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Observation of breatherlike states in a single Josephson cell
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We present experimental observation of broken-symmetry states in a superconducting loop with three Jo-
sephson junctions. These states are generic for discrete breathers in Josephson ladders. The existence region of
the breatherlike states is found to be in good accordance with the theoretical expectations. We observed three
different resonant states in the current-voltage characteristics of the broken-symmetry state, as predicted by
theory. The experimental dependence of the resonances on the external magnetic field is studied in detail.
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[. INTRODUCTION Josephson ladders allow for the existence of both oscilla-
tory and rotational localized mod¢$3]. However, only the
Nonlinearity and discreteness in lattices lead to the exislatter ones are easy to detect experimentally. A rotobreather
tence of spatially localized stable solutigiis-3]. These so- in the Josephson ladder is constituted by some of the JJs in
lutions, called discrete breathei3Bs), are characterized by the resistive(rotating state, while the rest of JJs stay in the
time periodicity and a strong spatial localization of energy, ofsuperconductingoscillating state. The rotobreathers were
the scale of the lattice constant. The localized mode can bexperimentally detected by measuring the characteristics
vibrational or rotational, depending on the lattice and theof the JJs in different points of the laddgf,10] and were
type of excitation. In the second case, the DB is caft#d-  also directly visualized by low temperature scanning laser
breather DBs were found to exist in a large variety of non- microscopy[8,9].
linear discrete lattices, including weakly coupled optical Josephson ladders can support linear cavity modes that
wave guide$4], crystal lattice in solid§5], antiferromagnets can interact with the localized modgk0,11,14,1% The in-
[6], and Josephson junction arrdys-11]. The latter system teraction of the linear modes of the ladder with the localized
is a convenient experimental tool to investigate the existencemodes was found to lead to nonlinear features in the charac-
and dynamics of DBs. The discrete lattice used here is corteristic of DBs. Their complex dynamics in the region of the
stituted by an array of coupled underdamped small Josephinear cavity resonances was investigated experimentally by
son junctions(JJs. the measurements of theV characteristics of various DBs
A JJ is composed of two superconducting layers separatgd 1].
by a thin tunnel barrier. Its dynamics can be described in the Single Josephson cells have been prop$$6dL7] to pro-
resistively-capacitively-shunted-junction modBICSJ [12].  vide an insight into complex discrete breather states of larger
The equation for the superconducting phase difference besystems such as Josephson ladders and two-dimensional
tween the two superconducting layers constituting the juncdosephson junction arrays. Broken-symmetry states with
tion ¢ is written in the normalized form as characteristics similar to those of discrete breathers were pro-
posed to exisf16—19. In the following, we will call these
broken-symmetry statdsreatherlikestates.
() / : N
Superconducting loops with three Josephson junctions
have also been recently proposed for the realization of a
qubit[19,20. Such a loop has an important property required
for the qubit, namely, two closely positioned minima in the
dependence of its energy on the external magnetic f&I{
ote, however, that in this work we are interested in phase-
ational states, which are clearly different from oscillatory

y=¢+ae+sine.

Here the time unit is normalized by the inverse of the
Josephson plasma frequeney, vy is the bias currenk nor-
malized by its critical value ana is the damping. This equa-
tion is formally equivalent to the equation of motion of a
weakly damped pendulum in the presence of an extern%t
torquey. This mechanical analog allows an easy descrlptlorgtates discussed for qubits.

of the two possible states of the JJ. If we apply a torque 1, yhis paper, we study a single Josephson cell with three
>1, the pendulum will start to rotate with an average fre-g o underdamped Josephson junctions. Two junctions of
quency(¢). After the pendulum is driven to the rotating same area placed along the direction parallel to the uniform
state, it will stay in this state, even for<1, as long as the bpias currentV, V,, are called vertical junctions. The third
external torque is large enough to compensate the dampirgnction located in one of the two transverse branches of the
term. So that, at some range ¢f both static and rotating cell, is called horizontaH, see Fig. 1.

