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Comparison of Josephson fluxon modes in high- and low-temperature superconducting
stacked Josephson junctions

V. M. Krasnov,* V. A. Oboznov, and V. V. Ryazanov
Institute of Solid State Physics, 142432 Chernogolovka, Russia

N. Mros, A. Yurgens,† and D. Winkler‡

Department of Microelectronics and Nanoscience, Chalmers University of Technology, S-41296 Go¨teborg, Sweden
~Received 25 June 1999!

We experimentally study and compare the perpendicular~c-axis! transport properties of layered high-Tc

superconductor~HTSC! Bi2Sr2CaCu2O81x and low-Tc ~LTSC! Nb/Cu multilayers. Both for HTSC and LTSC
samples similar anomalous features were observed.~i! The c-axis critical currentI c is multiple valued as a
function of temperatureT and in-plane magnetic fieldH. ~ii ! I c exhibits extremely large fluctuations and the
probability distributionP(I c) has multiple maxima.~iii ! The I c(H) patterns are aperiodic.~iv! 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.
av
co

-
ck

J
-

if-

ag
tin

h
v

s
i

o
ns
tu
s

to
e-

n

s
.
a
ve

c-
efs.
bly
lly

-
tice
re
ble

.
ag-

er

w
.

’s
ch
-

-
the

eri-

ly
-
led
e-
ri-

the
I. INTRODUCTION

Vortex related properties of layered superconductors h
been extensively studied in the last decade especially in
nection with high-Tc superconductors~HTSC!. Highly aniso-
tropic HTSC compounds exhibit well defined two
dimensional~2D! properties and can be considered as sta
of 2D atomic scale superconducting layers~ab planes! with
Josephson coupling between them. Such intrinsic stacked
sephson junctions~SJJ’s! could be promising objects for ap
plications in cryoelectronics.

Physical properties of intrinsic SJJ’s are qualitatively d
ferent from that of anisotropic three-dimensional~3D! super-
conductors. This is reflected in the vortex structure for m
netic field parallel and perpendicular to the superconduc
~S! layers. In a perpendicular field~along thec axis! the
vortex consists of a number of 2D pancake vortices in eacS
layer.1 The pancake vortices are of Abricosov type and ha
a normal core and circulating supercurrents in theab plane
with a characteristic lengthlab . Properties of such vortice
are well studied, for a review see, e.g., Ref. 2, and we w
not consider those here. A transition from three-to-tw
dimensional vortex system via a smectic phase, comme
rate with the layered structure of superconductor, was s
ied in Ref. 3 for parallel and slightly tilted magnetic field
with respect to theab plane. The commensurability is due
intrinsic pinning,4 which tends to locate parallel vortices b
tween S layers. Such vortices~fluxons! are of Josephson
type. They have circulating currents flowing both along a
acrossS layers and do not have the normal core.

The shape of a single fluxon in layered superconductor
large distances from the fluxon center was studied in Refs
6 for identical and nonidentical layers, respectively. It w
shown, that the magnetic field of the fluxon is extended o
many layers with the characteristic length;lab along thec
PRB 610163-1829/2000/61~1!/766~12!/$15.00
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axis. For the case of SJJ’s with a limited number of jun
tions, the shape of the single fluxon has been studied in R
7–9. It was shown that fluxon shape could be considera
different from that in a single Josephson junction, especia
in the dynamic case.9 At large parallel magnetic field, Jo
sephson vortices are believed to form a regular fluxon lat
~FL! due to repulsive fluxon interaction. Since fluxons a
spread over a large number of layers, it may not be favora
to have a perfect translational symmetry along thec axis,
needed for a triangular FL, and the FL may be rhombic10

However, the perfect FL can be achieved only at large m
netic fields, when the spacing between fluxons along theab
plane is of the order of the Josephson penetration depthlJ

5gs, whereg is the anisotropy factor ands is the stacking
periodicity. The corresponding fieldF0 /gs2, is of the order
of 1T for Bi and Tl based HTSC’s. This field is much larg
than the lower critical field11,12 Hc1

i ;mT.
The fluxon distribution in layered superconductors at lo

fields Hc1
i

,H,F0 /gs2, is still a matter of controversy
Levitov10 have found ‘‘phyllotaxis’’ and bifurcations in the
FL at low fields, due to existence of multiple metastable FL
with approximately equal energies. In Ref. 13, this approa
was extended using a ‘‘growth’’ algorithm, allowing varia
tion in the FL along thec axis. Although restricted to con
stant space periodicity both along and across layers,
model showed the existence of a large variety of quasi p
odic or aperiodic fluxon configurations in thec-axis direc-
tion. At low fields, the fluxon system becomes complete
frustrated and tends to be chaotic.13 Recent numerical simu
lations revealed that fluxons in SJJ’s may from buck
chains14,15 instead of the regular FL. Clearly, the lattice d
scription of fluxon distribution in SJJ’s becomes unapprop
ate at low magnetic fields.

Recently, a fluxon mode approach was developed for
766 ©2000 The American Physical Society
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analysis of fluxon distribution in SJJ’s with a small numb
of junctions and fluxons.8 It was shown that for given exter
nal conditions, multiple quasiequilibrium fluxon configur
tions ~modes! exist in long,L@lJ , strongly coupled SJJ’s
The modes are characterized by different fluxon distributi
in the stack and do not have a priori any translational sy
metry. We will use a string (n1 ,...,ni ,...,nN) as a short
notation of fluxon modes, whereni is a number of fluxons in
junction i andN is the number of junctions in the stack. F
example the mode~1, 0, 0! corresponds to a single fluxon i
junction 1 in a stack of three Josephson junctions. Due
existence of multiple quasiequilibrium fluxon modes, t
state of the stack for given external conditions~magnetic
field H and temperatureT! is not well defined. It can be
described only statistically with a certain probability of bei
in any of the modes. Neither the number of fluxons in ea
junction nor even the total number of fluxons in the stack
fixed for givenH andT. In Ref. 16, the existence of fluxo
submodes was shown, which have the same number of
ons but are different with respect to fluxon sequence
symmetry of the phase difference in the junctions~along the
ab plane!. In experiment, multiple fluxon modes and su
modes result in multiple valuedc-axis critical currentI c ,17

and a complicated aperiodicI c(H) dependence.16 Moreover,
since different fluxon modes/submodes may have similar
ergies, the fluxon system is frustrated and may exhibit str
fluctuations. This may account for unusualc-axis transport
properties of Bi2Sr2CaCu2O81x ~Bi2212! mesas.17,16 Due to
difficulties in interpretation of HTSC data, the study
model artificial low-Tc ~LTSC! layered structures with wel
defined and controllable parameters is of particular intere

In this paper we present a comprehensive study of m
tiple Josephson fluxon modes in HTSC Bi2212 mesas
LTSC Nb/Cu multilayers~ML’s !. Similar anomalous behav
ior was observed both for LTSC and HTSC structur
Namely, it was shown that thec-axis critical current is mul-
tiple valued as a function of temperature and parallel m
netic field and exhibits strong fluctuations. In the dynam
state, the flux-flow branch appears in the current-volta
characteristics~IVC’s!. It consists of multiple closely space
subbranches. Experimental data are in agreement with
merical simulations and implies the existence of multip
quasiequilibrium fluxon modes and submodes in lo
strongly coupled SJJ’s. Moreover, from the study of LTS
ML’s we unambiguously correlate the appearance of ano
lous behavior with the appearance of SJJ’s in the ML, wh
it undergoes the 3D-2D crossover.

