Josephson relation, a junction in Region B
a rotating state generates dc voltage (1/2m) d(d¢/dt), g

. : . (b) Region M
where(---) is the time average. By connecting many Jo-
sephson junctions with superconducting leads one gets a
array of coupled nonlinear oscillators. " .

V\)//e perforpm experiments with a particular type of Joseph- LR R L
son junction array called the Josephson ladder. Theoretica . 30 pm
studies[9—11] of these systems have predicted the existence
of spatially localized excitations called rotobreathers. Roto- FIG. 1. Optical(a) and schematith) view of a linear ladder(c)
breathers are 2-periodic solutions in time that are exponen- Spatially homogeneous whirling state measured by the laser scan-
tially localized in space. ning technique.
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with the area andCy,/Cy=Rsg/Rsgy. The dampinga in s
the experiment can be controlled by temperature and its typi- -
cal values vary between 0.1 and 0.02. I .
There are two types of coupling between cells in a ladder. (a) 30 pm
The first is the inductive coupling between the cells that is
expressed by the self-inductance parametes, . .
=2mLl.,/®y, wherelL is the self-inductance of the elemen- .
tary cell. The second is the nonlinear Josephson coupling vig (b)
horizontal junctions. The ratio of the horizontal and vertical N |
junction areas is called the anisotropy factor and can be ex .. a—l—n—i@, %
pressed in terms of the junction critical currentg ' XX LUPL
=lcy/ley. If this factor is equal to zero, the vertical junc- | (c) Yoy T
tions are decoupled and operate independently from one ar
x
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other. On the other hand, if this factor goes to infinity the | ” ¢

ladder behaves like a parallel one-dimensional array and n( L X
rotobreather can exist since no magnetic flux can entel (q) = "*
through the horizontal junctions. Thus, it is an important
challenge to increase the anisotropy as far as possible. In thi
work we present measurements for the highest anisotropy
factor (=0.56) studied up to now to our knowledge. In (e)
contradiction to the existing theoretical predictipti] for

3‘03(
&
' .

.
3(*
*
,u
K
::ix
¢
¥ % 1 i

this anisotropy value, in the studied parameter range with % . —3¢]
moderate dissipation we find a rich diversity of localized % x
excitations. (f) . *
To briefly introduce the role of the parameters we quote
the equations of motion for our systefaee Ref.[10] for el e lmel T Yol o
details: . e X X B % B X
PRI R
Y "V ain Vv 1 vV, uTH H (8)
¢r T ag +sing, =7—E(—A<P| tVeili=Veriy),
D BV F-Y BV VS BV LY .
L N X NN P B X
RGO
“ H "H, ain H 1 H_~H % (h) i A
@ tag tsing=—— (¢ —@+Ve), (2
nBL < -
Region M
“p, Sy, o~y L H_~H Y ; ; ;
o tap +sing, :7(% —¢+Veo)), (3) FIG. 2. Various localized state@liscrete rotobreathersmea-
nPL sured by the low-temperature scanning laser microsc@e{d)

~ asymmetric rotobreather&g)—(h) symmetric rotobreathers. Region

where ¢, ¢f', and'|" are the phase differences across them is illustrated in Fig. 1b).
[th vertical junction and its right upper and lower horizontal
neighbors, Vo=@ 1— ¢, Ag=¢j11t¢_1—2¢;, and  method of low-temperature scanning laser microscii8}
y=Igll.y is the normalized bias current. to obtain electrical images from the dynamic states of the

In order to generate a discrete breather in a ladder weadder. The laser beam locally heats the sample and changes
used the technique described in Réf|. We used two extra the dissipation in an area of several micrometers in diameter.
bias leads for the middle vertical Josephson juncfiitFig.  If the junction at the heated spot is in the resistive state, a
1(b)] to apply a local currentl,o>>1c,. This current voltage change will be measured. By scanning the laser
switches the vertical junction into the resistive state. At thebeam over the whole ladder we can visualize the rotating
same time, forced by magnetic flux conservation, one or twgunctions.
horizontal junctions on both sides of the vertical junction Various measured ladder states are shown in Fig. 2 as
also switch to the resistive state. After thaj, is reduced two-dimensional gray scale maps. The gray scale corre-
and, simultaneously, the uniform biég is tuned up. In the sponds to the measured voltage response during the laser
final state, we keep the bidg smaller thanl., and have scanning. In Fig. @) we present the simplest of observed
reducedl .4 to zera By changing the starting value bf.,  states, amsymmetricsingle-site rotobreather, where one ver-
it is possible to get more than one vertical junction rotating.tical Josephson junction and the upper adjacent horizontal
When trying the slightly different current sweep sequencelosephson junctions are in the resistive state. On the right
described in Ref[7] we generated mainly states with many side of the plot we show the corresponding schematic view
rotating vertical junctions. with arrows marking the rotating junctions. In the case of

