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Interlayer fluxon interaction in Josephson stacks
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In a stack of Josephson tunnel junctions both attractive and repulsive interactions may exist between Jo-
sephson vortice§fluxong allocated in different tunnel barriers. We report experimental observations of two
modes of coherent fluxon motion in double-junction stacks. At the low-velocity mode, as well as in statics,
vortices in neighboring Josephson layers repel each other. In contrast, the high-velocity mode corresponds to
an attractive interlayer interaction between vortices of the same polgBityL.63-18206)07233-5

The interactions between vortices in layered supercondosephson junctions. Up to now, no experiments have been
ductors and superconducting multilayers are presently a sulseported on the attraction between fluxons in multilayer Jo-
ject of intensive investigations. One of the stimulating rea-sephson junctions.
sons for such interest is the significance of this problem for In this paper we report experiments with double-junction
very anisotropic highf, superconductors. A recently discov- Nb-(A/AIO ,-Nb) , Josephson stacks in a magnetic field ap-
ered intrinsic Josephson effect in Bi-Sr-Ca-Cu-O singlePlied parallel to superconducting planes. We observe two
crystald indicated that some of these materials are esserflifferent types of coherent resonant modes in the current-
tially natural stacks of closely packed Josephson tunnel juncyoltage characteristics of the stacks. In both modes fluxons

tions. Josephson coupled layers exhibit properties which difil tWo layers move coherently but their limiting velocity is

fer from that of isotropic superconductors. On the other side(,:Iearly different, Accor'ding to theory, in the low-velocity
ode fluxons located in different Josephson layers are ex-

their behavior is different from a single Josephson junctior{n g .
due to mutual interactions between the junctions in a stackpeCteOl to repel each other. In contrast, for the high-velocity

) : : .imode an attraction between moving fluxons of the same po-
In stacks, the thickness of superconducting layers is typiz

. larity takes place. Our observation of a stable high-velocity
cally smallgr thgn the .London penetration depth When & mode suggests that Josephson stacks can be operated in a
magnetic field is applied parallel to superconducting plane§uperradiant state with in-phase oscillations in all layers.

_Josephson vortices can penetrate between the planes. Screeny,qost existing theories for layered superconductors are
ing currents of a Josephson vortex extend over several layefssed on the Lawrence-Doniach mSdehere stacked su-
and provide a strong coupling between vortices allocated iherconducting planes of zero thickness are coupled by the
different junctions. While being very anisotropic, the quasi-josephson tunneling. Using this model, the main effort has
static interaction between these Josephson vortices is simileen made to describe static magnetic flux structures in
to that of Abrikosov vortices in a bulk type-Il superconduc- highly anisotropic superconductdtsMlore recently, Sakai
tor; namely, it is always repulsive. et al” developed a model for Josephson stacks which in-
A Josephson vortex can be considered as the extreme casledes time dependence and has no limitation as to the thick-
of an Abrikosov vortex without a normal core: The core of ness of the superconducting layers. According to that
the Josephson vortex is virtually located in the tunnel barriemodel! two vertically stacked Josephson tunnel junctions
between superconducting electrodes. In general, the quaskith equal critical current densitieg, are described by a
particle currents flowing in the normal core are responsiblesystem of coupled perturbed sine-Gordon equations
for the dissipation which occurs during the vortex motion in

a superconductor. While the Abrikosov vortex motion is al- Pl A A A Sy

ways overdampedJosephson vortices in long tunnel junc- =5~ Pu=sine™+ anpl+vat - 1)
tions (often called fluxons or solitonsare well known for

their underdampeddynamics and ballistic propertiésin B SoP
high-quality Josephson tunnel junctions, the losses during 1(i—)(;2—€0t8t=5i”908+a3</9?+73+ %_ )

Josephson vortex motion remain small due to low quasipar-
ticle tunnel conductance. Under the influence of the bias cur-
rent, fluxons can move along the Josephson junction with a Here @*(x,t) and ¢®(x,t) are the superconducting phase
velocity v close to the velocityc, the maximum velocity of  differences across the junctiods and B, respectively, and
electromagnetic wave propagation in the junction. Undetthe subscripts indicate partial derivatives. The spatial coordi-
these conditions, the fluxon dynamics becomes relativisti®iate x is normalized to the single-junction Josephson pen-
with respect tac which may drastically change the nature of etration depth\;, the timet to the inverse plasma frequency
the mutual fluxon interaction. One example is the changeo, ', @ and ag are the dissipation coefficients due to qua-
from repulsion to attraction between fluxons of the samesiparticle losses, angt, and yg are the bias currents. The
polarity, the so-called bunching phenomenon, theoreticallycoupling paramete8<0 in Egs.(1) and (2) is due to the
predicted and experimentally detectéih single-layer long  inductive interaction between stacked junctions. It is associ-

