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Cherenkov radiation in coupled long Josephson junctions
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Evidence for Cherenkov radiation of a Josephson vortex is observed in the system of two magnetically
coupled long Josephson junctions. This radiation leads to resonances which appear above the lowest charac-
teristic velocityc_, of the linear electromagnetic waves. Resonances result from interaction of a Cherenkov
wave with a moving Josephson vortex and, in annular junctions, occur when the vortex makes one turn around
the junction. Experimental data are in good agreement with the proposed model and simulations which provide
a clear physical picture of the observed eff¢&0163-18207)01046-1

Cherenkov radiation exists if a particle moves with the In order to investigate the influence of coupling on the
velocity equal to the phase velocity of the emitted wavessoliton dynamics, we have chosen the most ideal ring-shape
Electromagnetic waves in a long Josephson junctioh) (annulaj junction geometry:® Due to magnetic-flux quanti-
are described by the sine-Gordon equation which has, in paration in a superconducting ring, the number of vortices ini-
ticular, soliton(Josephson vortgxand linear wavegJoseph- tially trapped in an annular junction is conserved. The soliton
son plasmasolutions. A soliton behaves as a quasiparticledynamics can be studied here under periodic boundary con-
with its own characteristic mass and velocity. The highesditions which exclude a complicated interference of the soli-

possible velocity of the solitorg o, coincides with the lowest ton with the junction edges.
phase velocity, the Swihart velocity, of linear electromag- Experiments have been performed witib-Al-AlO ,) »-
netic waves. Therefore Cherenkov radiation does not appe&tb annular LJJ. The mean diameter of all LJJ's was
in conventional LJJ’s. D=132u m and the widthw=10 . m. A typical normal-
Recently, there has been a growing interest in mutuallyzed circumference of the ring wasD/\ ;=L/\ ;=~7, where
coupled LJJ systerhs® described by coupled sine-Gordon \; is the Josephson penetration depth. Vortex trapping was
equations. Such structures are typically stacks of Josephsesalized by applying a small bias current to the junction
junctions that either can be prepared artificially using wellwhile cooling the sample below the critical temperature
established Nb-Al-AIQ-Nb technologg”® or appear natu- TNP=9.2 K. Measurements were performed at 4.2 K.
rally in layered high¥; superconductors that exhibit intrinsic ~ Before presenting the experimental results obtained for
Josephson effeét.Since the dispersion relation for linear two coupled LJJ’s, in Fig. (B we show the single-soliton
waves as well as the maximum velocity of a vortex are in-current-voltage characteristitvC) of a single annular LJJ
fluenced by mutual coupling of the junction§pne may ask of the same dimensions. The bias curresteates a Lorentz
if Cherenkov radiation can appear in coupled LJJ systems.force which drives the soliton; the measured dc voltdgs
In the simplest system of two stacked LJJ's the minimumproportional to the soliton velocity. With increasirg the
phase velocity of linear waves depends on the propagatiogelocity of the Josephson vortex increases, and rather
mode and is equal te.=c,/yJ1*S, where+ holds for  quickly reaches the relativistic region which accounts for the
the in-phase mode and for the out-of-phase mode; S step with the asymptotic voltagé;~52 u V in Fig. 1(a).
(—1<S<0) is a dimensionless coupling constantvhen  This voltage yields the Swihart velocityc,~V, D/
discussing different soliton configurations we use the notad ~0.03%, where®, is the magnetic-flux quantum, amd
tion [N|M] throughout this paper, which meahssolitons s velocity of light in vacuum.
located in one LJJ anMl solitons in the other LJIN,M <0 In stacked annular LJJ’s, trapping of a single vortex was
describe antisolitons The maximum velocity of th€anti)  more difficult due to the asymmetry of the required state
symmetric soliton states in the coupled LJJ system is equdli|0]. Therefore, after every trapping attempt, the resulting
to c, for the in-phasg1|1] and c _ for the out-of-phase state was carefully checked by several means. First, the IVC
[1|—1] soliton mode. For such symmetric and antisymmet-of the system was traced. A large critical currépimplies
ric modes the system of two coupled sine-Gordon equationthe [0|0] configuration. Ifl . is close to zero, the voltage of
splits into two independent sine-Gordon equations. Thisa soliton step on IVC has to be proportional to the total
again, results in a coincidence of the maximum velocity ofnumber of vortices trapped in the system minus the number
the soliton with the lowest phase velocity of the linear wavesof pinned vortices. Second, the dependences of the critical
and, thus, the absence of Cherenkov radiation. currentl. and the maximum current at the single junction
The asymmetri¢ 1|0] soliton mode received little atten- gap voltagel ; on magnetic fieldH applied in the plane of
tion until now and even the question about the maximunthe sample were measured. The soliton configuration was
velocity of a soliton in this mode remains open. In this paperdeduced from the shape bf(H) andIg(H).9 As shown in
we report the experimental and numerical study of singleFig. 1(c), in the[1|0] statel ,(H) has a minimum aH=0
soliton dynamics in th¢1|0] state. and l4(H) has a maximum. The LJJ in the stacks under
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FIG. 1. (a) Current-voltage characteristi®/C) of a single soliton trapped in a single-layer annular junctibnlVC of the double-layer
annular junction in th¢1|0] soliton configuration. The Cherenkov resonances are marked, Ckhe insets show schematically sample

geometries for both case) [1|0] configuration: Dependence of the critical currenggind! ; on magnetic fieldH applied in the plane of
the double-layer junction.