The paper is organized in the following way. In Section
we introduce the coupled sine-Gordon equation,7 which is
used for numerical simulations. In Sec. III the samples
described. In Sec. IV we present main experimental and
merical results relevant to observation of fluxon modes
layered superconductors. The section is subdivided into
subsections:~A! temperature dependence of the critical c
rent; ~B! magnetic field dependence of the critical curre
~C! the lower critical field and ineffectiveness of screenin
and ~D! observation of multiple flux-flow subbranche
Throughout the section we compare HTSC and LTSC d
with numerical simulations. Finally, we discuss the obtain
results and make the conclusions.
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II. GENERAL RELATIONS

First, we briefly describe the formalism of the couple
sine-Gordon equation used in our numerical simulatio
More details can be found in Ref. 8. We consider a sta
with the overlap geometry, consisting ofN junctions with the
following parameters:Jci the critical current densityCi and
Ri , the capacitance and the quasiparticle resistance per
area, respectively,t i , the thickness of the tunnel barrier be
tween the layers,di andlSi , the thickness and London pen
etration depth ofS layers, andL,Ly , the lengths of the stack
along thex and y axes, respectively. The elements of t
stack are numerated from the bottom to the top, so that ju
tion i consists of superconducting layersi, i 11 and the tun-
nel barrieri.

The gauge invariant phase difference,w i , in long SJJ’s
can be described by the coupled sine-Gordon equation7

w95A•Jz2Jb . ~1!

Here w is the column ofw i , ‘‘primes’’ denote spatial
derivatives along the junction length,A is a symmetric tridi-
agonalN3N matrix the only nonzero elements of which a

Ai ,i 2152Si /L1 ; Ai ,i5L i /L1 ; Ai ,i 1152Si 11 /L1 .

Here

L i5t i1lSi cothS di

lSi
D1lSi11 cothS di 11

lSi11
D ,

Si5lSi cosechS di

lSi
D .

Jz is the vector representing the current density across
junctions, which consists of three main components: the
percurrent, the displacement current and the normal~quasi-
particle! current:

Jzi5
Jci

Jc1
sin~w i !1

Ci

C1
ẅ i1a1

R1

Ri
ẇ i . ~2!

Here dots denote time derivatives anda1

5AF0/2pcJc1C1R1
2 is the damping parameter of junction 1

F0 is the flux quantum andc is the velocity of light in
vacuum.

In Eq. ~1!, Jb represents the bias current density and
arbitrary bias configuration can be written as8

Jbi5
L i*

2Jc1L1
F (

i 12

N11

DJy j2(
1

i 21

DJy j1S 11
2Si 11

L i*
DDJyi11

2S 11
2Si

L i*
DDJyiG , ~3!

whereDJyi5@ I yi(Ly)2I yi(0)#/(LLy), and

L i* 5L i2Si2Si 11 ~4!

is the effective magnetic thickness of junctioni. In Eq. ~1!
we have normalized space and time to the Josephson
etration depth, l j 15AF0c/8p2Jc1L1, and the inverse
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768 PRB 61V. M. KRASNOV et al.
plasma frequency of a single junction 1, 1/vp1

5AF0C1/2pcJc1, respectively.
Equation ~1! should be supplemented by the bounda

conditions

w1852
HL i*

H0L1
, ~x50,L !. ~5!

Here H is the applied magnetic field in they-axis direction
andH05F0 /plJ1

L1 .
The system of nonlinear second order differential eq

tions, Eq.~1!, with the boundary conditions, Eq.~5!, were
solved numerically using a finite difference method.9,16 The
temperature dependence was introduced via temperatur
pendence ofJci(T) andlsi

22(T), for which we have used a
simple monotonous function;12(T/Tc)

2, typical for
Nb.18,19

III. SAMPLES

The multilayered Nb/Cu sandwiches were fabricated o
single crystalline Si substrate. The sample consisted of th
top and bottom Nb electrodes, an isolating SiO2 layer and the
multilayer. The Nb/Cu ML’s were prepared by rf sputterin
The ML’s consist of ten Cu layers with the thicknessdN
515 nm and ten Nb layers with the thicknessdS520 nm.
Together with the superconducting electrodes this consti
ten stackedSNS~S: superconductor,N: normal metal! junc-
tions. Sample layout and details of sample fabrication can
found in Ref. 20. The ML’s were 20mm in diameter. The
transverse normal state resistance was several mV, which is
larger than expected for uniform metallic film.20 We attribute
the enhanced values of resistance to the existence of a
tional tunnel resistances at the Nb/Cu interfaces which
inversely proportional to the interface transparency,21 b.
From calculation of the proximity effect in our ML’s we
estimate19 b;0.360.1. Therefore, the actual structure of o
ML’s is SINIS ~I: insulator!. In addition to the increase o
transverse resistance, the finiteb results in appearance o
hysteresis22 in the IVC’s at lowT, see inset in Fig. 5~a!, and
in large anisotropy,23 g510–15. Note, that the finite trans
parency was also reported for Nb/Al interfaces.21 The exis-
tence of SJJ’s in our ML’s was confirmed by observati
both ac ~Ref. 20! and dc ~Ref. 24! Josephson effects. W
should note, that bulkS electrodes contribute to a screenin
of magnetic field and the actual field in the ML is less th
the applied field. Magnetic19,23 and transport20,22,24,25proper-
ties of our ML’s both along and across layers have be
studied and parameters of layers are rather well establis
Both Nb and Cu layers are characterized by a short m
free path and are close to the dirty limit. From measureme
of the lower19,23 and the upper24,23 critical fields, we can
estimate the London penetration depth of Nb atT50 K to be
lNb(0);120– 150 nm, and the Ginsburg-Landau parame
k;10. Thus, layers are much thinner than the London p
etration depth and are of the order the coherence length

The longitudinal transport measurements were carried
on a ML bridge with Cu as outmost layers to avoid surfa
superconductivity. The ML’s then consisted of 12 Nb laye
and 13 Cu layers.