0163-1829/96/5)/6111(4)/$10.00 54 6111 © 1996 The American Physical Society



6112 BRIEF REPORTS 54

ated with screening currents in superconducting electrodes superconductor
which are shared by fluxons belonging to different layers. / tunnel barrier
This parameter /

-1

S=—

d t t t B [ ‘ / ]
K, teoth—+ cotrﬁ) siny- ©) A F@'@'@'@'@% (a)

can be calculated directly from experimental data such as the
barrier thicknessl, the middle electrode thicknessand the
thickness of the top and bottom electrodgs, which here

for simplicity are assumed to be equal. Obviously, the cou- (b)
pling parametesS vanishes fot>\ .

Linearizing Egs(1) and(2) for the small-amplitude elec- A
tromagnetic wavese™8(x,t) = ¢ Pexyli(kx—wt)] without
perturbative termsd¢” = y*B=0) yields the dispersion re-
lation w?=1+k?/(1=S) which falls into two modes corre- v
sponding to different signs in front d&. These modes are (C)
characterized by the velocities

Josephson vortices (fluxons)

J— C J—

c
=—, C;= , (4) FIG. 1. Sketches of a cross section of two stacked long Joseph-
V1-8 V1+S son junctions.(a) If the critical current densityj. of the lower

hereCis the Swihart velocitv(th . locity of junctionA is smaller than that of the top junctid@®y the fluxons first
wherec is the Swihart velocitythe maximum velocity o penetrate the junctioA only. For nearly equaj.’s in A andB the

_elect_rorr?@net_ic wave propagatjoffor the single-barrier g, e may occupy both junctions in either an out-of-phase con-
junction;c=1 in normalization units of Eqs1) and(2). In figration (b), corresponding to repulsion, or an in-phase configu-

the Iinear_{_:lpproximation th_e lowerc () _and the higher ration (c), corresponding to mutual attraction between fluxons in
(c,) velocities are characterized, respectively, bydbeof-  gifferent layers.

phase (¢h=—¢g) and the in-phase (¢h=¢g) small-
amplitude waves propagating in two junctichs. voltage (-V) characteristics for a twofold stack of length
For linear waves in two coupled Josephson junctions theL/\ ;=/=5 in the x direction. Equationg1) and (2) were
splitting of velocities was predicted by Ndabut only re- solved numerically with periodic boundary conditions
cently has it been observed experimentally using stdtks. ¢A(/)—¢*(0)=27N, and ¢B(/)—¢B(0)=27Ng, as-
Experiments showed that a fluxon chain allocated in onguming an equal number of fluxon$,=Ng=3, in the junc-
Josephson barrigfFig. 1(@] may move either in the_ tions. For the relativistic branch corresponding to the veloc-
mode or in thec, mode, depending on the applied biasity c, (lower inset in Fig. 2 we find a perfectin-phase
current and the coupling between the junctions. Measurelocking: Fluxons in junction#\ andB attract each other and
ments of c_ and ¢, for various electrode thicknesSes the magnetic field profiless” and o2 cannot be distin-
showed good agreement with the model by Sakail. Since
a fluxon itself is anonlinearwave, a puzzling question re- 12 : , e
mains about possible mutual configurations of fluxon arrays | 5)1‘0
coherently moving in neighboring tunnel barriers. For equal 1.0
fluxon densities in two barriers, one may consider either the
out-of-phase mutual configuration schematically shown in 0.81
Fig. 1(b) or the in-phase configuration sketched in Fi¢e)1
In every case, dc voltages on both junctions arising from 0.64
fluxon motion should be equal, but the Josephson oscillations Ya
would have a phase shift of eithetr or 0. Numerical 0.4 : -
simulationé showed that two fluxons of the same polarity § 5
moving in different junctions can form a stable bound state 0.2 1%
with identical phases in two junctions. This state has analyti- |
cally been shown to be stable in the mode! 0.0 B S
Existing theoretical studiéd! have been restricted to o 2 4 A 6 8 0 1 2 3 45
single-fluxon regimes which take place at zero magnetic
field. In experiments, howe\gelrs, zero-field modes have been rig 5 Numerically calculated current-voltage\() curve for a
found to be rather unstaBfe®**and no stable bound states o junction stack with coupling parametgr=—0.3. Simulations
have been observed so far. In contrast, coherent fluxon M@pye been made for periodic boundary conditions with junctions
tion in stacked junctions has been observed in an appliegiased in series§,= yg=7), for ay=ag=a=0.1. The dashed
magnetic field* which corresponds to rather dense fluxonjine corresponds to the flux-flow step position in the uncoupled
chains moving in the junctions. In order to illustrate two single junction withS=0. The two insets show instantaneous pro-
coherent(in-phase and out-of-phaseegimes for reasonably files of the magnetic fields? (solid line) and ¢° (dashed lingin
high fluxon density, in Fig. 2 we show the simulated current-two points of thel-V curve indicated by arrows.
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TABLE I. Parameters of investigated samples.

