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Magnetic-field-induced control of breather dynamics in a single plaquette of Josephson junctions
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We present a theoretical study ishomogeneoudynamic(resistivg states in a single plaquette consisting
of three Josephson junctions. Resonant interactions of such a breather state with electromagnetic oscillations
manifest themselves by resonant current steps and voltage jumps in the current-voltage characteristics. An
externally applied magnetic field leads to a variation of the relative shift between the Josephson current
oscillations of two resistive junctions. By making use of the rotation wave approximation analysis and direct
numerical simulations we show that this effect allows to effectively control the breather instabilities, e.g., to
increase(decreasgethe height of the resonant steps and to suppress the voltage jumps in the current-voltage
characteristics.
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Discrete Josephson coupled systems have recently ate transverse direction. The dynamics of the system is de-
tracted a lot of attention due to the predictidn-3] and the termined by two parameters: the anisotrogy=l.y/lcy,
following observation ofintrinsic dynamic localizedstates  wherel andl., are, respectively, the critical currents of
[4-7). These breather states appear in homogeneously dwrizontal and vertical junctions, and the discreteness param-
current driven Josephson junction ladders and arrays in theter (normalized inductance of the cglj3, .
form of variousspatially inhomogeneousoltage patterns. In Ref.[12] we have shown that inhomogeneous resistive
These voltage patterns are characterized by a few junctiorgiates can be observed in this system as the anisotydpy
being in the resistivéwhirling) state while the rest of all not large. These two breather states are characterized by only
junctions reside in the superconductiipration) states. The one (left or right) vertical junction and the horizontal junc-
breather states manifest themselves through additiondion being resistive. We also found various further features of
branches in the current-voltage ) characteristics of a sys- the states, e.g., resonant current steps and voltage jumps to
tem[4—7] and, moreover, can be directly visualized by usingthe superconducting state or to the homogeneous whirling
the low temperature scanning microscopy technif@u&].  state, in thel-V curves. These features can be considered
More complex intrinsic dynamic localized states also appeatfingerprints” of the resonant interaction of the breather state
in the process of row switching in two-dimensional Josephwith electromagnetic oscillation&O’s). The necessary con-
son junction arrays as a meandering of resistive ppghs dition of the appearance of resonant interaction is the match-
Note here, that the origin of such a dynamic localization ising of the breather frequendy or its higher harmonics with
not the presence of disorder but a peculiar interplay betweethe frequencies of EO'sw. [12]. The different types of
nonlinearity and discretened®], and therefore, breather resonances are classified@mary resonancesd. =m(}),
states can play the same important role for Josephson junparametric resonanceg w. =(m+3)Q] and combination
tion arrays(and in particular, for Josephson junction ladders resonancesmi{)=w, = w_). Note here that the dc voltage
as Josephson vortices do for long Josephson junctions arthtop is determined by the breather frequencyash()/2e.
parallel arrayg§10]. The frequencies of EO’s, and therefore the voltage positions

The dynamics of breather states crucially depend on howf the resonances, depend strongly on the parametersd
these states interact with other dynamical modes of the sys3, . The presencéor absenceof resonant features in the
tem, e.g., electromagnetic waves or localized electromag--V curves is affected also by th&trengthof the resonant
netic oscillations. If such an interaction is weak, the ampli-interaction, i.e., a possibility to excite the EO's by the
tudes of ac currents are small, the breather state has a simple
dynamical structure, and the current-voltagge/) curve dis- Y Y
plays a linear branch. However, by variation of an externally
applied dc bias current a breather state may be tuned into
resonance with linear electromagnetic excitations. It was pre-

dicted in Ref.[7] and carefully studied in Ref§11,17 that ¢ X Kb, ®H,,
the resonant interaction of the breather state with electromag-

netic excitations leads to resonant stépssharp current in-

creasg¢ and various switching phenomena between different 8

resistive stategvoltage jumpgin the I-V curves. Y if)” Y

The simplest case where inhomogeneous resistive states
can be obtainedi3,12], is a dc current driven single aniso- FIG. 1. Sketch of the plaquette with three Josephson junctions
tropic plaquette containing three Josephson junctions, as prémarked by crossgsn the presence of uniform dc biasand an
sented in Fig. 1. It consists of tweertical junctions parallel  externally applied magnetic field,,,. Dashed circles denote junc-
to the bias currenty direction, and &orizontal junction in  tions in the resistivéwhirling) state.
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breather state. However, a theoretical analysis of the strength Eq. (2), 8] A1), 8"(t) correspond to EO’s excited in the
of the resonant interaction has not been carried out, angresence of the breather state. By making use of the linear-
moreover, the dependence of resonant features on an extération of Eq.(1) around the breather stat®) we obtain
nally applied magnetic field has not been investigated.