For studying intrinsic Josephson effect in HTSC’s, me
-
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with dimensions 20310 and 50310 mm2 were fabricated on
surfaces of Bi2212 single crystals. The mesas typically c
tain 4–10 intrinsic SJJ’s. The patterning was made by p
tolithography and chemical etching. Several contacts on
top of the mesas allowed us to make four-probe meas
ments. More details about the sample fabrication and lay
can be found elsewhere.26 Bi2212 is a highly anisotropic
layered superconductor. The anisotropy of transport prop
ties inab andc directions is very large,g;103, and depends
on the doping level.27 It is widely accepted, that in Bi2212
superconducting CuO double layers are weakly coup
through the intermediate SrO and BiO layers thus form
tunnel type intrinsic SJJ’s.27–29 Indeed, thec-axis IVC’s ex-
hibit a pronounced hysteresis with a well defined superc
ducting branch and multiple quasiparticle branches,27–29 see
inset in Fig. 5~b!. Comparison ofc-axis properties of Bi2212
with that of SIS-type LTSC Nb/AlOx /Nb stacked Josephso
junctions shows many similarities.30,31 On the other hand,
particular properties of intermediate layers may have a str
impact on the properties of intrinsic Josephson junctions
is known that BiO layers act as a charge reservoir for
CuO layers. SrO layers most probably are inert. Certain
perimental observations indicate that BiO layers may be m
tallic or even superconducting.29 The properties of BiO lay-
ers strongly depend on the O-doping level. With increas
doping, the carrier concentration at BiO layers increas
This results in a decrease of anisotropy and thec-axis resis-
tivity rc , increase of the critical currentI c , and disappear-
ance of hysteresis in the IVC’s.27,32 Similar or even more
pronounced features were observed for Bi substituted c
pounds, such as (Bi12yPby)2Sr2CaCu2O81x , see Ref. 27.
Therefore, Bi2212 can be considered as a stack ofSINISor
SI1S1I 2S1I 1S junctions29 ~S1 is a superconductor with lowe
Tc!, rather than simplySISjunctions. Properties ofSNSjunc-
tions depend strongly on properties of the normal layer a
the transparency of theS/N interfaces. In Ref. 21, the gen
eral case of dirtySI1S1IS2I 2S single junction with arbitrary
junction parameters was considered both theoretically
experimentally for Nb/Al1 /AlOx /Al 2 /Nb junctions. It was
shown, that for the case of thin normal layers,dS1,2<jS1,2,
with small interface transparency or low conductivity, th
behavior ofSI1S1IS2I 1S junction can be close to that ofSIS
junction. On the other hand, certain differences remain, e.
knee in the IVC just above the sumgap.21,33 Therefore, it is
interesting to make a comparison between Bi2212 and
Nb/Cu ML’s, which as we mentioned above, haveSINIS
structure. Moreover, in our ML’s the condition,d!lS ,
which is typical for HTSC, is satisfied much better than
typical artificial SISSJJ’s. Thus, SJJ’s both in HTSC and
our ML’s are in the strong electromagnetic coupling lim
Estimation oflJ(T50) yields;0.5–1mm for Bi2212 and
;4–5 mm for Nb/Cu ML’s, thus both HTSC and LTSC
SJJ’s are long compared tolJ up to T very close toTc .

IV. RESULTS AND DISCUSSION

Below we present transport measurements for differenT
and H. The samples were cooled in helium vapor and
temperature was stabilized by a temperature controller w
an accuracy better than 0.05 K. For measurements below
K the sample was immersed into liquid He bath, connec
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to a monostat. The temperature was regulated from the p
sure of He vapor. Magnetic field parallel to the layers w
supplied by a superconducting solenoid, operating in a p
sistent mode forH.1 T. The accuracy of field alignmen
was about one degree. The noise level in the experime
setup was carefully checked to ensure that external nois
not a cause for observed anomalous behavior. To estim
the noise in the setup we measured the fluctuation indu
escape temperatureTesc from the zero voltage state for
small LTSC Nb/NbOx /Pb tunnel junction. AtT54.2 K, the
estimatedTesc.5 K and the spread of the critical current w
DI c;1.2mA for a junction with I c.0.5 mA.17 This indi-
cates a low external noise level in the setup.

A. Temperature dependence of the critical current

In Fig. 1, temperature dependence of the critical curren
shown for Bi2212 mesas with lengths~a! 20 mm and~b! 50
mm. Measurements were done in an ambient magnetic fi
;0.5 Oe. Figure 1~b! represents ordinary measurement,
which I c is obtained from a single switching event from th
zero-voltage state. Normally we used a 1mV criterion for
determination ofI c . Solid and open symbols in Fig. 1~b!
correspond to increasing and decreasing temperature, re
tively.

As we mentioned, the statistical analysis of SJJ’s is v
important. Figure 1~a! showsI c(T) deduced from the prob
ability distribution functionP(I c). To obtain P(I c), 5120
switching events from the zero-voltage state were meas
in a row17 for eachT. The I c was determined as the max
mum of P(I c). Typical switching events for a similar mes
at T54.2 K andH50 are indicated by arrows in inset in Fig

FIG. 1. Temperature dependence of the critical current for~a! 20
mm and ~b! 50 mm long Bi2212 mesas.~a! represents results o
statistical analysis with symbols corresponding to maxima in pr
ability distribution.~b! represents single run measurements.
s-
s
r-

tal
is
te

ed

is

ld

ec-

y

ed

5~b!. Different symbols in Fig. 1~a! represent different tem
perature sweeps, all made while decreasing temperature
aboveTc .

Figure 2 shows a gray scale plot ofP(I c) for a single
temperature sweep and for another 50mm long mesa. Darker
regions correspond to a larger probability. The inset in Fig
shows profilesP(I c) for several temperatures in the rang
40 K,T,60 K.

From Figs. 1 and 2 it is seen thatI c(T) for Bi2212 mesas
is quite anomalous. For example, it is possible to observ
sudden decrease ofI c with decreasingT, see Fig. 1~b!. The
I c(T) is multiple valued and consists of several branch
The switching between branches is hysteretic. TheI c(T) pat-
terns depend on biasing configuration and show strong
history dependence, see Fig. 1~a!. The characteristic feature
of I c(T) patterns is extremely large fluctuations, which
certainT are of the order of the critical current itself. Suc
strong fluctuations can not be explained by external nois
the setup. Our estimation shows that for a single intrin
Josephson junction with the sameI c as in Fig. 1~a!, the ex-
ternal noise together with temperature induced fluctuation
T54.2 K would correspond to a spread inI c less than the
size of symbols in Fig. 1~a!. From Fig. 2 it is clearly seen
that the probability distributionP(I c) is not simply wide, but
it consists of several superimposed peaks, each peak re
senting a certainI c(T) branch.