16 . .
t L AV_ AV, AV, ’
No. (m) (um) &  (uV) (uV) (wv) =S 124 | |
1 90 200 0.03 2#1 381 551 0.46
2 90 80 0.06 622 86+2 1303 0.46 z
3 140 400 016 151 20+2 44+3 021 E081 i
4 120 300 0.18 2t1 26*+2 59+3 0.26
0.4 1 -

guished. In the branch_ (upper inset in Fig. Rthe out-of-
phaselocking is found; thus, individual fluxons repel each
other as is usually expected for the static case. Further nu- 0.0 0 1 3 3 ' 5
merical simulations of the multifluxon case are presented V(mV)
elsewherg?

Experimentally, we studied stacks of NAWAIO ,-Nb), FIG. 3. Typical experimentdlV curve(sample No. #showing

Josephson tunnel junctions. In order to realize different coutwo distinctly different flux-flow resonances. These single-junction
pling strengths, the thicknessof the intermediate Nb layer resonances are observed between the single-junction a_nd the
varied in the range from 35 nm to 140 nm. The London pen_double-Junctlon gap voltages, at about 3.5-3.8 mV. The insets
etration depth for our sputtered Nb was~90 nm at 4.2 K. show stored traces of the Fiske steps for each branch obtained
A typical value for the Josephson penetration dephin py varying the magnetic fieldH. The v.oltage scale in the ilnsets
single-barrier junctions was about 28n. The fabrication is expanded by a factor of 2.3. The different voltage spacings be-
details are described elsewh&feHere we present data for tween the_traces in the insets_account for two wave propagation
two series of samples with typical parameters listed in Table\:'elocmesc’%&9>< 1¢° m/s ande. ~7.3x10° ms.

. The parametep=(12—18)/12 accounts for the difference

between the critical currents of the junctiorfsand1? . The The very fact that the dc voltages on the junctions are
I-V characteristics of stacked junctions have been measuréfiual is not sufficient to distinguish the two possible fluxon
in series. configurations shown in Figs.(d) and Xc). The distinction

By applying a magnetic fielt parallel to superconduct- between them can be made from the voltage spaaivg
ing planes, we find Fiske steps o#/ characteristics of the between sequential two-junction resonances. If both junc-
stacks. Fiske steps correspond to the resonances between tioss in the stack lock to the same cavity resonance coher-
Josephson generation frequency and the frequency of one eftly, AV, should be equal to the double of the singe-
the cavity modes of the junctions. By measuring the voltaggunction Fiske step voltage spacing. The out-of-phase fluxon
spacing between neighboring Fiske stefp¥/=c®,/(2L), locking shown in Fig. ) should be characterized by the
one can directly extract the characteristic veloaitgf elec-  mode velocityc_ , while the in-phase locking shown in Fig.
tromagnetic wave propagation in the junction. While mea-1(c) accounts for the velocitg,, . Thus, the voltage spacing
suring two junctions in series we were able to determine th\\v/, should be equal to eitherA/_ or 2AV, . Indeed,
contribution of a single junction by examining the part of the hoth these cases have been observed in our experiments. Fig-

