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Dynamic behavior of Josephson-coupled layered structures
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We have investigated Josephson effects in stacks of both artificial and natural Josephson junctions.
The measurements have been performed on Nb/Al-A10„/Nb multilayers and on small single crystals of
Bi,Sr,CaCu&08. Both systems exhibit multiple branched I-V characteristics in zero magnetic field. In
finite magnetic fields coupling via currents Qowing along the superconducting layers is essential, since

the layers are thinner than the London penetration depth. All observations are in good agreement with

numerical simulations of stacks of coupled Josephson junctions. These simulations predict that a large
number of junctions can be phase locked in large magnetic fields via Fiske resonances excited in all junc-
tions.

I. INTRODUCTION

Many applications of the Josephson effect, such as sub-
millimeter sources, detectors, or mixers, are intimately
connected with the use of large arrays of interacting
Josephson tunnel junctions. ' Planar arrays of thousands
of junctions can be fabricated relatively easy in niobium
technology. However, the lateral dimensions of these
arrays soon exceed the wavelength in high-frequency ap-
plications, which severely restricts at least the tunability
of such devices. In order to avoid such restrictions, verti-
cal packaging of junctions is necessary. Stacks of Joseph-
son junctions, however, differ qualitatively from planar
structures. First of all, the thickness of the supercon-
ducting layers (the electrodes) is comparable or even
much smaller than the London penetration depth A, .
Screening currents in magnetic fields or transport
currents flowing along the superconducting layers will

spread over a distance A, , thus coupling the stacked junc-
tions. Second, transport currents flowing perpendicular
to the layers will weaken the order parameter at the
superconductor-insulator interface within one Ginzburg-
Landau coherence length g. If the electrode thickness is
comparable or smaller than g, this mechanism couples
adjacent Josephson junctions. Third, in the resistive
state the transport current is partly carried by quasiparti-
cles which diffuse into the electrodes on the length scale
of the quasiparticle diffusion length A, which can be
several micrometers. If the electrode thicknesses are
less than A, a junction being in the resistive state in-
creases the subgap conductivity and decreases the gap
voltage in the adjacent junction. At least, this nonequili-
brium injection of quasiparticles should be an effective

coupling mechanism in stacked Josephson junctions. In
contrast, the electromagnetic interaction, which is re-
garded as the most important coupling mechanism in pla-
nar arrays, may only play a minor role in vertical struc-
tures. Electromagnetic coupling originates from ac
Josephson currents flowing in a resistive state, thus creat-
ing electromagnetic radiation. This radiation can be ab-
sorbed by other junctions, thus providing a long-range
coupling mechanism. However, there is no radiation in
the direction of current flow and therefore this mecha-
nism is probably not efFective in vertical structures.

Whereas electromagnetic coupling has been studied in-
tensively, little is known about all other mechanisms.
Therefore the purpose of this paper is an experimental
and theoretical comparison of Josephson efFects in
stacked Josephson tunnel junctions made from very
difFerent materials, namely, artificially fabricated Nb/Al-
A10„/Nb multilayers and single crystals of the high-T,
superconductor BizSr2CaCu~Os+„(BSCCO). The latter
forms natural stacks of Josephson junctions with the
Cu02 layers acting as superconducting electrodes and the
Bi&03 layers acting as insulating barrier ("intrinsic
Josephson efFect"; cf. Fig. I). We compare all experi-
mental results with numerical calculations using coupled
sine-Crordon equations.

The paper is organized as follows.
In Sec. II we introduce the basic model of stacked

Josephson junctions in order to discuss relevant time and
length scales quantitatively. Additionally, we present nu-
merical solutions for a stack of five junctions. In Sec. III
materials are characterized and measuring techniques are
described. The results (Sec. IV) are separated into a dis-
cussion of the current-voltage characteristics in zero field
and the magnetic field dependence of the critical current.
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II. BASIC CONCEPTS

A. Sine-Gordon equation

where

n(t+d)

(n —1)(t+d)

In the following we want to describe briefly the electro-
dynamics of a stack of N Josephson junctions (Fig. 2). A
detailed discussion in a slightly different notation can be
found in the paper by Sakai, Bodin, and Pedersen. The
stack consists of %+1 superconducting electrodes of
thickness d„separated by N insulating layers of thickness

t„.The length of the stack in the x direction is b; its
width in the y direction is a. The width u is assumed to
be small compared to the characteristic lengths A, and
A, k introduced later. An external magnetic field H is ap-
plied along y. The bias current j,„,is fed homogeneously
into the outermost electrodes labeled 0 and N The .phase
of the order parameter in the nth electrode is (p„.The
densities of the Josephson currents j,„

flowing in the z
direction across the nth Josephson junction within the
stack are described by the two Josephson equations

j,„=j,sin(y„),

Ry „=2et„E,„,

is the gauge-invariant phase difference of the order pa-
rameter in the electrodes of the nth junction. E,

„

is the
electric field across the nth junction.