The lower panel of Fig. 3 shows the perpendicular critic
current,I c(T), for Nb/Cu ML. Different symbols correspon
to different runs. Measurements were done atH;10 mT
along the layers. It is seen thatI c strongly fluctuates below
;5 K. The top panel in Fig. 3 shows the upper critical fie
Hc2(T) for H parallel ~solid rectangles! and perpendicular
~open circles! to the layers.Hc2 was obtained from 50% o
longitudinal resistive transition with the probe current a
plied along the layers.24 The solid line in the top panel rep
resents the square root dependence (12T/T* )1/2. A linear-

-

FIG. 2. A gray scale plot of the probability distributionP(I c)
for a single temperature sweep for 50mm long mesa. Darker re-
gions correspond to a larger probability. Inset shows profilesP(I c)
for several temperatures. Multiple peaks inP(I c) are seen.
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to-square root transition inHc2
i is seen, being the well known

indication of the three-to-two ~3D-2D! dimensional
crossover.34,35

The 3D-2D crossover is one of the peculiar properties
superconducting ML’s. The ML behaves as if being unifo
across layers forT.Tcr ~3D state!, while at lower tempera-
tures ~2D state! individual layers are distinguishable. Th
3D-2D crossover was observed experimentally for vario
types of artificial LTSC multilayers, see, e.g., Ref. 34. Qua
tatively, the 3D-2D crossover occurs35 when the coherence
length jc , in the direction across layers becomes less t
the interlayer spacings. In our ML’s, the 3D-2D crossover is
well studied, see, e.g., Refs. 23, 20, 22, 24. It is import
that in the 2D state, ‘‘intrinsic’’ Josephson effect betwe
individual layers of the ML appears and the ML can be co
sidered as a stack of Josephson junctions. Among the m
observations of the Josephson phenomena in the 2D sta
our Nb/Cu ML’s we mention:~i! observation of Shapiro
steps in the perpendicular IVC’s showing the existence of
SJJ’s at lowT.20 ~ii ! Appearance of a hysteresis in the IVC
at low T ~Refs. 22, 20! @see also inset in Fig. 5~a!# and a
change inI c(T) behavior.22 ~iii ! A steplike increase of the
anisotropy of the lower critical field,23 Hc1 , at T,Tcr ,
caused by transformation of the vortex parallel to layers fr
Abricosov to Josephson type, when the vortex core could
imbedded betweenS layers.~iv! Appearance of the intrinsic
pinning,4 preventing vortex motion across the layers and
sulting in a sharp drop of resistivity forH parallel to layers
was observed in Ref. 24.~v! A clear periodic modulation of
the transverse resistance as a function of parallel magn
field was observed atT;Tc , with the periodicity given by
flux quantization in the individual Nb/Cu/Nb junctions.24 Fi-

FIG. 3. The lower panel showsI c(T), for Nb/Cu multilayer.
Different symbols correspond to different runs. The top pa
shows the upper critical fieldHc2(T) for the field parallel~solid
rectangles! and perpendicular~open circles! to the layers. The solid
line represents a square root dependence, (12T/T* )1/2. Arrows
show that strong fluctuations ofI c take place below the crossove
temperature.
f
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nally, a direct observation of subdivision of our ML’s int
SJJ’s with the 3D-2D crossover was made in Ref. 20.

The arrows in Fig. 3 show, that the appearance of str
fluctuations ofI c is connected with transition of the ML into
the 2D state and appearance of SJJ’s atT,Tcr . Similar to
Bi2212, the existence of so large fluctuations cannot be
plained neither by the noise in setup nor by temperature
duced fluctuations in a single junction with the sameI c .
Indeed, it is clear that the external noise does not depen
T, while temperature induced fluctuations should only d
crease with decreasingT, in contrast to Fig. 3.

For Bi2212 we also observed a decrease of fluctuation
high temperature.17 As a rule, we observed a very narro
peak inP(I c), close toTc , see Fig. 2. An estimation show
that the 3D-2D crossover in Bi2212 should take place a f
degrees belowTc . Indeed,;2 K below Tc the features of
the intrinsic Josephson effect disappear, e.g., the quasip
cle branching and hysteresis in the IVC’s vanish, similar
that for Nb/Cu ML’s, see inset in Fig. 5~a! and flux-flow
features in IVC’s change the curvature.36 Evidence for the
3D-2D crossover in Bi2212 and YBa2Cu3O72x HTSC com-
pounds were also obtained from magnetization meas
ments in Refs. 2, 37. TheP(I c) pattern shown in Fig. 2 is
consistent with the 3D-2D crossover taking place in Bi22
close toTc . On the other hand, for several mesas we o
served, that theP(I c) may become narrow well below th
estimated temperature of the 3D-2D crossover. This
course does not mean that theTcr is lower for those mesas
but can be due to phase-locking of several junctions in
stack.17

To understand the observed features we have perfor
numerical simulations of the coupled sine-Gordon equati
Eq. ~1!, with boundary conditions given by Eq.~5!. In Fig. 4
simulatedI c(T) dependencies are shown for a stack of t
overlap geometry,8 consisting of three SJJ’s forH50. For
simulations we have chosen parameters typical for
Bi2212 mesast123512 Å, d22453 Å, lJ(T50)51 mm,
the critical current densitiesJc123 , are identical andL
510mm. In order to account for the presence of a bu
single crystal beneath the mesa we taked1510 Å. The Lon-
don penetration depth ofS layers, lS124(T50)5750 Å,
was estimated from the expression1,38 lS5labAd/s.

From Fig. 4 it is seen thatI c(T) in long strongly coupled
SJJ’s is multiple valued and consist of multiple distin
branches, in qualitative agreement with the experiment, F
1. Different symbols in Fig. 4 correspond to separate ru
with increasing or decreasing temperature and/or differ
initial conditions. As seen from Fig. 4, we also observ
hysteretic switching between branches and a prehistory
pendence in our numerical simulations. Insets in Fig. 4 sh
the number of fluxons in junctions 1–3,ni5Dw i /2p, where
Dw i5w i(L)2w i(0) is the total phase variation along th
junctions. From the insets it is seen that eachI c(T) branch
corresponds to a particular phase distribution in the sta
i.e., to a particular fluxon mode. FourI c(T) branches corre-
sponding to the Meissner state, mode~0,0,0!, and three sim-
plest fluxon-antifluxon modes,~21,1,0!, ~0,21,1!, and ~1,0,
21!, are marked in Fig. 4.

