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We experimentally study and compare the perpendic{daxis) transport properties of layered high-
superconductofHTSCO) Bi,Sr,CaCyOg, , and lowT; (LTSC) Nb/Cu multilayers. Both for HTSC and LTSC
samples similar anomalous features were obsertigdhe c-axis critical current . is multiple valued as a
function of temperaturd and in-plane magnetic field. (ii) 1. exhibits extremely large fluctuations and the
probability distributionP(l;) has multiple maxima(iii) Thel.(H) patterns are aperiodi@v) In the dynamic
state, the flux-flow branches in current-voltage characteristics consist of multiple closely spaced sub-branches
and exhibit large fluctuations due to switching between the sub-branches. Experimental data are in qualitative
agreement with numerical simulations for the stack of long strongly coupled Josephson junctions. All this is
taken as an evidence for the existence of multiple quasiequilibrium Josephson fluxon modes in our samples.
From the study of LTSC multilayers we have found one-to-one correspondence between the anomalous
behavior and appearance of stacked Josephson junctions in the two-dimensional state.

[. INTRODUCTION axis. For the case of SJJ's with a limited number of junc-
tions, the shape of the single fluxon has been studied in Refs.
Vortex related properties of layered superconductors havé—9. It was shown that fluxon shape could be considerably
been extensively studied in the last decade especially in contifferent from that in a single Josephson junction, especially
nection with highT, superconductor§HTSC). Highly aniso-  in the dynamic cas®.At large parallel magnetic field, Jo-
tropic HTSC compounds exhibit well defined two- sephson vortices are believed to form a regular fluxon lattice
dimensional2D) properties and can be considered as stackgrL) due to repulsive fluxon interaction. Since fluxons are
of 2D atomic scale superconducting layéab planes with  spread over a large number of layers, it may not be favorable
Josephson coupling between them. Such intrinsic stacked Jg5 have a perfect translational symmetry along thexis,
sephson junctionéSJJ's could be promising objects for ap- peeded for a triangular FL, and the FL may be rhomBic.

pllcat|or_|s n cryoelc_actrom.cs.. . , . .. However, the perfect FL can be achieved only at large mag-
Physical properties of Intrinsic S‘]‘].S are .quahtatlvely dif- netic fields, when the spacing between fluxons alongathe
ferent from that' Of amsotropp three-dimensio(@D) super- plane is of the order of the Josephson penetration depth
conductors. This is reflected in the vortex structure for mag>_ < where is the anisotropv factor anglis the stackin
netic field parallel and perpendicular to the superconductin% ye, W Y opy | o 9
(9 layers. In a perpendicular fielalong thec axis) the enodlClty..The corresponding fl’eI@o/'ys_, is .of the order
vortex consists of a number of 2D pancake vortices in exch ©f 1T for Bi and Tl based H;I;Sﬁ s. This field is much larger
layer® The pancake vortices are of Abricosov type and havdhan the lower critical _f|el&' Hep~mT.
a normal core and circulating supercurrents in aheplane The fluxon d|str|but|on.|n quered superconductors at low
with a characteristic length,, . Properties of such vortices fields Hg;<H<®o/ys? is still a matter of controversy.
are well studied, for a review see, e.g., Ref. 2, and we willLevitov'® have found “phyllotaxis” and bifurcations in the
not consider those here. A transition from three-to-two-FL at low fields, due to existence of multiple metastable FL's
dimensional vortex system via a smectic phase, commensuwyith approximately equal energies. In Ref. 13, this approach
rate with the layered structure of superconductor, was studwvas extended using a “growth” algorithm, allowing varia-
ied in Ref. 3 for parallel and slightly tilted magnetic fields tion in the FL along thec axis. Although restricted to con-
with respect to theb plane. The commensurability is due to stant space periodicity both along and across layers, the
intrinsic pinning? which tends to locate parallel vortices be- model showed the existence of a large variety of quasi peri-
tween S layers. Such vorticegfluxong are of Josephson odic or aperiodic fluxon configurations in tleeaxis direc-
type. They have circulating currents flowing both along andtion. At low fields, the fluxon system becomes completely
acrossS layers and do not have the normal core. frustrated and tends to be chadtidRecent numerical simu-
The shape of a single fluxon in layered superconductors déitions revealed that fluxons in SJJ's may from buckled
large distances from the fluxon center was studied in Refs. %haind**®instead of the regular FL. Clearly, the lattice de-
6 for identical and nonidentical layers, respectively. It wasscription of fluxon distribution in SJJ's becomes unappropri-
shown, that the magnetic field of the fluxon is extended oveate at low magnetic fields.
many layers with the characteristic length\ ., along thec Recently, a fluxon mode approach was developed for the

0163-1829/2000/61)/766(12)/$15.00 PRB 61 766 ©2000 The American Physical Society



PRB 61 COMPARISON OF JOSEPHSON FLUXON MODESIL. . . 767

analysis of fluxon distribution in SJJ’s with a small number Il. GENERAL RELATIONS
of junctions and fluxon&.It was shown that for given exter-

qal conditions, mu!uple quasiequilibrium fluxon COI’]fIgL’II’a- sine-Gordon equation used in our numerical simulations.
tions (modes exist in long,L>A,, strongly coupled SJJ'S. yore details can be found in Ref. 8. We consider a stack
The modes are characterized by different fluxon distributiongith, the overlap geometry, consisting Nfunctions with the