investigation had a ratio of critical current densitjé%jCB of AVZ —AV2

about 0.5(we call junctionA the junction with lowerj.), S=————5~-055
; Lt R ; ; AV2 +AV?

therefore it was easy to distinguish which junction contains + -

soliton.
The soliton step for th¢1|0] configuration is shown in and the limiting velocitiesc , ~0.03&, ¢_~0.02& and
Fig. 1(b). The soliton is trapped in the junctioh. As com-

C€o~0.02% are calculated. This value af, is lower than
pared with Fig. 1a), we find two additional steps denoted Co 9

) ’ ! the one obtained for single uncoupled LJJ due to the smaller
CS; and C$; (the sense of this notation will be clear 1atat  hickness of the middle Nb electrode, and it corresponds to

voltages Vcs,~33.3uV, and Vcg~30.3uV. Similar  the asymptotic voltage/;~37. 4p V. The steps Cg; ap-
IVC’s were observed in several other stacked annular LJJ'ssear at vortex velocities between_ and c,,.

To find the experimental values for the velocities and Cherenkov radiation can appear if the soliton velocity
c_ in the stack, we measured the Fiske stES) voltage €qual to the phase velocity of emitted linear electromagnetic
spacing for both in-phase and out-of-phase mbdgsapply-  Waves(out-of-phase mode
ing a magnetic field in the plane of the sample. Using fields
up to 35 Oe we observed two families of FS’s at voltages wk) 1 12
above the single-junction gap voltage. In this case, one junc- u= =Co\/—=+ —) , (1)
tion is biased at the gap voltage state and the excess voltage Tk 1-S 1Ak
is generated by cavity resonances in the other junction. We
obtainedAV_~30u V and AV, ~56 u V for the FS spac- where w is the angular frequency of waves ahkds their
ing in the out-of-phase and in-phase mode, respectivelywave number. In the annular LJJ of length periodic
From this data the coupling parameter is estimated as boundary conditions give the following eigenvalues Kor
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FIG. 2. Calculated dependence of velocityon bias current @
density y (normalized IVQ for one soliton in a two-junction ring R
for L/N;=7, «=0.1,J=0.5, S=—0.5. The inset shows in detail
the top part of the IVC. The IVC for different configurations are T T T T T T T T T
shown for comparison: dotted line — single annular junction 0 1 » 3 4 P 6 7
(S=0), thin line — stack i 1|—1] state.
length (x/?»J)
2 ) AB, \
kszm, wherem=1,2, ... . 2 FIG. 3. Profiles of¢p3""(x) in both JJ's.(a), (b), (c), (d) corre-

spond, respectively, to IVC poins, B, C, D shown in the inset of
Thus, Cherenkov radiation, if it exists, should lead to resofig- 2.

nances at vortex velocities B() with k given by Eq.(2): two steps to the right frong _ which look very similar to the

w(Ky) - L branches C$; observed inAtBhg experiment. We calculated
Un=—( = \/c+ ( N m) . (3)  the phase gradient profiles; " (x) for various points of the
m J IVC. If one increasesy from 0 to 1, the soliton dynamics
To check this idea, the system of two coupled perturbedevelops in the following way. In the region<0J<c__ the
sine-Gordon equations soliton motion is qualitatively well described by the pertur-
bation approach|6|<1) (Ref. 11 and we find the Lorentz

S & A contracted soliton in L¥and its image in LJ3. Their pro-
Y b=adr= 7, files are shown in Fig. (&) and correspond to poim on the

A A .
$x— b sing’—

1- 82
IVC (see inset in Fig. 2 As soon asu exceedsc_, an
1 B B 1. o S A B oscillating wake arises behind the moving soliton and its
1-<2 b3 b7 FSINGT— 1- d=adi—y, image as shown in Fig.(B) which corresponds to poii on

the IVC. This wake can be interpreted as Cherenkov radia-
that describe the dynamics of the superconducting phase difion. With increasing soliton velocity, the wavelength of the
ferences¢™B(X, 1) for both LIJ's was solved numerically radiation increases in agreement With ED, and the ampli—
using periodic boundary conditions. The normalized units fotude and length of the wake grow quickly. The amplitude of
spacex and timet as well as the simulation technique are the wake de_cays exponentla[ly n tlm_e and space as can be
described in detail elsewhet® The simulated IVC of the SC€€" from_ Fig. &) correspondmg to poir on the IVC(see
stack for the[1|0] state is shown in Fig. 2. The choice of ms_et In Fig. 3 In. any F,)\OIT of the IVC the area uerer the
parameterd /A ;=7 andS=—0.5 was close to our experi- Soliton profile is [¢3dx=27 and for the image
mental values, while the damping constasnt 0.1 was taken fqﬁ% dx=0.