Previously, the existence of multiple valuedI c was shown
for H.Hc1 , when it is energetically favorable to have flux
ons inside the stack.17 The important difference of Fig. 4 is

l
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that here we considered fluxon-antifluxon modes and sh
that multiple branching ofI c sustain atH50. Another dif-
ference is in the magnitude ofI c . In the presence of the
unbound fluxon, there is a Lorentz force acting on the flux
from the bias current andI c is determined by the pinning a
the edges of the junction. This results in a relatively sm
I c . On the other hand, there is no net Lorentz force on
coupled fluxon-antifluxon pair andI c is determined by the
force required to unbound the pair. For example, the flux
antifluxon pair has a lower bound energy and a lowerI c for
~1,0,21! than for ~21,1,0! mode, see Fig. 4. The unboun
force strongly depends on the electromagnetic coupling
the stack. As can be seen from Fig. 4,I c can be a significan
fraction of the maximum critical current,I c(0), for strongly
coupled SJJ’s.

For the real experimental situation, shown in Figs. 1–
both fluxon and fluxon-antifluxon modes can be respons
for multiple valuedI c at H50. For Bi2212 mesas we ca
expect a certain self-induced magnetic field due to nonu
form biasing, which is required for the four probe measu
ments. Indeed, we observed an asymmetry in IVC’s for po
tive and negative currents, consistent with the self-fi
effect due to nonuniform bias.39 For Nb/Cu ML’s the self-
field effect should be less pronounced, although we can
exclude it completely because of the large value of bias c
rent.

B. Magnetic field dependence of the critical current

The dependence of thec-axis critical current on magneti
field in the ab plane I c(H), is a crucial test for the dc Jo
sephson effect. In a single Josephson junction, Fraunh

FIG. 4. SimulatedI c(T) dependencies for three SJJ’s with p
rameters typical for Bi2212 mesas andH50. Different symbols
correspond to separate runs with increasing or decreasing tem
ture and/or different initial conditions. Insets show the number
fluxons in the junctions. TheI c(T) branches for~0, 0, 0! mode, and
three simplest fluxon-antifluxon modes,~21, 1, 0!, ~0, 21, 1!, and
~1, 0, 21!, are marked in the figure.
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type modulation ofI c(H) occurs as a result of flux quant
zation in the junction, with the periodicity

DH5F0 /LL* , ~6!

whereL* is the effective magnetic thickness of the junctio
Eq. ~4!. For SJJ’s with thin layersL* .s. Similar periodic
modulation should be observed for short SJJ’s,40,16 L,lJ .

In Ref. 16, I c(H) for long strongly coupled SJJ’s wa
considered. It was shown that theI c(H) pattern in this case
is very complicated and does not exhibit clear periodic
due to existence of multiple quasiequilibrium fluxon mod
and submodes.

Experimentally obtained I c(H) dependencies atT
54.2 K are shown in Fig. 5 for~a! Nb/Cu ML and ~b!
Bi2212 mesa withL520mm. We note that forH parallel to
the layers, a low resistance flux-flow branch developed
IVC’s both for Nb/Cu ML’s and Bi2212 mesas, see the ne
section.I c was determined as a current, at which the fi
deviation from zero voltage appeared (V;1 mV!, rather
than the current at which switching from flux-flow to quas
particle branch takes place. Inset in Fig. 5~a! shows IVC’s of
the Nb/Cu ML atT51.4 K ~dotted curve!, 6.2 K ~dashed
curve!, and 7.8 K~solid curve! at zero field. It is seen tha
pronounced hysteresis, with well defined superconduc
and normal branches, exists at low temperatures. Ano

ra-
f

FIG. 5. TheI c(H) dependencies atT54.2 K are shown for~a!
Nb/Cu ML and~b! Bi2212 mesa withL520mm. In ~a! different
symbols represent different runs, each point representing a si
measurement.~b! shows the result of statistical analysis with sym
bols representing maxima inP(I c). Inset in ~a! shows IVC’s of
Nb/Cu ML at T51.4, 6.2, and 7.8 K. Inset in~b! shows quasipar-
ticle IVC’s for Bi2212 mesa atT54.2 K.
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772 PRB 61V. M. KRASNOV et al.
characteristic feature of IVC’s is the excess current,41,42

which indicates the proximity effect in our ML’s, otherwis
the IVC’s are resembling that for resistively shunted junct
~RSJ! model.43 Inset in Fig. 5~b! shows quasiparticle
branches for Bi2212 mesa atT54.2 K. It is seen that the
mesa consists of five intrinsic SJJ’s. Arrows indicate so
typical switching events from zero-voltage state forH50.

In Fig. 5~a!, different symbols represent different ze
field cooled runs with increasing field. Each point represe
a single measurement. Figure 5~b! shows the result of statis
tical analysis ofI c , similar to that in Fig. 1~a! and Fig. 2. In
this case 2048 switching events from zero-voltage state w
measured.I c was determined16 from the maximum ofP(I c).
Solid and open symbols in Fig. 5~b! represent main and sec
ondary peaks in the probability distribution, circles and d
monds represent measurements with increasing and dec
ing H, respectively. As in the case of Fig. 1~a! and Fig. 2,
P(I c) was very wide and consisted of several maxima si
lar to that in inset of Fig. 2. From Fig. 5~b! it can be seen tha
fluctuations are reduced at large fields. AtH50.45 T the
width of the probability distribution was about 2.5mA, while
at low fields it was almost 0.5 mA. Clearly the noise level
the setup does not decrease with increasing field and, t
can not be the reason for the observed phenomenon.

Figure 6 presents the numerically simulatedI c(H) pattern
for the same stack as in Fig. 4 atT50. Parameters are typica
for our Bi2212 mesas. The magnetic field is normalized
H05F0 /plJ2L2;0.1– 0.2 Oe. Therefore, Figs. 5~b! and 6
have approximately the same scale inH. Different symbols
in Fig. 6 represent three different runs, runs 1,2 for incre
ing ~solid squares! and decreasing~open circles! field, start-
ing from ~0, 0, 0! mode. Run 3~open diamonds! was made

FIG. 6. SimulatedI c(H) patterns for three SJJ’s with paramete
typical for Bi2212 mesas atT50. Different symbols represent thre
different runs. Insets~a–c! show the number of fluxons in junction
1–3, respectively. Solid lines represent the ‘‘expected’’ numbe
fluxons given by Eq.~5!. Inset~d! shows details ofI c(H) pattern at
largeH for two runs. Grid spacing is equal to ‘‘expected’’ period
icity, Eq. ~6!.
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for increasing field starting from~21, 1, 0! mode. Insets
~a!–~c! show the number of fluxons in junctions 1–3, respe
tively. Solid lines represent the ‘‘expected’’ number of flu
ons given by Eq.~5!. Inset~d! shows details ofI c(H) pattern
at largeH for two runs from Fig. 6. Grid spacing in inset~d!
is equal to the expected periodicity,DH, Eq. ~6!