in the stack and do not have a priori any translational symsq|iowing parametersd,; the critical current densitg; and
metry. We will use a stringr{;,...,n;,....ny) as a short R the capacitance and the quasiparticle resistance per unit
notation of fluxon modes, wherg is a number of fluxons in - area, respectively; , the thickness of the tunnel barrier be-
junctioni andN is the number of junctions in the stack. For tween the layersy; and\g;, the thickness and London pen-
example the modeél, 0, O corresponds to a single fluxon in etration depth o layers, and_,L,, the lengths of the stack
junction 1 in a stack of three Josephson junctions. Due t@long thex andy axes, respectively. The elements of the
existence of multiple quasiequilibrium fluxon modes, thestack are numerated from the bottom to the top, so that junc-
state of the stack for given external conditiofeagnetic  tion i consists of superconducting layers+ 1 and the tun-
field H and temperaturd) is not well defined. It can be nel barrieri.
described only statistically with a certain probability of being  The gauge invariant phase differengg,, in long SJJ's
in any of the modes. Neither the number of fluxons in eacltan be described by the coupled sine-Gordon equation
junction nor even the total number of fluxons in the stack is
fixed for givenH andT. In Ref. 16, the existence of fluxon ¢=A-J;=Jp. @
submodes was shown, which have the same number of flux-
ons but are different with respect to fluxon sequence ancae
symmetry of the phase difference in the junctiga®ng the
ab plane. In experiment, multiple fluxon modes and sub-
modes result in multiple valued-axis critical current ;,*’ A 1=—SIAy; A=A TN A== Si1/Ay.
and a complicated aperiodig(H) dependenc&® Moreover, ' ' '
since different fluxon modes/submodes may have similar en-€"e
ergies, the fluxon system is frustrated and may exhibit strong d d
fluctuations. This may account for unusuaéxis transport Ai=ti+?\5i00t"< _') +7\5i+100t”< il )
properties of BjSr,CaCyOg.  (Bi2212) mesas’® Due to Asi Asi+1
difficulties in interpretation of HTSC data, the study of
model artificial lowT, (LTSC) layered structures with well S=\ -cosec}{li>
. . . . Si .
defined and controllable parameters is of particular interest. Asi
In this paper we present a comprehensive study of mul- ) i )
tiple Josephson fluxon modes in HTSC Bi2212 mesas and Jz IS the vector representing the current density across the
LTSC Nb/Cu multilayergML’s). Similar anomalous behav- Junctions, which consists of three main components: the su-
ior was observed both for LTSC and HTSC structuresPercurrent, the displacement current and the norimaasi-
Namely, it was shown that theaxis critical current is mul- ~ Particle current:
tiple valued as a function of temperature and parallel mag-
netic field and exhibits strong fluctua'_[ions. In the dynamic Jzizﬁ sin( ;) + & ("Pi+a15_1 o . 2)
state, the flux-flow branch appears in the current-voltage Je1 Cy R;
characteristic$lVC’s). It consists of multiple closely spaced
subbranches. Experimental data are in agreement with nu- Here dots denote time derivatives ande;
merical simulations and implies the existence of multiple=\/®y/27cJ.;C,R? is the damping parameter of junction 1,
quasiequilibrium fluxon modes and submodes in longd, is the flux quantum and is the velocity of light in
strongly coupled SJJ's. Moreover, from the study of LTSCvacuum.
ML’s we unambiguously correlate the appearance of anoma- In Eq. (1), J, represents the bias current density and for
lous behavior with the appearance of SJJ's in the ML, wherarbitrary bias configuration can be writterf as
it undergoes the 3D-2D crossover.
The paper is organized in the following way. In Section II AF [N -1
we introduce the coupled sine-Gordon equafiomhich is i35 A > AJ— 2 A+
used for numerical simulations. In Sec. Il the samples are citilit2 !

First, we briefly describe the formalism of the coupled

Here ¢ is the column ofyp;, “primes” denote spatial
rivatives along the junction length, is a symmetric tridi-
agonalN X N matrix the only nonzero elements of which are

2Si 11
1+ A—:) A‘]yi+1
i

described. In Sec. IV we present main experimental and nu- 25,
merical results relevant to observation of fluxon modes in — 1+A—* Adyil, 3
layered superconductors. The section is subdivided into four i

subsections{A) temperature dependence of the critical CUr-\whereAJ =[1,:(L,)—1,(0)]/(LL,), and

rent; (B) magnetic field dependence of the critical current; yeoRyReEys v

(C) the lower critical field and ineffectiveness of screening; A¥=A;—S—S; (4)

and (D) observation of multiple flux-flow subbranches. '

Throughout the section we compare HTSC and LTSC datés the effective magnetic thickness of junctionin Eq. (1)

with numerical simulations. Finally, we discuss the obtainedve have normalized space and time to the Josephson pen-
results and make the conclusions. etration depth,)\j1=\/<1>0c/8772JclA1, and the inverse
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plasma frequency of a single junction 1, w}f{  with dimensions 2810 and 50< 10 um? were fabricated on

=V®,C4/2mc I, respectively. surfaces of Bi2212 single crystals. The mesas typically con-
Equation (1) should be supplemented by the boundarytain 4—10 intrinsic SJJ's. The patterning was made by pho-
conditions tolithography and chemical etching. Several contacts on the