In all measurements presented below, we have measurédg. 2(b) two vertical junctions and two horizontal junctions
the dc voltage across the middle vertical junction as a funcare rotating that corresponds to an asymmetric two-site
tion of the homogeneous bias curreiy. We used the breather. An asymmetric three-site breather and an asymmet-
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vertical junction[8]. We also observed a variety of multisite
breathers of this type. A two-site, a three-site, and a four-site
breather are shown in Figs(f 2(g), and Zh), respectively.
The correspondind g-V characteristics over the stability
range of symmetric breathers are presented in Fig. 3

As mentioned above, Figs(8 and 3b) show thelz-V
characteristics witH ,.;=0 of asymmetric and symmetric
rotobreathers, respectively. The voltagés always recorded
locally on the middle vertical junction, which was initially
excited by the local current injection. The vertical line on the
left side corresponds to the superconductistatio state.
The rightmost(also the bottorhcurve accounts for the spa-
tially uniform whirling state(all vertical junctions rotate syn-
0.0 A N A T S chronpusly and hori_zontal jynctions gre_not rotatingn

10 15 20 25 electrical image of this state is shoyvn in F@c}l The upper
voltage, V (mV) branches in Fig. 3 represent various localized states. The

. uppermost branch corresponds to a single-site breather, the

next lower branch to a two-site breather, and so on.

It is easy to show that the voltadg at which the vertical
and horizontal junctions switch back to the superconducting
state is the same. By usifyqy/Rsqr= 7 andl o/l o= 7 we
get with I, 1 that Vi=Rsu\l v=Rsgd 1y - FoOr the uniform
state we observelf,~0.6 mV. At about the same voltage,
the whirling horizontal and vertical junctions for the asym-
metric breather are retrapped to the static state as can be seen
in Fig. 3(@). The symmetric breathers show different behav-
ior. AssumingVy~V,/2, we can expect that at the voltage
V=2V,~1.2 mV the horizontal junctions should already be
trapped into the superconducting state. But if the voltages of
the top and bottom horizontal junctions are not equal while
0.0 e I g is decreased, the retrapping current in the junction with
(b) : : 1.0 1.5 2.0 25 the lower voltage is reached earlier and the retrapping occurs

voltage, V (mV) at a higher measured voltage.

FIG. 3. 13-V characteristics for asymmetri@) and symmetric We found that in order to explain the retrapping current of

(b) breathers in a ladder with the paramethirs 10, I, = 320 uA, the breathe_r_states the bias_ resisgshave to be taken in'go
7=0.56, andB, =4.3. The gray region indicates the frequency account. Initially, these resistors were designed to provide a

range of the upper plasmon band, is the plasma frequency. uniform bias current distribution in the ladder. Assuming that
the Josephson junctions in the superconducting state are just
ric four-site breather are shown in FigsicRand 2d), re-  Short circuits, we get the electric circuits that are shown as
spectively. Here, the voltages of the whirling horizontal andinsets in Fig. 4. The total current injected in the breather
vertical junctions are equal due to magnetic flux conservat€gion is calculated by using the resistafvef vertical junc-
tion. The magnetic flux enters the ladder through one horillons measyred in the spatially uniform state. Thus we derive
zontal junction, goes through the vertical ones, and leave¥)€ retrapping current as
the ladder through another horizontal junction. When a
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single magnetic flux quantum passes through a Josephson (N+ 1)1 (N-M+1) +(N+1)[M +(2-90)n] v
junction its phasep changes by z. In contrast to our pre- B (1+0)Rg MR ’
vious measurements of an annular ladd@r here in ladders (4)