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

~i! I c is strongly suppressed by the in-plane magne
field. Fitting at large fields yields,I c}H2h, with h51.360.1
for the Nb/Cu ML, h51.660.1 for the Bi2212 mesa and
h51.260.1 for numerical simulations. The power law d
crease of the maximumI c(H), with the exponenth, depen-
dent on the sample geometry and bias conditions is typ
for Josephson junctions.44 The large suppression ofI c in Fig.
5 indicates that samples are properly oriented with respec
magnetic field, so that there are no pancake vortices in thab
planes which might cause the pinning of fluxons. For larg
mesas the misorientation of the field was very crucial
I c(H) patterns. In that case, suppression ofI c was marginal,
I c(H) remained almost constant or even increased withH as
a result of pinning by pancake vortices. We note, that wh
the length of the mesa in the direction of the field is larg
than some correlation length, pancake vortices can be nu
ated by thermal fluctuations even if the sample is perfec
oriented.3 Therefore, small area mesas are needed for
study of I c(H) patterns in HTSC intrinsic SJJ’s.

~ii ! From Figs. 5 and 6 it is seen, thatI c is multiple valued
and I c(H) patterns consist of multiple closely space
branches. Insets~a!–~c! in Fig. 6 show, that each branch
characterized by a certain fluxon distribution in the sta
i.e., corresponds to a certain fluxon mode or submode.
branch corresponding to~21, 1, 0! mode is marked in Fig. 6
In Fig. 6 we intentionally showed only three runs with a fe
sub-branches in order to identify the sub-branches with
corresponding fluxon modes in insets~a!–~c!. More clearly,
the sub-branches can be seen from inset~d! in Fig. 6, in
which we showed only two runs with increasing field.
Ref. 16 it was shown, that the complete set of sub-branc
is extremely dense even for the simplest case of dou
SJJ’s.

~iii ! The I c(H) patterns do not exhibit clear periodicity
For Nb/Cu ML at lowT we observed strong history depe
dence in the variation ofI c(H), but not the periodic modu-
lation, see Fig. 5~a!. Such behavior is consistent with th
previous observation of aperiodic variation of the transve
resistivity, R(H), see Ref. 24. However, in Ref. 24, a tra
sition from aperiodic to periodic modulation ofI c(H), with
periodicity given by Eq.~6!, was observed close toTc for
Nb/Cu ML’s. Such transition was explained by disappe
ance of fluxon modes when the length of SJJ’s becomes
than lJ(T). Indeed, numerical simulations show,16 that the
periodic modulation ofI c(H) is restored when the stack be
comes shorter thanlJ(T), in agreement with Ref. 40. Simi
lar modulation of R(H) close to Tc was reported for
YBa2Cu3O72x in Ref. 45.

The statistical analysis ofI c for Bi2212 mesa in Fig. 5~b!,
provides us with more details and shows explicitly the ex
tence of multipleI c branches. However, looking at the ove
all shape of theI c(H) pattern, we may see only one cle
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maximum atH;0.1 T. Such behavior is consistent with pr
viously obtainedI c(H) patterns for Bi2212 mesas.46 A mark
in Fig. 5~b! shows the periodicity,DH, Eq. ~6!, expected for
intrinsic Josephson junction. It would be very speculative
talk about such modulation both in experiment, Fig. 5~b!,
and in simulations, see inset~d! in Fig. 6.

In Ref. 16 it was shown, that the lack of periodicity
I c(H) pattern is caused by the existence of extremely la
amount of fluxon modes and submodes. For example,
number of submodes for the stack ofN junctions with M
fluxons in total is16

ms5NM.

Comparison of the number of fluxons in the junctio
with what expected for a givenH, see solid lines in insets
~a!–~c! of Fig. 6, shows, that neither the number of fluxo
in each junction, nor the total number of fluxons in the sta
are unambiguously determined by the value of applied m
netic field. Different fluxon modes and submodes have
ferent critical currents. TheI c(H) pattern is determined by
the process of switching between different modes and s
modes. In principle infinite number of modes and submo
makes the allowed values ofI c to be almost continuous lead
ing to the lack of periodicity inI c(H). This does not mean
that something is wrong with the dc Josephson effect in S
but rather is a consequence of the electromagnetic coup
between the junctions.

C. The lower critical field and ineffectiveness of screening

An almost linear decrease ofI c(H) at low fields in Fig. 6
corresponds to the Meissner state of the stack. At the en
the Meissner state fluxons enter one of the junctions in
stack. Normally, this happens at the lower critical field,Hc1 .
However, the Meissner state can hold up to (p/2)Hc1 due to
the pinning at the edges of the junction.44 The Meissner
branch is splitted into sub-branches, with each sub-bra
corresponding to the entrance of a single fluxon into one
the junctions. We can attribute a particularHc1i to each junc-
tion as a field at which the mode (0,...,ni51,...,0) becomes
energetically favorable,8 and define the lower critical field a
Hc15min(Hc1i). A small splitting corresponding to~1, 0, 0!
and~0, 1, 0! modes is seen in Fig. 6. In this case, splitting
caused by the difference in effective magnetic thicknes
L i* , Eq. ~4!. This leads to the difference in the total flu
carried by the fluxon, and consequently to the difference
Hc1i , see Ref. 8. A more dramatic splitting of the Meissn
state can be obtained16 for junctions with differentJci .

We would like to note that the splitting of the Meissn
branch in strongly coupled SJJ’s~i.e., with thin S layers!
remains even if parameters of the junctions are identical~the
only exception is identical double SJJ’s!. The reason is tha
for d!lab , the magnetic field of the fluxon is not confine
in one junction, but is spread over the region;lab in the c
axis.5,6 This makes junctions different with respect to po
tion in thec-axis direction. Indeed, for a stack withN@1, the
total flux of the fluxon in the middle junction isF0 , while it
is only F0/2 for the utmost junctions. SinceHc1i is inversely
o
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proportional to the total flux carried by the fluxon,8 this result
in a factor of 2 difference inHc1i and splitting of the Meiss-
ner branch.

For Nb/Cu ML’s, an almost linear Meissner branch with
small splitting is seen in Fig. 5~a!. From Fig. 5~b! it is seen
that for Bi2212 mesa there is a drop inI c(H) at H
;0.05 T. Comparison ofI c(H) for mesas with different
lengths shows that the position of this drop does not cha
with L. Therefore, we suggest that this drop representsHc1 .
Indeed, a droplike decrease ofI c(H) is typical for junctions
with self-field effect due to nonuniform biasing,39 which is
the case for our mesas.