top of the mesas allowed us to make four-probe measure-
ments. More details about the sample fabrication and layout
can be found elsewhef®.Bi2212 is a highly anisotropic
layered superconductor. The anisotropy of transport proper-
HereH is the applied magnetic field in theaxis direction ties inab andc directions is very largey~ 10, and depends
andHo=®o/mh\;y Ay on the doping levet! It is widely accepted, that in Bi2212,
The system of nonlinear second order differential equasuperconducting CuO double layers are weakly coupled
tions, Eq.(1), with the boundary conditions, E@5), were through the intermediate SrO and BiO layers thus forming
solved numerically using a finite difference mettfd.The  tunnel type intrinsic SJJ%*°Indeed, thec-axis IVC's ex-
temperature dependence was introduced via temperature deibit a pronounced hysteresis with a well defined supercon-
pendence ofl;(T) andA_(T), for which we have used a QUctmg b_ranch and mult!ple qua3|part|cle br_ancﬁé%,_ see
simple monotonous function~1—(T/T,)2, typical for insetin Fig. §b). Comparison ot-axis properties of Bi2212
Nb 1819 with that of SIStype LTSC Nb/AIQ,/Nb stacked Josephson
junctions shows many similariti€8:3! On the other hand,
particular properties of intermediate layers may have a strong
impact on the properties of intrinsic Josephson junctions. It
The multilayered Nb/Cu sandwiches were fabricated on as known that BiO layers act as a charge reservoir for the
single crystalline Si substrate. The sample consisted of thickuO layers. SrO layers most probably are inert. Certain ex-
top and bottom Nb electrodes, an isolating Siéyer and the  perimental observations indicate that BiO layers may be me-
multilayer. The Nb/Cu ML’s were prepared by rf sputtering. tallic or even superconductirfd.The properties of BiO lay-
The ML’s consist of ten Cu layers with the thicknedg ers strongly depend on the O-doping level. With increasing
=15nm and ten Nb layers with the thickneds=20nm. doping, the carrier concentration at BiO layers increases.
Together with the superconducting electrodes this constitut&his results in a decrease of anisotropy anddteis resis-
ten stackedBNS(S superconductorN: normal metal junc-  tivity p., increase of the critical curremt, and disappear-
tions. Sample layout and details of sample fabrication can bance of hysteresis in the IVC*:** Similar or even more
found in Ref. 20. The ML’'s were 2@m in diameter. The pronounced features were observed for Bi substituted com-
transverse normal state resistance was sevefhlwhich is ~ pounds, such as (Bi,Ph),Sr,CaCyOg.,, see Ref. 27.
larger than expected for uniform metallic fifAWe attribute ~ Therefore, Bi2212 can be considered as a stacRINiSor
the enhanced values of resistance to the existence of add®;S;1,S;1,S junctiong® (S; is a superconductor with lower
tional tunnel resistances at the Nb/Cu interfaces which aré ), rather than simplylSjunctions. Properties @d8NSunc-
inversely proportional to the interface transpareficys. tions depend strongly on properties of the normal layer and
From calculation of the proximity effect in our ML's we the transparency of th&/N interfaces. In Ref. 21, the gen-
estimaté® f~0.3+0.1. Therefore, the actual structure of our eral case of diryS1;S,1S,!,S single junction with arbitrary
ML'’s is SINIS(I: insulatod. In addition to the increase of junction parameters was considered both theoretically and
transverse resistance, the finjeresults in appearance of experimentally for Nb/AJ{/AIO,/Al,/Nb junctions. It was
hysteresi& in the IVC'’s at lowT, see inset in Fig. @), and  shown, that for the case of thin normal layeds; ,=<és; 2,
in large anisotropy® y=10-15. Note, that the finite trans- with small interface transparency or low conductivity, the
parency was also reported for Nb/Al interfaéésihe exis-  behavior ofS1;S;1S,1,S junction can be close to that &S
tence of SJJ’s in our ML's was confirmed by observationjunction. On the other hand, certain differences remain, e.g. a
both ac(Ref. 20 and dc(Ref. 24 Josephson effects. We knee in the IVC just above the sumg3p™ Therefore, it is
should note, that bull§ electrodes contribute to a screening interesting to make a comparison between Bi2212 and our
of magnetic field and the actual field in the ML is less thanNb/Cu ML'’s, which as we mentioned above, ha8&NIS
the applied field. Magnetté¢?3and transpoff?*2*%>proper-  structure. Moreover, in our ML's the conditiorj<\g,
ties of our ML’s both along and across layers have beemhich is typical for HTSC, is satisfied much better than in
studied and parameters of layers are rather well establishetypical artificial SISSJJ’s. Thus, SJJ's both in HTSC and in
Both Nb and Cu layers are characterized by a short meaour ML’s are in the strong electromagnetic coupling limit.
free path and are close to the dirty limit. From measurementgstimation of\ ;(T=0) yields ~0.5—1 um for Bi2212 and
of the lower®? and the uppéf-? critical fields, we can ~4-5 um for Nb/Cu ML’s, thus both HTSC and LTSC
estimate the London penetration depth of NG'at0 Kto be  SJJ's are long compared ig up to T very close toT.
Anp(0)~120-150 nm, and the Ginsburg-Landau parameter
k~10. Thus, layers are much thinner than the London pen-
etration depth and are of the order the coherence length.
The longitudinal transport measurements were carried out Below we present transport measurements for diffefent
on a ML bridge with Cu as outmost layers to avoid surfaceand H. The samples were cooled in helium vapor and the
superconductivity. The ML'’s then consisted of 12 Nb layerstemperature was stabilized by a temperature controller with
and 13 Cu layers. an accuracy better than 0.05 K. For measurements below 4.2
For studying intrinsic Josephson effect in HTSC's, mesas the sample was immersed into liquid He bath, connected

*
i

(Pl:2 HOAl

, (x=0L). (5

Ill. SAMPLES

IV. RESULTS AND DISCUSSION
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FIG. 2. A gray scale plot of the probability distributid®(l.)
for a single temperature sweep for p8n long mesa. Darker re-
gions correspond to a larger probability. Inset shows proRIfs)
for several temperatures. Multiple peaksH(l ;) are seen.

T(K)

FIG. 1. Temperature dependence of the critical current=o20
pm and (b) 50 um long Bi2212 mesasia) represents results of

stgt_isticgl gnalysis with symbols cqrresponding to maxima in probs(b)_ Different symbols in Fig. @) represent different tem-
ability distribution. (b) represents single run measurements. perature sweeps, all made while decreasing temperature from
aboveT..
to a monostat. The temperature was regulated from the pres- Figure 2 shows a gray scale plot 8f1.) for a single
sure of He vapor. Magnetic field parallel to the layers wasemperature sweep and for another 58 long mesa. Darker
supplied by a superconducting solenoid, operating in a pefregions correspond to a larger probability. The inset in Fig. 2
sistent mode foH>1T. The accuracy of field alignment shows profilesP(l.) for several temperatures in the range
was about one degree. The noise level in the experimentalp K< T<60K.
setup was carefully checked to ensure that external noise is From Figs. 1 and 2 it is seen tha(T) for Bi2212 mesas
not a cause for observed anomalous behavior. To estimate quite anomalous. For example, it is possible to observe a
the noise in the setup we measured the fluctuation inducesudden decrease bf with decreasingT, see Fig. 1b). The
escape temperaturées, from the zero voltage state for a |,(T) is multiple valued and consists of several branches.
small LTSC Nb/NbQ/Pb tunnel junction. AT=4.2K, the  The switching between branches is hysteretic. T}(€) pat-
estimatedT .5 K and the spread of the critical current was terns depend on biasing configuration and show strong pre-
Al,~1.2uA for a junction with |,=0.5 mAZL” This indi- history dependence, see Figa)ll The characteristic feature
cates a low external noise level in the setup. of 1.(T) patterns is extremely large fluctuations, which at
certainT are of the order of the critical current itself. Such
strong fluctuations can not be explained by external noise in
the setup. Our estimation shows that for a single intrinsic
. Josephson junction with the sarheas in Fig. 1a), the ex-

In Fig. 1, 'Femperature dependence of the critical current Yernal noise together with temperature induced fluctuations at
shown for Bi2212 mesas with lengthig) 20 um and(®) 50 _ 4 5 would correspond to a spread lig less than the

um. Measurements were done in an ambient magnetic fielgize of symbols in Fig. (8. From Fig. 2 it is clearly seen

~0.5 Oe. Figure (b) represents ordinary measurement, iNyh4¢ the probability distributio(1 ) is not simply wide, but
which | ; is obtained from a single switching event from the it consists of several superimposed peaks, each peak repre-
zero-voltage state. Normally we used gu¥ criterion for senting a certait.(T) branch.
determination ofl .. Solid and open symbols in Fig.(t) The lower panel of Fig. 3 shows the perpendicular critical
correspond to increasing and decreasing temperature, respegrrrent,| (T), for Nb/Cu ML. Different symbols correspond
tively. to different runs. Measurements were doneHat 10 mT
As we mentioned, the statistical analysis of SJJ's is venylong the layers. It is seen thit strongly fluctuates below
important. Figure (&) showsl (T) deduced from the prob- ~5 K. The top panel in Fig. 3 shows the upper critical field
ability distribution functionP(l;). To obtainP(l;), 5120 H,(T) for H parallel (solid rectanglesand perpendicular
switching events from the zero-voltage state were measure@pen circle to the layersH., was obtained from 50% of
in a row'” for eachT. Thel, was determined as the maxi- longitudinal resistive transition with the probe current ap-
mum of P(l.). Typical switching events for a similar mesa plied along the layer&! The solid line in the top panel rep-
atT=4.2K andH =0 are indicated by arrows in inset in Fig. resents the square root dependence T1T*)¥2. A linear-

A. Temperature dependence of the critical current
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nally, a direct observation of subdivision of our ML'’s into
SJJ’s with the 3D-2D crossover was made in Ref. 20.