states are possible, depending on the initial conditions. By A parameter of celhnisotropy 7, is defined as the ratio
the second Josephson equatigr ®,/27(¢), these two between the critical current of the horizontal junction and
states are equivalent, respectively, to the superconductingne of the vertical junctionsy=1cy/lcy. The parameter of
and resistive states of the JJ. In experiment, by measuring thanisotropy describes the coupling between the two vertical
voltage on the JJ, it is possible to distinguish between thesginctions, so that, in the limity—0, the two vertical junc-
two states. tions are entirely decoupled, while the larger thds, the
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reducel . back to zero. By using the two different direc-
tions of the initial local current, it is possible to generate both
breatherlike states shown in Fig. 2.

Different states of the system can be experimentally de-
tected by measuring the dc voltage on Josephson junctions.
As for Josephson ladders, the broken-symmetry states are the
consequence of the characteristic property of small under-
damped Josephson junctions, that is, the coexistence, for
some ranges of the bias current, of two different stable states,
Ssuperconducting and resistive.

FIG. 1. (a) Sketch of the single Josephson cell, with three JJ
(indicated by crossestwo verticalV,, V, and one horizontaH.
(b) Optical image of our experimental cell withd4 wm? hole and
three underdamped Nb/AI-AIlGNb JJs. II. DYNAMICS OF THE SYSTEM

The dynamics of the system is described by the phase

stronger is_ the coupling. The cell is caIIe_d isotrppic if aI_I differences across the three Josephson junctiops ¢y,
three junctions have same parameters, anisotropic otherwise ol

) ; i @1y . Using the current conservation law in each node of the

The system is “”'fom?'y biased by two equal currdqtap- ceHII and t%e flux quantization for the cell, one can get the
plied through the vertical branches, 1-2 and 3-4, Fig. 1. A quations of motion for the systefi7,18:
long as the uniform bias currehis smaller than the critical =
currentlcy, all the junctions stay in the superconducting 1
state, Fig. 2a). As the currentl exceeds the critical value — _
lcv, the system switches to the homogeneous whirling state, Mev)=y BL (ev, = Pv, T out 27,
constituted by both vertical junctions in the resistive state
and the horizontal one in the superconducting state, Fig. 1
2(b). Both these cases are symmetric states and there is no Mey,)=v+ 3_(‘PV1_ ey, oyt 27f),
current on the horizontal junction, so that the two vertical -
junctions behave identically. We are interested in the last two 1
cases, Figs. ) and Zd), which are the inhomogeneous - _
breatherlil?e states. These two states have the sar%]e behavior Mew)= ,BLn((’Dvl v, T ent2mh), )
and are characterized by the horizontal junction and one of
the vertical junctions in the resistive state, while the otheryhere the time is normalized by the inverse of the Josephson
vertical junction remains in the superconducting state. Iplasma frequencys,. The influence of the external mag-
these cases, obviously, some part of the bias current flowsetic field is introduced by the term#&/B, . The param-
through the transverse branch. eters of the system are the unifolsias currentnormalized

The procedure to generate breatherlike states in experpy the critical current of the vertical junctiong=1/1y/, the
ments is similar to that used for Josephson ladfie®. We  normalized self-inductanceof the cell, B, =2xL1cy/®,
bias the system by a local currdiy. through the transverse (where L is its real inductande the damping «
branch 4-2, Fig. 1, and increase this current until the system. /¢ /(271 R2C), and the frustration parametef
switches to a breatherlike state. Afterwards, we increase the ¢ /d,, which can be tuned by the external magnetic
bias current and simultaneously decrealsg to zero, keep-  field H. The operator\ represents the current through a
ing the system in the generated state. An alternative proc&jngle junction in the RCSJ model and is defined\dsp)
dure is to first apply a homogeneous bias curtent., ata  _ - C

; . =¢pt+apt+sSine.