In this paper, we report on the properties of breather states . . N
or even more specifically, on the resonant interaction of the o1t adi+cogcy) 6y =— E(ai_ S+ 8",
breather states with EO’s in the presence of an externally
applied magnetic field. We show that the applied magnetic s :
field allows to control the strength of the resonant interac- 95T ady+codQi+Cy) 8
tion, and correspondingly the appearaidisappearangeof 1
voltage jumps and resonant steps in ke curves, just by a =—sin(Qt+cy) + ,6'_( -5+, @
fine tuning of the relative phase shift between the Josephson -
current oscillations of the two resistive junctions. 1

In order to quantitatively characterize the magnetic field -+ "+ cog Ot) 8"= — sin(Qt) — —— (85— 85+ V).
induced control we write the set of equations for the time- nBL

h h v h
dependent Josephson phagds ¢, and$ Two characteristic frequencies of EO’s are derived by ne-

1 glecting the damping¢ < 1) and time-dependent terms in
Mo =v— E(¢’i—¢‘é+ ¢"+2mf), Eq. (4) as
1 |w.|=VF*+JF2-G,
M) = v+ B—(¢‘i—¢3+ ¢"+2mf), ()
- 1+2
F=5cogcy)+ 7
h 1 v v h 2 ' 27”3L ,
Mo ):_m(¢1_¢2+¢ +2mf),
. G=cogc )(1+77) )
where the nonlinear operatdy(¢)= ¢+ ad+sin(p), and YonBL

the dissipation parameterdetermines the effective damping

in the system. Here, we use the inverse of the plasma frethus, as the resonant condition is validl=w.., a primary

quencyw, as the unit of time. The externally applied mag- resonance appears and th¥ curve displays a resonant cur-

netic field He, is characterized by the frustratior rent step. The magnitude of the resonant step is found as

=0, /Dy, i.e., the magnetic flux threading the cell normal-

ized to the magnetic flux quantum. These dynamic equations Ay=(85(t)cogQt+cy)), (6)

have been derived in Ref12], using the resistively shunted )

model for Josephson junctions, the Kirchhoff's current lawsWhere( . . .) means the time-average procedure. At the reso-

and the flux quantization law. nance the EO’s have a forﬁiyz,ﬁhzelﬂt. USing the rotation
The Josephson phases are naturally decomposed as f#{ave approximation method elaborated in R&8], i.e., ne-

lows (below we consider a particular breather case as the lefilecting all nonresonant terms, we find that the amplitudes of

vertical junction is in the superconducting state EO's and correspondingly, the strength of the primary reso-
nance are determined by thdifferenceof two Josephson
Pl(t)~cy+ 81(1), current oscillations: si¢t+c,)—sin(2t) [see the right-hand
side of Eq.(4)]. It leads to the magnetic field dependent
Po(1)~Qt+cr+ 55(1), (2)  magnitude of the resonant stépy:
h ~ h
¢ (H~Qt+ 51, Ao sin% —|sin %+—2f1LI:’7) N

where the dc bias dependent breather frequeicgnd the
phase shifte; andc, are obtained using dc analysif12],  The dependence @y onf is not symmetric with respect to

i.e., neglecting the Josephson phase oscillatif(i}: the value off =0, which is due to the intrinsic inhomogene-
ity of the breather state, i.e., the phase shiftis not zero
0= Y even in the absence of an externally applied magnetic field.
a(l+n)’ Next, we turn to the parametric resonant interaction of the
(3)  breather state with EO’s, @ =2w- . In order to analyze
(1+27n this case we introduce the new variabl&yt) = §5(t)
Cl:arcs"( 1t 7 7)’ — "(t) and S(t) = &5(t)+ 8"(t). The equations foD(t)
and S(t) are given by
BLym
Co=Cut g temt. D+ aD+wiD=—Dhy(t)+Shy(t),
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FIG. 2. I-V characteristics of a breather state =1, «
=0.1, andy=0.5. The values of the magnetic field da¢ f=0, (b)
f=—0.1, and(c) f=0.4. The thin soliddashed lines show the dc
bias increasédecrease The dotted lines show the dependence of
the characteristic frequency combinations of EQO’s on the dc pias
[Eg. (5)]. Arrows indicate the various switching processes: to the
homogeneous whirling state or to the superconducting state.