The arrows in Fig. 3 show, that the appearance of strong
fluctuations ofi . is connected with transition of the ML into
the 2D state and appearance of SJJ'§ &fl,. Similar to
Bi2212, the existence of so large fluctuations cannot be ex-
plained neither by the noise in setup nor by temperature in-
duced fluctuations in a single junction with the saige
Indeed, it is clear that the external noise does not depend on
T, while temperature induced fluctuations should only de-
crease with decreasingy in contrast to Fig. 3.

For Bi2212 we also observed a decrease of fluctuations at
high temperaturé’ As a rule, we observed a very narrow
peak inP(l.), close toT., see Fig. 2. An estimation shows
that the 3D-2D crossover in Bi2212 should take place a few
degrees below ;. Indeed,~2 K below T, the features of
the intrinsic Josephson effect disappear, e.g., the quasiparti-
cle branching and hysteresis in the IVC’s vanish, similar to
that for Nb/Cu ML'’s, see inset in Fig.(8 and flux-flow

T (K) _ :
features in IVC’'s change the curvatu¥eEvidence for the

FIG. 3. The lower panel shows,(T), for Nb/Cu multilayer. ~3D-2D crossover in Bi2212 and YB@u;0; , HTSC com-
Different symbols correspond to different runs. The top panelpounds were also obtained from magnetization measure-
shows the upper critical fielth ,(T) for the field parallel(solid ~ ments in Refs. 2, 37. ThB(l.) pattern shown in Fig. 2 is
rectanglesand perpendiculaiopen circlesto the layers. The solid consistent with the 3D-2D crossover taking place in Bi2212
line represents a square root dependence; TT*)Y2 Arrows  close toT.. On the other hand, for several mesas we ob-
show that strong fluctuations ¢f take place below the crossover served, that thé>(1.) may become narrow well below the
temperature. estimated temperature of the 3D-2D crossover. This of
course does not mean that thg, is lower for those mesas,
but can be due to phase-locking of several junctions in the
stack’’

To understand the observed features we have performed
pumerical simulations of the coupled sine-Gordon equation,
Eqg. (1), with boundary conditions given by E). In Fig. 4
simulatedl .(T) dependencies are shown for a stack of the

to-square root transition iH'., is seen, being the well known
indication of the three-to-two (3D-2D) dimensional
crossover3

The 3D-2D crossover is one of the peculiar properties o
superconducting ML'’s. The ML behaves as if being uniform

across layers fo_W>_T_Cr (3D statg, while .atllowgr tempera- overlap geometr§,consisting of three SJJ's fdd=0. For
tures (2D state individual layers are distinguishable. The simulations we have chosen parameters typical for our
3D-2D crossover was observed experimentally for variougisoq2 mesag; ;=124 d, ,=3A&, \,(T=0)=1um
types of artificial LTSC multilayers, see, e.g., Ref. 34. Quali-iha critical current densities.; 5, are identical andL
tatively, the 3D-2D crossover occirawvhen the coherence —=10um. In order to account for the presence of a bulk

length &., in the direction across layers becomes less tha@,ingle crystal beneath the mesa we take= 10 A. The Lon-

the interlayer spacing In our ML’s, the 3D-2D crossoveris dgon penetration depth o8 layers, \g;_4(T=0)=7504,

well studied, see, e.g., Refs. 23, 20, 22, 24. It is importan{yas estimated from the expressidhn g= A 4p\/d/s.

that in the 2D state, “intrinsic” Josephson effect between Erom Fig. 4 it is seen thdt,(T) in long strongly coupled
individual layers of the ML appears and the ML can be con-53J's is multiple valued and consist of multiple distinct
sidered as a stack of Josephson junctions. Among the mairanches, in qualitative agreement with the experiment, Fig.
observations of the Josephson phenomena in the 2D state in Different symbols in Fig. 4 correspond to separate runs
our Nb/Cu ML's we mention:(i) observation of Shapiro with increasing or decreasing temperature and/or different
steps in the perpendicular IVC’s showing the existence of tefnitial conditions. As seen from Fig. 4, we also observed
SJJ's at lowT.? (i) Appearance of a hysteresis in the IVC’s hysteretic switching between branches and a prehistory de-
at low T (Refs. 22, 20 [see also inset in Fig.(8] and a  pendence in our numerical simulations. Insets in Fig. 4 show
change inl(T) behavior®? (iii) A steplike increase of the the number of fluxons in junctions 1-8,= A ¢;/27, where
anisotropy of the lower critical field® H.,, at T<T,,, Ag;=¢i(L)— ¢;(0) is the total phase variation along the
caused by transformation of the vortex parallel to layers fromjunctions. From the insets it is seen that edgfT) branch
Abricosov to Josephson type, when the vortex core could beorresponds to a particular phase distribution in the stack,
imbedded betwees layers.(iv) Appearance of the intrinsic i.e., to a particular fluxon mode. Foug(T) branches corre-
pinning? preventing vortex motion across the layers and re-sponding to the Meissner state, md@e0,0, and three sim-
sulting in a sharp drop of resistivity fdd parallel to layers plest fluxon-antifluxon modeg;-1,1,0, (0,—1,1), and(1,0,
was observed in Ref. 24v) A clear periodic modulation of —1), are marked in Fig. 4.

the transverse resistance as a function of parallel magnetic Previously, the existence of multiple valuedwas shown
field was observed al~T., with the periodicity given by for H>H.;, when it is energetically favorable to have flux-
flux quantization in the individual Nb/Cu/Nb junctioA$Fi-  ons inside the stacK. The important difference of Fig. 4 is
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correspond to separate runs with increasing or decreasing tempera- i ﬁ*“““w“mm
ture and/or different initial conditions. Insets show the number of 0-000 ' 0'1 ! 0'2 ' 03 ! 04
fluxons in the junctions. The,(T) branches fof0, 0, O mode, and ; : : : :
three simplest fluxon-antifluxon modsds;1, 1, 0, (0, —1, 1), and H (T)