value where we expect to find the breatherlike state stable, Using a simplified dc moddl17], where the vertical and
then increase the local curreiy. to generate it, and finally horizontal junctions in the resistive state are considered as

resistances Ry, for vertical junctions andRy=R\ /% for

(a) (b) horizontal onesand those in the superconducting state just
1 as shorts, one can estimate the dimensionless breather fre-
X X X X quencyQ=(£p), that is the voltage across a junction in the
\, \z resistive state normalized spyw /27
N N
(c) (d) Y
Tl ®
. < a(l+mn)
> G 4 X X%
¢ 3¢ From this one can also evaluate the region of existence of the

) breatherlike state. The minimum currept at which a

FIG. 2. Possible states of the systefa: superconducting state, Dbroken-symmetry state may exist 8= (1+7) yr, where
(b) homogeneous whirling state, afg) and(d) the two symmetric YR IS the retrapping current of the single junction. According
breatherlike states. to Ref.[22], yr=4al# and
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0.9 - T T T T T T damping in the horizontal JJ ta=a(1+r/7). Note that

N ] this simplified analysis is valid only for dc currents. At high
frequencies the shunting effect Bf, is reduced due to the
large inductance of the bias leads.

06 - 7 The simplified dc model neglects the influence of the
- 1 small oscillations of the Josephson phase that may cause

127 ; o ) o o
y X 73 L instability and nonlinearity in the characteristics of the
b :Rb . . . . ..
03 L i breatherlike state. Neglecting the damping and linearizing
) \4 v, the equation of motion, Eq92), around the breatherlike
I I3 Tioe state, Eq(3), it is possible to calculate the two characteristic
5 R3S T 3R, | frequencies of these oscillatioh7,18:
0.0 L 1 L 1 L | 27T, B 5 U2
0.0 0.1 0.2 0.3 0.4 w+=(FEVF=G)™ (8)
3 where
FIG. 3. Dependence of maximufaolid squaresand minimum 1 1+279
(solid diamondscurrents for the breatherlike state on the damping F= 5005(01)+ 2B

a,. The solid lines show the theoretical expectations of the dc
model, Egs(4) and (5). The inset shows the sketch of the system

with the biasing circuit. G= H—ncos{cl).
nBL
yr:A'_a(1+,7). (4) Herecy is the phase shift of the vertical junction in the
T

superconducting state evaluated by the dc modsgl,
. . =arcsify(1+27)/(1+ n)]. The presence of the electromag-
At y<y, the §ystem is retrapped to the §uperconductln%etic oscillations leads then tprimary resonances in the
state. The maximum current for a breatherlike state is :
breatherlike state, when the frequency of the breafer
1+ 7 locks to the frequency of the electromagnetic oscillatiens
Y= T3, (5) or w_, and toparametricand combinationresonances, re-
K spectively, atl=nw. , wheren=2 is an integer, and)

Above this current the system switches to the homogeneous N(@+*@_), wherenis an integef17,18.
rotating state. Using the rotational approximatid23], two different de-

In experiment the bias current 25 introduced in parallel Pendences of the resonant step amplitideon the frustra-
via two external resistoR,, see inset in Fig. 3. In a broken- tion have been obtained fqrimary and parametric reso-
symmetry state this biasing scheme induces a nonequal pbiggnceq 18]:
currents in the two vertical branches. This leads to a reduc-

tion of the breather frequency, G Buyn
Ay, <|sin 2+2(1+77)+7rf , 9
~ Y
Q=—2Q<1— ri. (6)
1+79)+ 1+ c
al(1+m)+r] g AynwtOC\/(l—n)2+417CO§ 514_2([;]'__—4’)7]77)4—77]( .

With r =R\/2R,, the region of existence of the breather states (10)
shrinks toy, < y< y., where
Expression$9) and(10) have the same periodicity fras the
— da critical current in the whirling state, but, depending on the
Yi=nt 7r, parameters of the system, they may be asymmetric with re-
spect tof =0. Moreover, the external magnetic field can con-
(At pHr 1 siderably c_hange the amplitude of the resonance and, in the
Ye= a5 (7)  case of primary resonance, even make it vanish for some
(1+2m)+2r (1+27n) values of the frustration.

Thel-V characteristic of a small underdamped JJ is strongly
nonlinear. Therefore the dampingstrongly depends of.