10 times larger than in the experiment in order to decrease Since the soliton moves in the annular LJJ of finite length
the transient calculation time. The paramelerj2/jE=0.5 L, at some velocity the Cherenkov radiation wake extends
is the ratio of the critical current densities. For comparisonpver ~L so that soliton and its image “see” their own ra-
the IVCs for S=0, andS=—0.5 in the[1|—1] state are diation wakes after turning around the junction. This limit is
shown in Fig. 2 by dotted and thin lines, respectively. illustrated in Fig. &) and corresponds to poi@ on the
First, from simulations we find that for some values of the|VC (see the inset of Fig.)2 The interaction of the soliton
normalized bias density=j/j~, the soliton velocityu is  with its Cherenkov radiation wake results in the appearance
larger thanc _, i.e., ¢ _ is not the maximum velocity of the of resonances on the IVC of the systermuatc _ . We call
soliton in the[ 1|0] configuration forJ<1. Second, there are these resonances “Cherenkov steg€S). On resonance the
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oscillations of¢™B in the JJ’s induced by the moving soliton pected to be perfect due to the very low damping0.01 in
take place in phaséshow constructive interferencevith our LJJ's. Therefore, the Cherenkov radiation consists of
Cherenkov-generated Josephson plasma wape8 [Fig. high amplitude plasma waves so that some discrepancy with
3(d)]. Thus, the experimentally observed steps,g8n the  the small amplitude modeB) is expected. When choosing
IVC in Fig. 1 can be ascribed to the interference between théhe values ofn we tried to satisfy two criteria. First, accord-
moving soliton and its Cherenkov radiation. ing to our simulations, the steps calculated using E3).
~ The resonant velocities calculated using B}.are shown  shoy|d have somewhat higher voltages than in the real sys-
in Fig. 2 by thin vertlca! lines withm |nd|§:at6d by numpers. tem. Second, as pointed out above, the linear wave approxi-
One can see that the simple form(& fairly well describes . ovon works better for highem, so that, VIEo— /&P
the positions of the resonances obtained in simulations for , B Sno "CSm
m>2. For example, Fig. @) with the m=4 cavity mode should decrea_se wittm. Both conditions are satisfied with
corresponds to the resonant step located at the voltage clodt€ above choice a. _ _ _
to u=u,. The deviation of the resonance £8om (3) can In this paper we considered stacks with equal Swihart
be explained by strong nonlinearity of high amplitude wavesvelocities of junctionsch=cZ. If cf+ cE, Cherenkov ra-
behind the soliton for smalin [see Fig. &)] which is not  giation also takes place far>c_. In the case of weak
taken into account by our model for small-amplitude linear . . N Iy Lo
waves. The density of the resonances increasesmitip to coupling |§ <1 the_ limiting ve!qcny IS ¢ - ~min(Cy, Co D
. — . ~._and, thus, we obtain the condition for Cherenkov radiation
|n_f|n|ty when u— ¢_+0. Since the resonances have a f'n't,efrom the earlier theoretical work: At |S|<1 the Cherenkov
width due to damping, it is possible to resolve only the CS's ~ —B ] o
with not very largem in JJ's of moderate length/x,. Our ~ €mission takes place at> cg for a soliton moving in LJ3
numerical study showed that far=0.1 individual reso- if ?§>E§.
nances appear up to/\ ;~30. Despite earlier theoretical predictiohs:? to our knowl-
Using the experimentally obtained velocity. and cou- €dge, Cherenkov radiation was not observed in any Joseph-
pling constantS, we can calculate the Cherenkov resonanceson system before this work. From the physical picture of the
numbersm that correspond to CS; in Fig. 1(b). Using Eq.  effect presented in this paper, we also conclude that Cheren-
(3) with experimentally estimated normalized length kov radiation from fast moving Josephson vortices
L/\;=7, the best correspondence can be obtainednfer2 should also take place in intrinsic stacks of LJJ’s, i.e.,
and 3 (now, the sense of notations G$is cleaj. The cal- in naturally layered highF. superconductors such as
culated CS's voltages areVcs,=36.6uV, and Ba;SrCaCu,0g .

Vcs,=33.2u V. These voltages are in rather good agree- Wwe would like to thank G. Hechtfischer, N. F. Pedersen,
ment with experiment. However, the agreement is not exand S. Sakai for useful discussions.
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