(1, 0, —1), are marked in the figure.
FIG. 5. Thel.(H) dependencies &t=4.2 K are shown fofa)
that here we considered fluxon-antifluxon modes and shoWb/Cu ML and(b) Bi2212 mesa with. =20um. In (a) different
that multiple branching of; sustain atH=0. Another dif- symbols represent different runs, each point representing a single
ference is in the magnitude df. In the presence of the measuremen'(.p) shows. the .result of stati§tical analysis with sym-
unbound fluxon, there is a Lorentz force acting on the fluxorPO!S representing maxima iR(l). Inset in (@ shows IVC's of
from the bias current ant}, is determined by the pinning at NP/Cu ML atT=1.4, 6.2, and 7.8 K. Inset itb) shows quasipar-
the edges of the junction. This results in a relatively smalllic!e IVC's for Bi2212 mesa aT =4.2K.
I.. On the other hand, there is no net Lorentz force on th
coupled fluxon-antifluxon pair ant, is determined by the
force required to unbound the pair. For example, the fluxon
antifluxon pair has a lower bound energy and a lowsefor _ *
(1,0~1) than for (—1,1,0 mode, see Fig. 4. The unbound AH=®o/LAT, ©®
force strongly depends on the electromagnetic coupling ifvhereA* is the effective magnetic thickness of the junction,
the stack. As can be seen from Fig.4can be a significant Eq. (4). For SJJ’s with thin layer& * =s. Similar periodic
fraction of the maximum critical current,(0), for strongly ~ modulation should be observed for short SI¥¥L<\;.
coupled SJJ’s. In Ref. 16, 1.(H) for long strongly coupled SJJ's was
For the real experimental situation, shown in Figs. 1-3considered. It was shown that thgH) pattern in this case
both fluxon and fluxon-antifluxon modes can be responsiblés very complicated and does not exhibit clear periodicity
for multiple valuedl, at H=0. For Bi2212 mesas we can due to existence of multiple quasiequilibrium fluxon modes
expect a certain self-induced magnetic field due to nonuniand submodes.
form biasing, which is required for the four probe measure- Experimentally obtainedl.(H) dependencies atT
ments. Indeed, we observed an asymmetry in IVC’s for posi=4.2K are shown in Fig. 5 fofa) Nb/Cu ML and (b)
tive and negative currents, consistent with the self-fieldgj2212 mesa with. =20 um. We note that foH parallel to
effect due to nonuniform bia¥. For No/Cu ML'’s the self-  the layers, a low resistance flux-flow branch developed in
field effect should be less pronounced, although we can ngql/C’s both for Nb/Cu ML’s and Bi2212 mesas, see the next
exclude it completely because of the large value of bias cursection.|, was determined as a current, at which the first
rent. deviation from zero voltage appeare¥/~1 uV), rather
than the current at which switching from flux-flow to quasi-
o - particle branch takes place. Inset in Figa)sshows IVC's of
B. Magnetic field dependence of the critical current the Nb/Cu ML atT=1.4K (dotted curvg 6.2 K (dashed
The dependence of theaxis critical current on magnetic curve), and 7.8 K(solid curve at zero field. It is seen that
field in the ab planel;(H), is a crucial test for the dc Jo- pronounced hysteresis, with well defined superconducting
sephson effect. In a single Josephson junction, Fraunhofemd normal branches, exists at low temperatures. Another

e%ype modulation ofl ,(H) occurs as a result of flux quanti-
zation in the junction, with the periodicity
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for increasing field starting froni—1, 1, O mode. Insets
(a)—(c) show the number of fluxons in junctions 1-3, respec-
tively. Solid lines represent the “expected” number of flux-
ons given by Eq(5). Inset(d) shows details of .(H) pattern

at largeH for two runs from Fig. 6. Grid spacing in inséd)

is equal to the expected periodicityH, Eq. (6)

Several common features are seen in the behavior of
I.(H) patterns for Nb/Cu ML, Bi2212 mesa, Fig. 5, and in
numerical experiment, Fig. 6.

(i) 1. is strongly suppressed by the in-plane magnetic
PRI 6A % field. Fitting at large fields yield$.><H ~7, with »=1.3+0.1
10000 20000 30000 for the Nb/Cu ML, »=1.6+0.1 for the Bi2212 mesa and

H/H, - 7n=1.2+0.1 for numerical simulations. The power law de-
crease of the maximur(H), with the exponent;, depen-
dent on the sample geometry and bias conditions is typical
for Josephson junctiorfé.The large suppression bf in Fig.

5 indicates that samples are properly oriented with respect to

Ao/ 2n
—“O—=MNDwWwhoo®

-
o

o
Ry m

0.0 ' '

i = magnetic field, so that there are no pancake vortices ialthe
0 10000 20000 30000 40000 planes which might cause the pinning of fluxons. For larger
H/H mesas the misorientation of the field was very crucial for
0 I.(H) patterns. In that case, suppressiorn oivas marginal,

I .(H) remained almost constant or even increased ilits

a result of pinning by pancake vortices. We note, that when

the length of the mesa in the direction of the field is larger

fthan some correlation length, pancake vortices can be nucle-
fluxons given by Eq(5). Inset(d) shows details of (H) pattern at atgd by thermal fluctuations even if the sample is perfectly

large H for two runs. Grid spacing is equal to “expected” period- oriented” Therefore, Sma” area mesas are needed for the
icity, Eq. (6). study ofl;(H) patterns in HTSC intrinsic SJJ'’s.