|-V curve above the gap voltage of one of the junctionsyre 4 shows an example of stored traced -f curves ob-
(2.6 mV), which accounts for only one junction operated in

the flux-flow state and another junction in the gap state. As
shown in Fig. 3, two different flux-flow states are observed
and can be clearly distinguished by their Fiske step voltage
spacingsAV_ and AV, . These two voltage spacings ac-
count for the velocites c_=2LAV_/®, and
‘c,=2LAV, /®,, and are reported in Table I. Within ex-
perimental accuracy, the velocities coincide with that calcu-
lated from Eqgs(3) and (4).

When increasing the bias current from zero, both junc-
tions can be switched simultaneously in the flux-flow state at
V=V, . In such a way, sweeping below the single-junction
gap voltage, we observed a series of very sharp and regular
resonances with the voltage spacing between théfp be- :
ing substantially larger than eithAV_ or AV, . Additional 0'005 02 04 0.6 0.8 10
measurement of the individual junction voltages using a con- V (mV)
tact to the middle electrodindicated that these resonances
correspond to both junctions simultaneously locked to the F|G. 4. Stored traces dfV curves of stack No. 3 obtained in a
same dc voltag®/=V, /2. Moreover, the magnetic field de- continuously varying external magnetic fiekl. The sharp reso-
pendence of the current amplitudes of tiig resonances nances correspond to the phase-lockedmode, which accounts
showed the coherence between the dynamic states of the tvitar the in-phase fluxon state shown in Figc)L The inset shows the
junctions in the stack. Fiske step voltage spacing of the single-junctmnmode.

| (MA)
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tained in continuously varyingl. The sharp resonances be- creased. For the fluxon configuration shown in Figg) the
tween 0.5 and 0.8 mV have a voltage separatiorscreening currents in the middle electrode cancel. Thus, at
AV, =2AV, . sufficiently high velocity the attractive dynamic state of flux-

In stacks with a small spread of critical currents betweerons shown in Fig. (c) becomes energetically favorable. This
the junctions § and a rather large coupling constant leads to coherent in-phase oscillations in Josephson junctions
|S|>0.4, as for samples No. 1 and No. 2, we observed vergmbedded in the stack, which may be of considerable inter-
stable phase-locked states of the out-of-phase nsadeAs  est for possible applications.
can be seen from Table I, for Nos. 1 and 2 we measured One of the implications of experiments and analysis of
AV, ~2AV_. In samples like Nos. 1 and 2 we never suc-phase locking in the low-, stacks presented here could be
ceed in detecting stable resonances ofadhemode. In con-  possible mutual phase locking and coherent radiation from
trast, for stacks with an even larger spread of parameteigitrinsic atomic-layer Josephson tunnel junctions in high-
between junctions but substantially weaker couplingsingle crystals. Single crystals of the intrinsically layered su-
(]8]<0.3), like samples No. 3 and No. 4, we observed stablgerconductor such as Bi-Sr-Ca-Cu{@®ef. 1) can also be
phase-locked states of the in-phase mode In Table | one  described by the inductively coupled stacked junction model.
can see thaAV, ~2AV, for Nos. 3 and 4. Considering many-layer stacks, Kleihépredicted that one

The observation of the in-phase fluxon locking in stacksmay obtain a standing-wave-like fluxon pattern in the direc-
with weak coupling accounts for the pure relativistigith  tion normal to the superconducting plangsdirection. The
respect to the Swihart velocitynature of the mutual fluxon excitation of standing waves in thyedirection should appear
attraction in stacked junctions. Weak coupling is not suffi-as kinks in thel-V curve structure. Kleiner modes should
cient here to stabilize the out-of-phase state corresponding fead to mutual phase shifts between Josephson oscillations in
mutual fluxon repulsion in statics. In contrast, at high veloci-different layers and, thus, should be observed in radiation
ties fluxons of the same polarity belonging to different junc-detection experiments. The lowest-velocity mode accounts
tions tend to attract each other due to the Lorentz transforfor the out-of-phase oscillations in neighboring junctions,
mation of fluxon energy. The fluxon gets Lorentz contractedvhereas the highest mode corresponds to the in-phase oscil-
and the energy of the screening currents is drastically infations in all layers of the stack.
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