From Fig. 6 it is seen that multiple sub-branchesI c(H)
exist also inside the Meissner region,H,Hc1 . Those sub-
branches correspond to various fluxon and especially flux
antifluxon modes and submodes, see Fig. 4. Sub-branchin
H,Hc1 is also observed for Bi2212 mesas, see Figs. 1
5~b!. As we discussed in the previous section, fluxo
antifluxon modes and submodes are the likely candidates
explaining this phenomenon. However, splitting of t
Meissner branch and fluxon modes due to self-field eff
cannot be excluded.

Another interesting observation from Fig. 6 is thatHc1
@H0;0.1– 0.2 Oe. We note, that for a single junction wi
bulk electrodesHc15(2/p)H0 , see Ref. 44. However, asd
becomes less thanls , Hc1 increases proportional toL/L*
;ls

2/(ds) for d!ls , although the magnetic induction in th
center of the fluxon remains;H0 , see Ref. 8. The dramati
increase ofHc1 is an indication of ineffectiveness of scree
ing in junctions with thinS layers. Magnetic field penetrate
such junctions almost freely without generation of lar
phase difference.

The ineffectiveness of screening in our Bi2212 mes
containing only five intrinsic SJJ’s, can be seen from F
5~b!. Indeed, the valueHc1;0.05 T is about two orders o
magnitude larger thanHc1 for bulk Bi2212 single crystals.12

For Nb/Cu ML we also observed a large value ofHc1 , how-
ever, the effect is larger than we can expect, probably du
screening from bulk Nb electrodes.

D. Multiple flux-flow sub-branches

So far we have considered only the static case. In
section we analyze the dynamic behavior of our samples
the dynamic case, thec-axis transport current forces fluxo
motion along the layers which causes appearance of
c-axis voltage. Time averaged voltage across the junctio
proportional to the velocity and the number of fluxons in t
junction. For largeH, the ratioV/H for fluxon motion with
velocity u in the stack ofN junctions can be estimated as

V/H5Nsu. ~7!

For single Josephson junction, the maximum velocity
fluxon is equal to the Swihart velocityc0 , which is the ve-
locity of electromagnetic waves in the transmission li
formed by the junction. Fluxon velocity asymptotically a
proachesc0 with increasingI, resulting in appearance of a
almost vertical step in IVC at the velocity matching cond
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tion, u→c0 , see, e.g., Ref. 47. The characteristic feature
SJJ’s is the splitting of Swihart velocities and flux-flo
IVC’s.7,48,49

In Fig. 7, IVC’s of the 50mm long Bi2212 mesa are
shown forH from 0.148 to 0.396 T with a step.0.025 T, at
T54.2 K. Magnetic field was applied along theab plane and
perpendicular to the longest side of the mesa. The IVC
each H contains about a hundred back and forth swee
From Fig. 7 it is seen, that a low resistance branch deve
in the IVC’s and the voltage at a constantI is increasing with
H. Moreover, V/H does not depend on the length of th
mesa. This is in agreement with Eq.~7!. Therefore, we iden-
tify those low resistance branches with Josephson flux-fl
branches~JFFB’s!. The same IVC’s, normalized toH are
shown in the inset. We note, that for a single junction
V/H vs I curves should collapse into one. For our mesa
observe instead, that there are two distinct IFFB’s with
proximately a factor of 2 difference in the voltages.50 At low
fields the curves collapse into the lower branches. AtH
50.223 T the IVC follows the initial lower branch up toI
.0.6 mA. However, when increasing the current further,
IVC jumps to the second branch with higher resistance. T
switching is hysteretic. At larger fields the normalized IVC
collapse to the upper branch. The existence of two JFF
may be an indication for the phase transition in fluxon co
figuration and/or the splitting of Swihart velocities in intrin
sic SJJ’s.50 The 20mm long mesa on the same single crys
showed the same values ofV/H, although IVC’s were more
complicated due to the presence of Fiske steps.51

In Fig. 8, IVC’s of Nb/Cu ML are shown forH50.01,
0.05, 0.13, 0.26, 0.4, 0.56, 0.7, and 0.8 T, atT54.2 K. Each
curve represents a single current sweep. In inset we shI
vs V/H curves for the same IVC’s. It is seen thatI vs V/H
curves merge well into a single curve. On the other hand,
curvature ofI vs V/H curves is negative for Nb/Cu ML an
positive for HTSC mesas. The negative curvature for Nb/
ML’s can be explained within the RSJ model43 by the large
damping coefficient in theseSNSjunctions.

FIG. 7. Flux-flow IVC’s of 50 mm long Bi2212 mesa atT
54.2 K are shown forH from 0.148 to 0.396 T with a step.0.025
T. In inset,I vs V/H curves are plotted for the same IVC’s.
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From Fig. 7 it is seen that the JFFB’s are rather wide.
small voltages, the spread in IVC’s reflects fluctuations
I c , as discussed in Sec. IV A. At larger voltages, the spr
in IVC’s somewhat decreases, but still remains anomalou
large.

In Fig. 9 we show an enlarged top part ofI vs R5V/I
curves of the 50mm long Bi2212 mesa for magnetic field
varying in small steps of.5 mT in the range H
50.351– 0.396 T, atT54.2 K. TheI vs R curve for eachH
is shown by a particular color and contains several tens b
and forth current sweeps. From Fig. 9 it is seen, thatI vs R
curves and, similarly, IVC’s for a fixedH exhibit strong

FIG. 8. IVC’s of Nb/Cu multilayer atT54.2 K are shown for
different magnetic fields. In inset,I vs V/H curves are plotted for
the same IVC’s.

FIG. 9. Enlarged top parts ofI vs R5V/I curves of 50mm long
Bi2212 mesa are shown forH varying with a small step.5 mT in
the rangeH50.351– 0.396 T, atT54.2 K. The curve for eachH is
shown by a particular color.
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fluctuations. The spread in voltages is not caused by
noise in experimental setup and exceeds by far the accu
of the measurements. The characteristic feature ofI vs R
curves from Fig. 9 and IVC’s from Fig. 7 is that the curv
are not just uniformly wide, but rather they consist of mu
tiple closely spaced but distinct sub-branches. The IV
switch hysteretically between the sub-branches when the
rent is swept back and forth. VaryingH, we only change the
set of available sub-branches but do not change the shap
the particular sub-branch itself. Another characteristic f
ture of Fig. 9 is that certain sub-branches exhibit steps
almost constant resistance.

In Fig. 10 we show IVC’s of Nb/Cu ML for magnetic
fields varying with a small step.1.7 mT in the rangeH
50.095– 0.105 T, atT54.2 K. The IVC’s for eachH con-
tain several current sweeps. As in the case of HTSC, Fig
we also observe that flux-flow branches in IVC’s consist
multiple closely spaced but distinct sub-branches. Steps
almost constant voltage in Fig. 10 may represent geomet
resonances.