(i) From Figs. 5 and 6 it is seen, tHatis multiple valued
characteristic feature of IVC's is the excess curfélff and I(H) patterns consist of multiple closely spaced
which indicates the proximity effect in our ML'’s, otherwise branches. Inset&)—(c) in Fig. 6 show, that each branch is
the IVC’s are resembling that for resistively shunted junctioncharacterized by a certain fluxon distribution in the stack,
(RS) model®® Inset in Fig. %b) shows quasiparticle i.e., corresponds to a certain fluxon mode or submode. The
branches for Bi2212 mesa @t=4.2K. It is seen that the branch corresponding fe-1, 1, 0 mode is marked in Fig. 6.
mesa consists of five intrinsic SJJ’s. Arrows indicate somdn Fig. 6 we intentionally showed only three runs with a few
typical switching events from zero-voltage state Fb« 0. sub-branches in order to identify the sub-branches with the

In Fig. 5(a), different symbols represent different zero corresponding fluxon modes in insé&—(c). More clearly,
field cooled runs with increasing field. Each point representghe sub-branches can be seen from ingktin Fig. 6, in
a single measurement. Figurébshows the result of statis- Which we showed only two runs with increasing field. In
tical analysis ofl ., similar to that in Fig. 1a) and Fig. 2. In  Ref. 16 it was shown, that the complete set of sub-branches
this case 2048 switching events from zero-voltage state weré extremely dense even for the simplest case of double
measuredl, was determined from the maximum oP(l,).  SJJ's.
Solid and open symbols in Fig(l9 represent main and sec- (i) The I,(H) patterns do not exhibit clear periodicity.
ondary peaks in the probability distribution, circles and dia-For Nb/Cu ML at lowT we observed strong history depen-
monds represent measurements with increasing and decre&&nce in the variation df¢(H), but not the periodic modu-
ing H, respectively. As in the case of Fig(al and Fig. 2, lation, see Fig. &). Such behavior is consistent with the
P(l.) was very wide and consisted of several maxima simirevious observation of aperiodic variation of the transverse
lar to that in inset of Fig. 2. From Fig(B) it can be seen that resistivity, R(H), see Ref. 24. However, in Ref. 24, a tran-
fluctuations are reduced at large fields. At=0.45T the sition from aperiodic to periodic modulation bf(H), with
width of the probability distribution was about 2.8\, while  periodicity given by Eq.(6), was observed close . for
at low fields it was almost 0.5 mA. Clearly the noise level in Nb/Cu ML’s. Such transition was explained by disappear-
the setup does not decrease with increasing field and, thughce of fluxon modes when the length of SJJ's becomes less
can not be the reason for the observed phenomenon. than \;(T). Indeed, numerical simulations shdfthat the
Figure 6 presents the numerically simulatg(H) pattern  periodic modulation of .(H) is restored when the stack be-
for the same stack as in Fig. 4B& 0. Parameters are typical comes shorter than,(T), in agreement with Ref. 40. Simi-
for our Bi2212 mesas. The magnetic field is normalized tdar modulation of R(H) close to T, was reported for
Ho=®,/m\;,A,~0.1-0.2 Oe. Therefore, Figs(d and 6  YBa,Cu;0;_, in Ref. 45.
have approximately the same scaleHn Different symbols The statistical analysis df for Bi2212 mesa in Fig. ®),
in Fig. 6 represent three different runs, runs 1,2 for increasprovides us with more details and shows explicitly the exis-
ing (solid squaresand decreasin¢ppen circles field, start-  tence of multiplel . branches. However, looking at the over-
ing from (0, 0, 0 mode. Run 3Jopen diamondswas made all shape of thd (H) pattern, we may see only one clear

FIG. 6. Simulated .(H) patterns for three SJJ's with parameters
typical for Bi2212 mesas &t=0. Different symbols represent three
different runs. Inset&a—9 show the number of fluxons in junctions
1-3, respectively. Solid lines represent the “expected” number o
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maximum atH~ 0.1 T. Such behavior is consistent with pre- proportional to the total flux carried by the fluxBhis result
viously obtained ,(H) patterns for Bi2212 mes48A mark  in a factor of 2 difference it ; and splitting of the Meiss-
in Fig. 5(b) shows the periodicityAH, Eq.(6), expected for ner branch.
intrinsic Josephson junction. It would be very speculative to For Nb/Cu ML'’s, an almost linear Meissner branch with a
talk about such modulation both in experiment, Figh)5 small splitting is seen in Fig.(&). From Fig. 8b) it is seen
and in simulations, see inséd) in Fig. 6. that for Bi2212 mesa there is a drop in(H) at H

In Ref. 16 it was shown, that the lack of periodicity in ~0.05T. Comparison of ((H) for mesas with different
I.(H) pattern is caused by the existence of extremely largéengths shows that the position of this drop does not change
amount of fluxon modes and submodes. For example, thwith L. Therefore, we suggest that this drop represehis

number of submodes for the stack Nfjunctions withM  Indeed, a droplike decrease lg{H) is typical for junctions
fluxons in total ig® with self-field effect due to nonuniform biasifigwhich is

the case for our mesas.
From Fig. 6 it is seen that multiple sub-branchegH)
mg=NM. exist also inside the Meissner regiddi<H.;. Those sub-
branches correspond to various fluxon and especially fluxon-
antifluxon modes and submodes, see Fig. 4. Sub-branching at
Comparison of the number of fluxons in the junctionsy<H_, is also observed for Bi2212 mesas, see Figs. 1 and
with what e_xpected for a givehl', see solid lines in insets 5(b). As we discussed in the previous section, fluxon-
(8)—(c) of Fig. 6, shows, that neither the number of fluxons antifluxon modes and submodes are the likely candidates for
in each junction, nor the total number of fluxons in the StaCkepraining this phenomenon. However, splitting of the
are unambiguously determined by the value of applied magyeissner branch and fluxon modes due to self-field effect
netic field. Different fluxon modes and submodes have diftannot be excluded.
ferent critical currents. Thé.(H) pattern is determined by Another interesting observation from Fig. 6 is thdt,;
the process of switching between different modes and su@HONO_l_O_Z Oe. We note, that for a single junction with
modes. In principle infinite number of modes and submodeg) |k electrodedH ;= (2/m)H,, see Ref. 44. However, ab
makes the allowed values bf to be almost continuous lead- pecomes less thakg, He, increases proportional ta/A*
ing to the lack of periodicity in.(H). This does not mean ~)\§/(ds) for d<\, although the magnetic induction in the
that something is wrong with the dc Josephson effect in SJJsanier of the fluxon remains H,, see Ref. 8. The dramatic
but rather is a consequence of the electromagnetic couplingcrease oH_, is an indication of ineffectiveness of screen-
between the junctions. ing in junctions with thinSlayers. Magnetic field penetrates
such junctions almost freely without generation of large
phase difference.
The ineffectiveness of screening in our Bi2212 mesas
An almost linear decrease bf(H) at low fields in Fig. 6  containing only five intrinsic SJJ's, can be seen from Fig.
corresponds to the Meissner state of the stack. At the end ®&(b). Indeed, the valudd.;~0.05T is about two orders of
the Meissner state fluxons enter one of the junctions in thenagnitude larger thaHl; for bulk Bi2212 single crystal¥’
stack. Normally, this happens at the lower critical fieth, . For Nb/Cu ML we also observed a large valueHyf; , how-
However, the Meissner state can hold up tdQ)H., due to  ever, the effect is larger than we can expect, probably due to
the pinning at the edges of the jUﬂCtié)‘h.ThG Meissner screening from bulk Nb electrodes.
branch is splitted into sub-branches, with each sub-branch
corresponding to the entrance of a single fluxon into one of
the junctions. We can attribute a particukd¢,; to each junc- D. Multiple flux-flow sub-branches