.. - =1 , B
S+ aS+ n+1wiD_ Shy(t)+Dhy(t), (8)
where the time-dependent coefficients hy(t)

=cos,/2)cos) and h,(t)=sin(c,/2)sin{2t). Note here
that we neglected all nonresonant terms in @y[14]. Simi-
larly to a well known case of a parametrically driven har-
monic oscillatof 15] we find that in the dissipative case with
two degrees of freedorfEq. (8)] the breather state can be-
come parametrically unstable, when the Josephson phas
are

D(t),S(t):ei(Qtlz)+>\t (9)
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with A>0. This instability depends on the amplitudes of ac
Josephson oscillatiorts; (t) andh,(t), and therefore, is de-
termined by the phase shift,. Substituting the Josephson
phaseq9) to (8) we obtain the instability condition

heit(f) = (1— 5)?+ 47 coS(c,/2)> al). (10)
The left-hand side of this equation determines the effective
amplitude of the parametric Josephson current oscillations
he#(f) in the same manner as the effective amplitude
sin(c,/2) of primary Josephson current oscillatidsee Eq.
(M1

The strength of the combination resonance(as w
*w_, is also determined by the parameligg(f). By taking
the Josephson phasBsand S in the form D(t)=e'®+'**
andS(t)=e'“-'** the instability condition of the combina-
tion resonance is found as

heg(f)>aVo o_.

Thus, the applied magnetic field allows us to control the

strength of the parametric and combination resonances
through the magnetic field dependent phase shift between
two Josephson current oscillatiors,

To test the obtained analysis and to show how the applied
magnetic field changes theV curve, we perform direct nu-
merical simulations of Eq(1). Details of the numerical pro-
cedure were given elsewhef&2]. To establish a large dc
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FIG. 3. The dependence of the magnitude of the resonant steps
on the frustratiorf: (a) the lower resonant stefprimary resonance,
B3 The numerical resultircles and the analytical predictidiEq.
(7)] are shown correspondingly by circles and solid lindgs.The
upper resonant steparametric resonanc8), the numerical results
(circles, and the analytical predictiofsolid line) based on the ex-
pression forgx(f) [Eq. (10)] are shown.
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current bias region where various types of resonances occutgpendence displays a peculiar oscillation and is in qualita-
we use the discreteness paramgder=1 and the anisotropy tive agreement with the magnetic field dependende.g(f).
7=0.5. We decrease(increaseyl the dc bias current and Moreover, as suggested by the inequality in Eff) in the

calculated the dc voltag¥ =(¢5). Numerically simulated region of frustration 0.2f<0.37 a specific “window” of
1-V curves for different values of the applied magnetic fieldMagnetic field occurs. In this region of the magnetic field the
are shown in Fig. 2. parametric resonant interaction is very weak and the resonant
In the absence of the magnetic fidlsee Fig. 2a)] we  StepA disappears from thé-V curve. Note here that the
observed two resonant steps labeledfaand B, and the  Width of the *windows” increases with the damping param-
switching phenomenotithe voltage jump to the homoge- etera [Eq. (10)], and this allows for an accurate measure-
neous resistive statéabeled asC. All types of resonant in- ment of damping at low temperatures @ss very small.
teractions of the breather state with EO's are present in this In the same region of frustration, a similar window exists
I-V curve: the parametric resonan&deads to the the reso- for the combination resonance and correspondingly the
nant step at upper values of the dc bigsthe primary reso- switching of the breather state to the homogeneous resistive

nanceB leads to the resonant step at lower values of the détate is suppressed. This effect has a peculiar consequence.
bias v, and the voltage jumiE is the consequence of the Because of the instability of the breather state and the corre-

combination resonandd.2]. sponding switching to the homogeneous resistive dtste

In the presence of an applied magnetic field we find thafig- 2b)], it can be very hard to experimentally observe the
thel-V curve changes drastically. Thus, for a small magnetidoWer part of thel-V curve. However, in the presence of a
field f=—0.1 the lower voltage resonant stBppractically ~ magnetic field the breather can pass this region of dc bias
disappears, but the switching phenomei®becomes even current and penetrate to the "forbldden”_current region.
strongelFig. 2b)]. In the opposite limit of a large magnetic [N conclusion we presented an analysis and direct numeri-
field, asf=0.4, the parametric and the combination reso-cal simulations of the inhomogeneous resistive state in a
nances A,C) disappear from thé-V curve but the magni- single plaquette consisting of three Josephson junctions. We
tude of the lower voltage resonant st&p(primary reso- find that thel -V curve of such a breather state displays pe-
nance increasesFig. 2c)]. culiar features, namely resonant steps and voltage jumps.

The dependence of the magnitude of the lower resonantn€ magnitudes of all features are determined by the phase

step on the frustration displays a minimum on small negativeéhift between two Josephson current oscillations that in turn,
values off and reaches a maximum &s0.4[circles in Fig. ~ €an be controlled by an externally applied magnetic field.

3(a)]. Thus, in particular the dependene/(f) is not sym-

metric with respect téd =0, which is in good accord with the The authors thank A. Miroshnichenko, F. Pignatelli, M.

theoretical analysifEqg. (7) and solid line in Fig. 8)]. Schuster, and A. V. Ustinov for useful discussions. This work
The numerically simulated dependence of the magnitudevas supported by the European Union under the RTN Project

of the upper resonant stef is shown in Fig. ). This  No. LOCNET HPRN-CT-1999-00163.
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