The value ofr and the discussed corrections, E(®. and Our experimental system is a single cell with the hole area
(7), are large only in the subgap voltage range, whyés  4x4 um?,  containing three small underdamped
large. For simplicity we will assume.= y.. The bias resis- Nb/AI-AIO,/Nb Josephson junctiori4], see Fig. 1. The
tors also influence the damping in the horizontal JJ. Roughlgritical current density, measured at 4.2 K, &
speaking, we have to consider an additional resistaie 2 =133 Alcnf. The area of each vertical junction is about 7
in parallel to the horizontal JJ. This leads to a correction ofx 7 um?, while that of horizontal one is 84 um?. The

Ill. EXPERIMENTAL RESULTS
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anisotropy of the system, evaluated from the design, is then 04 - T - T T T y 1.6
7n=0.24. The parameter of self-inductance of the cell at 4.2 L2 s B, . |

K, evaluated by measurement of a superconducting quantum a

interferences devicSQUID) of same geometry, is8, 03 . s 412

=1.47. The two equal bias currents are introduced by two TR L 0] &

parallel external resistancd’,= 1.5 k(). This leads ta pa- a 02l '“ : | a . " B,
rameter ranging between 0.35 and 0.02, depending, o T R@ - . J0s8

that the corrections of Eq$6) and (7) are negligible. The tothemmtt " i -

measurements are performed in‘de cryostat[25] in the 01 My s

temperature range betwed K and 8 K, so that the param- . " % Lo, 04

eters of the systendc, @, B, andw, can be varied. For oolaa & o oee°*? |

each  temperature  the  subgap  dampingagg 4 5 6 7 8

= \/<I>0/(277|CVR§QC) is evaluated from the subgap resis- T(K)

tanceRg4 of the homogeneous whirling statéor ) <16). _ _
The effective damping in the RCSJ model, = (/4) FIG. 4. Dependence of the damping, evaluated by the retrapping

X(1x/2l oy), and the critical current densifi: are evaluated ~ current e, solid squaresand by the subgap resistances solid
from the characteristic of the homogeneous whirling state a§i"cles, and of the self-inductand@pen triangleson the tempera-
various temperatures, while the parameter of self-inductanci"® Of the system. The inset shows the subgap resisRgcand
B, is evaluated from the critical current density. Finally, the ("® effective resistancg, , vs T~
value of the plasma frequency is obtained at every tempera-
ture by fitting the voltage of the parametric resonant step tdetrapping current¢— y,<y,) is described by the formula
the expected valueaz, . v— v =7v[(27AIQ)+Blexp(—27/Q), whereA and B are
For the convenience of comparing with theory, the expericonstants, see the fit shown by a solid line in Fig. 5. The
mental data are shown in the previously introduced normaltemperature dependence of the two resistances is similar and
ized units of the bias current=1/1cy, breather frequency agrees with the theoretical expected behavior for the thermal
Q=V/(wp,®y/27), and frustrationf = ¢,/ Dy. regime,Re exp(A/kgT), whereA is the energy gap arkk is
In the range of temperatures from 4.2 K to 7.75 K it wasthe Boltzman constari26], see inset in Fig. 4.
possible to excite both breatherlike states and they were No resonances were observed in tRé characteristics at
found stable in a finite range of the bias current. No breathtemperatures below 6 K. The small damping of the junctions
erlike state was found stable for temperatures above 7.75 Kt this temperature seems to be unfavorable for reaching the
(a,>0.35). small frequencies of the electromagnetic oscillations where
In Fig. 3 the experimental dependence of the current rethe resonances are expecte@fj,=5.5). Increasing the
gion of existence of the broken-symmetry states on the eftemperature of the system had two helpful effects for seeing
fective dampingy, is reported. The bias current at which the the resonances, namely, the increase in damping and de-
breather is retrapped, , increases linearly with the damp- crease in self-inductance, see Fig. 4. As a consequence of the
ing, in good agreement with the theoretical expectation ofarger damping, the breatherlike states were stable down to
Eq. (4). The maximum current that allows the existence ofsmaller frequencies, whereas a smaller inductance moved the
the breatherlike state slightly decreases with increasinffequencies of the resonances up.
dampinge, , see Fig. 3, whereas from E) it is expected At T=6 K it was possible to observe the first resonant
to be constant{,=0.84). step. The parameters of the system at this temperature are
In fact, the temperature variation leads to an alteration of
several parameters, see Fig. 4. In particular, the decrease of 0.4
the self-inductancg@, at high temperatures leads to stronger
interactions of the breatherlike state with the small oscilla- i