tion as a field at which the mode (Op;+1,...,0) becomes g far we have considered only the static case. In this
energetically favorabland define the lower critical field as section we analyze the dynamic behavior of our samples. In
Hcy=min(Hcy). A small splitting corresponding tl, 0, 0 the dynamic case, the-axis transport current forces fluxon
and(0, 1, 0 modes is seen in Fig. 6. In this case, splitting iSmotion along the layers which causes appearance of the
caused by the difference in effective magnetic thicknesseg, 5xjs voltage. Time averaged voltage across the junction is
A{, Eq. (4). This leads to the difference in the total flux proportional to the velocity and the number of fluxons in the
carried by the fluxon, and consequently to the difference iynction. For largeH, the ratioV/H for fluxon motion with

Hcii, see Ref. 8. A more dramatic splitting of the Meissnerye|ocity u in the stack ofN junctions can be estimated as
state can be obtain&tfor junctions with differentl; .

We would like to note that the splitting of the Meissner
branch in strongly coupled SJJ{ge., with thin S layerg V/H=Nsu. (7)
remains even if parameters of the junctions are identtbal
only exception is identical double SJ)J’'Fhe reason is that
for d<\,p, the magnetic field of the fluxon is not confined  For single Josephson junction, the maximum velocity of
in one junction, but is spread over the regiei 4, in thec  fluxon is equal to the Swihart velocity,, which is the ve-
axis>® This makes junctions different with respect to posi- locity of electromagnetic waves in the transmission line
tion in thec-axis direction. Indeed, for a stack wile1, the  formed by the junction. Fluxon velocity asymptotically ap-
total flux of the fluxon in the middle junction &y, while it ~ proaches, with increasingl, resulting in appearance of an
is only ®,/2 for the utmost junctions. Sindé.,; is inversely  almost vertical step in IVC at the velocity matching condi-

C. The lower critical field and ineffectiveness of screening
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FIG. 7. Flux-flow IVC's of 50 um long Bi2212 mesa al FIG. 8. IVC’s of Nb/Cu multilayer aff =4.2 K are shown for
=4.2K are shown foH from 0.148 to 0.396 T with a step0.025  different magnetic fields. In inset,vs V/H curves are plotted for
T. In inset,| vs V/H curves are plotted for the same IVC'’s. the same IVC's.

tion, u—cgp, see, e.g., Ref. 47. The characteristic feature of . o ]
SJJ's is the splitting of Swihart velocities and flux-flow  From Fig. 7 it is seen that the JFFB’s are rather wide. At
IVC's,7+48:49 small voltages, the spread in IVC’s reflects fluctuations in

In Fig. 7, IVC's of the 50um long Bi2212 mesa are lc. @s discussed in Sec. IV A. At larger voltages, the spread
shown forH from 0.148 to 0.396 T with a step0.025 T, at in IVC’'s somewhat decreases, but still remains anomalously
T=4.2 K. Magnetic field was applied along tab plane and  large.
perpendicular to the longest side of the mesa. The IVC for N Fig. 9 we show an enlarged top part /s R=V/I
eachH contains about a hundred back and forth sweepsSurves of the 5qum long Bi2212 mesa for magnetic fields
From Fig. 7 it is seen, that a low resistance branch develop$a’ying in small steps of=5 mT in the rangeH
in the IVC’s and the voltage at a constaris increasing with ~ =0.351-0.396 T, aT =4.2K. Thel vs R curve for eactH
H. Moreover,V/H does not depend on the length of the is shown by a particular color and contains several tens back
mesa. This is in agreement with Eg). Therefore, we iden- and forth current sweeps. From Fig. 9 it is seen, thes R
tify those low resistance branches with Josephson flux-flovgurves and, similarly, IVC’s for a fixedd exhibit strong
branches(JFFB’S. The same IVC’s, normalized tbl are
shown in the inset. We note, that for a single junction the T
V/H vs | curves should collapse into one. For our mesa we % ©
observe instead, that there are two distinct IFFB’s with ap- 0.8 ' ’“"g o
proximately a factor of 2 difference in the voltag@st low i i
fields the curves collapse into the lower branches.HAt
=0.223T the IVC follows the initial lower branch up 1o
=0.6 mA. However, when increasing the current further, the ~ 0.7
IVC jumps to the second branch with higher resistance. The <
switching is hysteretic. At larger fields the normalized IVC’s
collapse to the upper branch. The existence of two JFFB’S =
may be an indication for the phase transition in fluxon con- 0.6
figuration and/or the splitting of Swihart velocities in intrin-
sic SJJ's° The 20um long mesa on the same single crystal
showed the same values 6fH, although IVC’s were more
complicated due to the presence of Fiske stéps.

In Fig. 8, IVC’s of Nb/Cu ML are shown foH =0.01,
0.05, 0.13, 0.26, 0.4, 0.56, 0.7, and 0.8 TTat4.2K. Each
curve represents a single current sweep. In inset we show
vs V/H curves for the same IVC's. It is seen tHats V/H R (Q)
curves merge well into a single curve. On the other hand, the
curvature ofl vs V/H curves is negative for Nb/Cu ML and FIG. 9. Enlarged top parts ofvs R=V/I curves of 50um long
positive for HTSC mesas. The negative curvature for Nb/CuBi2212 mesa are shown fét varying with a small step=5 mT in
ML'’s can be explained within the RSJ motfeby the large  the rangeH =0.351-0.396 T, af = 4.2 K. The curve for eacH is
damping coefficient in thesBNSjunctions. shown by a particular color.