Previously, similar multiple flux-flow sub-branches we
observed for LTSC Nb/Cu multilayers24 and HTSC mesas.52

Multiple jumps in transverse resistance as a function oH
related to switching between different sub-branches w
also observed for Nb/Cu ML’s ~Ref. 24! and
YBa2Cu3O72x .45 The known reason for the existence
multiple branches in IVC’s of Josephson junctions is ge
metrical resonances. In IVC’s of long junctions, geomet
resonances are represented by a dense set of Fiske step
constant voltage, see, e.g., Ref. 53, and references the
For long SJJ’s, voltage spacing between various Fiske s
may decrease with respect to a single junction due to
splitting of Swihart velocities and appearance of tw
dimensional geometric resonances.48 The splitting was ob-
served for LTSC SJJ’s~Refs. 49, 30! and could be respon
sible for the dense step structure in Fig. 10. For Bi22
mesas, the Fiske step structure in IVC’s was observed in
51 However, geometrical resonances can hardly explain m
tiple sub-branches, shown in Figs. 9 and 10. Indeed, the
branches in Fig. 9 do not show steps of constant voltage,

FIG. 10. Enlarged parts of IVC’s for Nb/Cu multilayer atT
54.2 K are shown forH50.095– 0.105 T, varying with a sma
step.1.7 mT.
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have rather large and almost constant resistance. Figur
shows that step structure and multiple flux-flow sub-branc
may coexist but do not reduce to each other.

In Ref. 52 it was suggested that sub-branching is due
splitting of Swihart velocities and propagation of differe
phases of the fluxon lattice. Indeed, the splitting of Swih
velocities can cause the splitting of JFFB’s, so that for
stack ofN junctions,N universal JFFB’s may be visible inI
vs V/H curves, each corresponding to propagation of diff
ent phases of FL’s with different Swihart velocities. Th
splitting of Swihart velocities decreases asN22 at the low
velocity edge, and for SJJ’s withN@1 may result in appear
ance of a dense system of JFFB’s.

However, measurements on mesas with a large numbe
SJJ’s~N5250 for the case of Ref. 52! do not allow to make
a decisive conclusion about the origin of the multiple flu
flow sub-branches. In our mesas with the small number
SJJ’s,N55, splitting of Swihart velocities becomes larg
This splitting is almost two orders of magnitude larger th
the splitting visible in Fig. 9. We should also note that t
number of sub-branches is not limited by the number
SJJ’s in the mesa. All this rules out the explanation of m
tiple flux-flow sub-branches observed here, in terms of
splitting of Swihart velocities.

In Ref. 24 it was proposed that multiple flux-flow sub
branches represent propagation of different fluxon mod
The number of fluxons and the propagation velocities of d
ferent modes are basically different. Therefore, clos
spaced flux-flow sub-branches, with the total number~much!
larger than the number of junctions in the stack8 may appear.
Recently the existence of multiple fluxon modes in the d
namic state of SJJ’s was supported by direct numer
simulations.54

Figure 11 represents numerical modeling of theI vs V/H
curves for our Bi2212 mesas. In the simulations we ha
chosen parameters typical for our mesas:N55, Jc
;103 Å/cm2, s515 Å, d53 Å, and lJ;0.5– 1mm. The
parameters of JJ’s were identical, except for larger thickn

FIG. 11. Numerically simulatedI vs V/H curves for Bi2212
mesas at severalH. Typical fluxon modes along the flux-flow
branches are depicted.
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of the bottom electrode,d156 Å, in order to imitate the bulk
crystal beneath the mesa. The damping parameter
a50.05. V and H are normalized toV05(F0/2pc)c0 /lJ
;0.2 mV andH05F0 /pLlJ;0.2 Oe, respectively. Figure
11 reproduces quantitatively the experimentalV/H values,
see Fig. 7. At largeH the curves merge into one. Here the to
fluxon velocity is close to the lowest Swihart velocity,48,30

c5 , as indicated by the dashed vertical line. At smallH the
flux-flow voltage is strongly fluctuating and tiny sub
branches can be found after closer examination. Those s
branches correspond to propagation of different quasiequi
rium fluxon modes,8,24 characterized by different fluxon
distributions in the stack. Typical modes are indicated in F
11 for selected IVC’s. Both the number of fluxons an
propagation velocities of different modes are in general d
ferent. Certain probability for realization of different fluxon
modes results in fluctuations of flux-flow voltage and appe
ance of multiple flux-flow sub-branches. The fluxon lattic
becomes stable only at large fields, see mode~18, 16, 16, 16,
16! at H;0.5 T in Fig. 11. More detailed analysis of JFFB’
in SJJ’s can be found in Ref. 54. Switching between t
fluxon modes and submodes and correlated fluctuations
the flux-flow voltage due to switching between flux-flow
sub-branches is a likely alternative reason for the broadb
radiation from intrinsic SJJ’s.55

V. CONCLUSIONS

In conclusion, thec-axis static and dynamic properties o
HTSC Bi2Sr2CaCu2O81x mesas and LTSC Nb/Cu multilay-
ers were studied experimentally and numerically. We fou
a

o

in

C

as

b-
b-

.

-

r-

e
of

nd

d

that both HTSC mesas and LTSC multilayers exhibit simil
anomalous properties:~i! The c-axis critical current is mul-
tiple valued as a function of temperature, Figs. 1–3, a
in-plane magnetic field, Fig. 5, and consists of multiple su
branchesI c(T,H). ~ii ! The critical current exhibits extremely
large fluctuations and probability distributionP(I c) has mul-
tiple maxima, Fig. 2.~iii ! The I c(H) patterns are aperiodic
Fig. 5. ~iv! In the dynamic state, the flux-flow IVC’s consis
of multiple closely spaced sub-branches and exhibit lar
fluctuations due to switching between the sub-branches.
perimental data are in good agreement with numerical sim
lations for the stack of long strongly coupled Josephson ju
tions. All this is taken as experimental evidence for th
existence of multiple quasiequilibirium fluxon modes in in
trinsic SJJ’s both in static and dynamic states. Fluxon mod
submodes represent different quasiequilibrium flux
configurations.8,16 Due to the existence of multiple fluxon
modes and submodes the state of the stack is not well
fined, but can only be described statistically with a certa
probability of being in any of the quasiequilibrium state
Therefore, we emphasize the importance of statistical ana
sis of experimental data for long strongly coupled SJJ
Measurements of model LTSC multilayers allow us to u
ambiguously relate the anomalous behavior with appeara
of ‘‘intrinsic’’ SJJ’s in the 2D state.
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