tions. This effect may strongly affe¢in the range 0.£ 3, 03 L o ]
< 1) the region of existence of the breatherlike state, espe- ) g
cially its upper bordef17]. In fact, the experimental data y _
show deviation from the expected value tgr=0.15, which

is in the range of the self-inductance between 0.9 and 0.3. 0.2 n

The values of dampingy, and a4, and of the respective
resistancesR, andRgg, are shown in Fig. 4. The difference B
between the two resistances is about a factor 10 and follows 0.1 L L 1 L 1
from the models that describe the whirling state in the sub- 0 10 20 30
gap branci26-2§. Ry, allows for a phenomenological de-
scription of the dynamics, assuming the damping is constant, FiG. 5. Measured subgap branch for the whirling staelid
dotted line in Fig. 5R, gives an estimation of the equivalent circles at T=6 K and its fit (solid line) by the formulay— v,
resistance responsible for the effective dissipation in the gen= y,[(27A/Q) +Blexp(-27#/Q) with A=-0.53 and B=1.24
eralized RCSJ model proposed by Chen, Fisher, and Leggdtt6]. The dotted line shows the phenomenological mogely,
[26]. Following this model, thd-V characteristic near the + a5 Q.
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06 — 71— of frustration the measurements of the resonant Btegere
L Dl 20, _ performed with less accuracy and faster because of its poor
04 L S i stability. We argue that the larger stBps due to the primary
ALK resonance &) = w, , whereas the stef is due to the para-

metric resonance & =2w, . The third smaller nonlinearity

C is at a frequency between the other two, close to the theo-
retically expected value for the combination resonance at
Q=w,+w_, see Fig 7. This resonance was only present in

0.3
P

02 a small range of frustration around zero, where, from the
o theory, the combination resonance is expected to be maxi-
() JE [ A PRI S mum. Because of its reduced amplitude this resonant step
0 5 10 15 has no hysteresis and its dependence on the magnetic field
o was not measured.

In Figs. 9b),9(c) we present measurements of the current

FIG. 6. Measured current-voltage characteristics of the breathamplitude of the resonant stepsandB on the external mag-
erlike state at temperatue=6 K and frustrationf=—0.1, where  netic field. The parametric step @t=6 K, see Fig. 6, is
the magnitude of the resonant step is maximum. The dashed a'mgher than that aT=6.65 K, Fig. 7. Moreover, because of
dotted lines show, respectively, the theoretical expectations for thg,e larger damping in the latter case the step vanishes in a
current-voltage curve, Ed3), and for the frequencies of the reso- larger range of the frustration-(0.95< f < —0.25 and 0.05
nances, Eq(8). <f<0.75). Therefore, in order to observe a more clear

modulation of this resonance, we report in Figc)dts de-

a;=0.11, @4=0.008, J.=92 Alcn?, B =1.02, and pendence on the external magnetic fieldrat6 K.
wp/2m=37 GHz. This resonance is a step in the character- As expected from theory, Eq&) and(10), the magnetic
istic, shown in Fig. 6. Comparing this resonance with that afield dependence of the resonance amplitudes show an asym-
higher temperatures and with the theoretical expectation, wemetry with respect td =0. Note that such asymmetry is not
deduce it to be the parametric resonance @t 2 observed fot ¢(f), see Fig. 8a). The asymmetry depends on