AH =5mT,

H=0.351-0.396 T+
Bi2212 (50x10 um®) |
1.0 . 1?1 . 1.2

0.5 |
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FIG. 10. Enlarged parts of IVC's for Nb/Cu multilayer at V/H (NmV/T)
=4.2K are shown forH=0.095-0.105T, varying with a small

step=1.7 mT. FIG. 11. Numerically simulated vs V/H curves for Bi2212

mesas at severaH. Typical fluxon modes along the flux-flow
fluctuations. The spread in voltages is not caused by theranches are depicted.
noise in experimental setup and exceeds by far the accuracy
of the measurements. The characteristic featuré w§ R have rather large and almost constant resistance. Figure 10
curves from Fig. 9 and IVC’s from Fig. 7 is that the curves shows that step structure and multiple flux-flow sub-branches
are not just uniformly wide, but rather they consist of mul- may coexist but do not reduce to each other.
tiple closely spaced but distinct sub-branches. The IVC’s In Ref. 52 it was suggested that sub-branching is due to
switch hysteretically between the sub-branches when the cusplitting of Swihart velocities and propagation of different
rent is swept back and forth. Varyirtg, we only change the phases of the fluxon lattice. Indeed, the splitting of Swihart
set of available sub-branches but do not change the shape ¢¢locities can cause the splitting of JFFB’s, so that for the
the particular sub-branch itself. Another characteristic feastack ofN junctions,N universal JFFB’s may be visible in
ture of Fig. 9 is that certain sub-branches exhibit steps of’s V/H curves, each corresponding to propagation of differ-
almost constant resistance. ent phases of FL's with different Swihart velocities. The
In Fig. 10 we show IVC’s of Nb/Cu ML for magnetic splitting of Swihart velocities decreases MS? at the low
fields varying with a small step=1.7 mT in the ranged  velocity edge, and for SJJ’s with>1 may result in appear-
=0.095-0.105T, alT=4.2K. The IVC’s for eachH con-  ance of a dense system of JFFB's.
tain several current sweeps. As in the case of HTSC, Fig. 9, However, measurements on mesas with a large number of
we also observe that flux-flow branches in IVC’s consist 0fSJJ’'s(N= 250 for the case of Ref. 32lo not allow to make
multiple closely spaced but distinct sub-branches. Steps with decisive conclusion about the origin of the multiple flux-
almost constant voltage in Fig. 10 may represent geometricdlow sub-branches. In our mesas with the small number of
resonances. SJJ's,N=5, splitting of Swihart velocities becomes large.
Previously, similar multiple flux-flow sub-branches were This splitting is almost two orders of magnitude larger than
observed for LTSC Nb/Cu multilayeéfsand HTSC mesa¥.  the splitting visible in Fig. 9. We should also note that the
Multiple jumps in transverse resistance as a functiorHof number of sub-branches is not limited by the number of
related to switching between different sub-branches wer&JJ's in the mesa. All this rules out the explanation of mul-
also observed for Nb/Cu ML's (Ref. 24 and tiple flux-flow sub-branches observed here, in terms of the
YBa,Cu0;_,.*° The known reason for the existence of splitting of Swihart velocities.
multiple branches in IVC’s of Josephson junctions is geo- In Ref. 24 it was proposed that multiple flux-flow sub-
metrical resonances. In IVC’s of long junctions, geometricbranches represent propagation of different fluxon modes.
resonances are represented by a dense set of Fiske steps witre number of fluxons and the propagation velocities of dif-
constant voltage, see, e.g., Ref. 53, and references therefierent modes are basically different. Therefore, closely
For long SJJ's, voltage spacing between various Fiske stepaced flux-flow sub-branches, with the total numoeuch
may decrease with respect to a single junction due to thérger than the number of junctions in the starlay appear.
splitting of Swihart velocities and appearance of two-Recently the existence of multiple fluxon modes in the dy-
dimensional geometric resonané@sThe splitting was ob- namic state of SJJ’'s was supported by direct numerical
served for LTSC SJJ'4Refs. 49, 30 and could be respon- simulations?*
sible for the dense step structure in Fig. 10. For Bi2212 Figure 11 represents numerical modeling of thes VV/H
mesas, the Fiske step structure in IVC’s was observed in Re€urves for our Bi2212 mesas. In the simulations we have
51 However, geometrical resonances can hardly explain muchosen parameters typical for our mesas=5, J.
tiple sub-branches, shown in Figs. 9 and 10. Indeed, the sub-10°A/cm?, s=15A, d=3 A, and \;~0.5-1um. The
branches in Fig. 9 do not show steps of constant voltage, bytarameters of JJ's were identical, except for larger thickness
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of the bottom electrode}; =6 A, in order to imitate the bulk that both HTSC mesas and LTSC multilayers exhibit similar
crystal beneath the mesa. The damping parameter wamomalous propertiesi) The c-axis critical current is mul-

a=0.05.V and H are normalized tovy= (dy/2mc)cy/N;  tiple valued as a function of temperature, Figs. 1-3, and
~0.2mV andHy=®,/7AN;~0.2 Oe, respectively. Figure in-plane magnetic field, Fig. 5, and consists of multiple sub-

11 reproduces quantitatively the experimenvdH values,

branches (T,H). (ii) The critical current exhibits extremely

see Fig. 7. At largéd the curves merge into one. Here the top large fluctuations and probability distributiét(I ;) has mul-

fluxon velocity is close to the lowest Swihart velocify*°
Cs, as indicated by the dashed vertical line. At snmélthe

tiple maxima, Fig. 2(iii) Thel (H) patterns are aperiodic,
Fig. 5. (iv) In the dynamic state, the flux-flow IVC’s consist

flux-flow voltage is strongly fluctuating and tiny sub- of multiple closely spaced sub-branches and exhibit large
branches can be found after closer examination. Those suliuctuations due to switching between the sub-branches. Ex-
branches correspond to propagation of different quasiequilibperimental data are in good agreement with numerical simu-
rium fluxon mode$?* characterized by different fluxon lations for the stack of long strongly coupled Josephson junc-
distributions in the stack. Typical modes are indicated in Figtions. All this is taken as experimental evidence for the
11 for selected IVC's. Both the number of fluxons andexistence of multiple quasiequilibirium fluxon modes in in-
propagation velocities of different modes are in general diftrinsic SJJ’s both in static and dynamic states. Fluxon modes/
ferent. Certain probability for realization of different fluxon submodes represent different quasiequilibrium fluxon
modes results in fluctuations of flux-flow voltage and appearconfiguration$:*® Due to the existence of multiple fluxon
ance of multiple flux-flow sub-branches. The fluxon latticemodes and submodes the state of the stack is not well de-
becomes stable only at large fields, see mdde 16, 16, 16, fined, but can only be described statistically with a certain
16) atH~0.5T in Fig. 11. More detailed analysis of JFFB’s probability of being in any of the quasiequilibrium states.
in SJJ's can be found in Ref. 54. Switching between theTherefore, we emphasize the importance of statistical analy-
fluxon modes and submodes and correlated fluctuations «fis of experimental data for long strongly coupled SJJ's.
the flux-flow voltage due to switching between flux-flow Measurements of model LTSC multilayers allow us to un-
sub-branches is a likely alternative reason for the broadbanambiguously relate the anomalous behavior with appearance
radiation from intrinsic SJJ'S of “intrinsic” SJJ’s in the 2D state.
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