with open boundaries we observe asymmetric breathers as
frequently as symmetric breathers. TheV characteristics whereM is the number of whirling vertical junctions. The
of these localized states are presented in Fig\. Particular parameteld is equal to 0 for asymmetric breathers and to 1
states indicated on the plot are stable along the measurddr symmetric breathers. The calculated retrapping current is
curves. The more junctions are whirling, the higher is thecompared with the experiment in Fig. 4. For the asymmetric
measured resistance. breathers the agreement is fairly good. We believe that the
Another type of discrete breather observed in our experilarger discrepancy for the symmetric breathers is due to the
ment is shown in Figs. (8)—(h). Figure Ze) illustrates a assumptionvVy=V,/2 that we imposed in the derivation of
symmetricsingle-site breather with one vertical and all four the retrapping current.
adjacent horizontal junctions in the resistive state. Though One interesting feature in our experiment is the dynamical
we call this state symmetric, the upper and lower horizontabehavior of the local states in the linear ladder, which differs
junctions may in general have different voltages. The simfrom the previous observations in the annular lad@g¢rith
plest voltage-symmetric case would be when each horizontahe anisotropy parametej=0.44. In Fig. 5 this feature is
junction voltage is equal to half of the voltage of the whirling illustrated for three-site breathers. After the creation of a
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My T T T T T T T T T T3 FIG. 5. 13-V characteristics of three-site breathers.
1.0 3 ] ] (N+1)I_" _ state is presented in Fig(@. The rightmost vertical junction
_ - ¥R:s ¥ 3R % ] is rotating with a lower frequency than the other four vertical
é 09+ NG 3 junctions on the left. This can be understood from the ap-
=, - %) ] pearance of an extra rotating horizontal junction in the inte-
= 08+ ® - rior of this state. We can interpret it as a four-site breather
% - ° z z = z . coupled to a single-site breather. All these localized states
o074 . 3 would be topologically forbidden in the case of an annular
5 C ] ladder, as the magnetic flux inside the superconducting cir-
= 06+ 3 cuit should not accumulate, but they are not forbidden in a
° C ] ladder with open boundaries. The last two picturé&d) @nd
0.5+ 3 6(e) are taken near the border of the ladder. We find here
C - truncated asymmetric and symmetric six-site breathers. The
-4+ marginal vertical junction does not require any horizontal
B it 2 3 4 5 6 7 8 9 10 11 junctions to rotate.
(b) site number, M

FIG. 4. The retrapping current measui@dints and calculated
(line) by Eq. (4) for the asymmetrid¢a) (V=V,) and the symmetric
(b) (V=2V,) rotobreathers. The insets show the reduced electric
circuits for each case.

symmetric rotobreathémiddle curve we lower the uniform
bias currentlz until the retrapping current of one of the
horizontal junctions at each side is reached. Here we obsery

switching to the corresponding asymmetric three-site roto-
breather state. By further lowering of the bias current we get
to the point where both the vertical and the horizontal junc-
tions reach their retrapping currents and the whole ladde

goes into the superconducting state. If, instead of lowering

the bias current, we start increasing it, another switching
point is observed where the previous symmetric breathel
state is recovered. In contrast to this behavior, in the annula
ladder[8] the observed lower instability of the symmetric
breather led to aincreaseof voltage[14].

In addition to the simplest hierarchic states described
above we also found a large variety of more complex local-
ized dynamic states. Some examples are presented in Fig. |
Figures ©a)—6(c) are sections from the middle regidiv)
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[cf. Fig. Ab)] of the measured linear ladder. Figuréa6

shows an asymmetric six-site breather with top and bottom
horizontal junctions whirling on its sides. Figurébp illus-

2

RengCF)n B

trates a three-site rotobreather that is symmetric on one side FIG. 6. More complex nonuniform states measured in the
and asymmetric on the other. Another very peculiar localizedniddle (M) and on the bordefB) regions of the ladder.
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In summary, we have presented observations of a largdissipation, discreteness, and the anisotropy parameter of the
variety of spatially localized dynamic rotobreather states inadder.
Josephson ladders with open boundaries. These states can be
excited by local current injection and supported by a uniform  This work was supported by EC Contract No. HPRN-CT-
current bias. We observe both the symmetric and asymmetri£999-00163 and the Deutsche Forschungsgemeinschaft
rotobreather states predicted in REf1], as well as more (DFG). We would like to thank S. Aubry, A. Brinkman, S.
complex mixed states. We believe that the region of exisFlach, R. Giles, Yu. S. Kivshar, and Y. Zolotaryuk for stimu-
tence and stability of rotobreathers depends sensitively olating discussions.
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