At T=6.65 K we detect two additional resonances in thethe parameter of the system and particularly on the bias cur-
characteristics of the breatherlike state, see Fig. 7. At thisent where the resonance occurs. This behavior can be quali-
temperature the parameters of the systemagqre0.18, asy  tatively attributed to the current flowing in the transverse
=0.016, J,=70 Alcn?, B,=0.77 and wp/2m=30 GHz.  branch of the cell in the broken-symmetry state. The experi-
The two larger resonance&, and B, are different by an in- mental data are in rather good agreement with the theoretical
teger factor of 2, as expected fow2 andw, . The depen- expectations. We fitted the maximum and minimum of the
dences of the current amplitude on the external magneticesonant steps in order to find the proportionality coefficient
field for stepsA andB is strongly different. The resonanée in Egs.(9) and(10). The small variations of the experimental
has its maximum amplitude close to zero frustration, see Figdata around the maximum of the primary resonant step could
7(a), and disappears in a wide range arodrd0.5, see Fig. be due to the appearance of instabilities, as discussed in re-
8. Another resonanc® is always present, but has nearly lation to Fig. 8. This behavior was also found in simulations
opposite behavior. At the top of the resonarigearound [18]. In the case of parametric resonance, the presence of a
frustrationf =0.4 orf=—0.6, the system shows an instabil- range of frustration, which increases with the damping
ity by switching either to the homogeneous whirling state orwhere resonant step disappears, is also expéd@d Note
to the superconducting state, as shownin Fig. 8. In this rangthat the region where the experimental data show the largest

05 =T 0.5 T

04 - 04 -

0.3 — 03 —
> >

02 F« - 0.2

B
—
—

0'1..E.E.|E....|.é..| 0.1..5.E.|E....|.5..|
0 5 10 15 0 5 10 15

Q Q

FIG. 7. Measured current-voltage characteristics of the breatherlike state at temp&ratufis K and for(a) f=—0.1, (b) f=0. The
dashed and dotted lines are explained in Fig. 6. The insets show a magnified view the region of interest.
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03
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= 20
I [ o
_,_j/ ‘o+m

“— T - -

0.2

0.1 R T N R 04 T
0 5 10 15
Q Q

FIG. 8. Measured current-voltage characteristic of the breatherlike state in presence of instabilities at teniperébeK (a) f
=-0.6, (b) f=0.4. The dashed and dotted lines are explained in Fig. 6.

deviation from the expected behavior is nearly the same fowe decreased the frequencies of rotation of the breatherlike
the two cases{0.7<f<—0.4,0.3<f<0.6). state in such a way that it matched the frequencies of the
resonances in the cell. In this region, the primary, combina-
tion, and parametric resonances were observed. As expected,
for all three cases, the interaction of the electromagnetic os-
We observed breatherlike states of broken symmetry in anillations with the breatherlike state leads to resonant steps in
anisotropic single-cell system. For temperatures lower than he current-voltage characteristic. The large steps due to the
K, the current-voltage characteristics of the breatherlikeprimary and parametric resonances show hysteresis, whereas
states were stable and did not show any resonances. IncredBe combination one induces just a small nonlinearity in the
ing the dissipation by raising the temperature of the systengharacteristic. The measured dependence on the external

IV. CONCLUSIONS

0.3
1.0 éa) - 7
N d| A
\ RN £ I
A Ak 4 0.2
09| i £ A . [
I l N J
Lo N o " > I
L ] A P .
0.8 N A B 4 0.1
o U | AT
A J a j
h‘i{ M& 1 [
0.7 s ' ' : 0.0
-1.0 0.5 0.0 0.5 1.0
f

Ay

FIG. 9. (a) Dependence of the critical current of the homogeneous state on the frusttatiand(c) show dependence of the magnitude
of the resonant step on the frustration for primary resonah¢emeasured af=6.65 K) and parametric resonanBe(measured af
=6 K), respectively. The solid lines are the theoretical curves given by (Bgand (10), respectively.
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magnetic field of the magnitude of the primary and parametmagnetic oscillations leads to a contraction of the region of
ric resonant steps is in good agreement with theory. In thexistence.

case of primary resonance, the external frustration strongly

increases the amplitude qf the resonant step' and leads to ACKNOWLEDGMENTS
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