If variations of the amplitude of the order parameter
inside the electrodes can be neglected and the gradient of
y„along y is negligible in the superconducting layers, the
gradient along x of Lp„ is given by

Here j„„denotesthe supercurrents flowing along the nth
electrode, and A„„is the x component of the vector po-
tential. A, is the London penetration depth for screening
currents flowing in the xy direction.

For the z dependence of the magnetic field inside the
nth electrode, we use the symmetrized form
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FIG. 1. Superposition of the crystal structure of BSCCO and
the model of stacked intrinsic Josephson junctions. S, super-
conducting CuO& bilayer; N, I, normal or insulating layer con-
sisting of Bi203 and SrO.

FIG. 2. Stack of N Josephson junctions in a magnetic field.
The electrodes are numbered from 0 to N. The thickness of the
nth superconducting electrode is d„.The thickness of the nth
barrier located between the electrodes n —1 and n is t„.The
width of the stack in the x direction is b. Screening currents
flowing along the nth electrode are denoted j„„.z-axis currents
flowing across the nth Josephson junctions of the stack are
denoted j,„.Transport currents with homogeneous density j,„,
are fed into the outermost electrodes Nos. 0 and N. The exter-
nal magnetic field is directed along y perpendicular to the lay-
ers. The integration path (thick line) is used to obtain Eq. (4).
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(4)

Hn + n+i cosh(z/A, ) Hn+ i Hn sinh(z/A, )+
2 cosh(d„/2A, ) 2 sinh(d„ /2A, )

0„is the y component of the magnetic field in the nth
barrier. For the sake of simplicity, for the following
analysis, we assume that all junction parameters are iden-
tical. Integrating (3) along the line shown in Fig. 2 and
taking the derivative in the x direction yields

Then Eq. (4) reduces to

1 . 1 . 1
'V n &2 jz, n &2

'V n &2
'V n

m m m

In this sense A, can be identified as the screening length
for small magnetic fields directed along y. On the other
hand, if there is a vortex in the nth junction, the current
j,„approaches j, at some distance of the vortex core.
The relevant length for this case is A, .

If the electrodes are much thicker than A, , the length
A.k goes to infinity, and A, , A, approach the standard ex-
pression for the Josephson penetration length,

' 1/2

Here

' 1/2
@Odeff

m
2&IMO~ jc

' 1/2
0

27TPoteffj,
2m@p( A+t ),j, (10)

In this limit Eq. (4) simply describes the dynamics of N
independent Josephson junctions. Defining a characteris-
tic velocity c by

d,s =A, sinh( d /A, ),
t,s = t +A, tanh(d /2A, ) + A, tanh(d /2A, ),

71 1p ~ ~ ~ p S with

1 1 2
2 2+2

C Cm Ck

and j, is the maximum density of the Josephson currents.
The z-axis currents j,„aregiven by the sum of Joseph-

son, Ohmic, and displacement currents, which may be ex-
pressed as

jz,p jz, N+1 jext

Additional boundary conditions are

2m@ot,ffy'„(x=0)=y'„(x=b ) = H,„,.
0

(7)

Equation (4) is the analog of the sine-Gordon equation
describing the dynamics of single Josephson junctions. It
obviously couples adjacent junctions within the stack.
Defining a Josephson penetration depth

1/2

+ (8)
~m ~k

we can introduce a dimensionless coupling parameter by
s =(Jij./Ak ) . For electrode thicknesses much larger than
A, , s goes to zero, and in the opposite limit, s approaches
0.5.

B. Characteristic scales

If only a sufficiently small magnetic field is applied
along y, at j,„,=0, the phases y„will be almost equal.

j,„=j,siny„+o E, „+eeQ,
„

40 40=j,siny„+o y„+ceo y'„.
2mt " 2mt

Here cr is the electric conductivity, e is the dielectric con-
stant, and E,

„

is the electric field component in the z
direction across the nth barrier.

Bias currents are introduced by

C'o

c 2mtj, g
660

@0=CEOp
2mrj

we find that, in the thick electrode limit, c approaches the
standard Swihart velocity,

1/2
c tc= 2A+t,

In the opposite case (d « A, ), A, , A, k, and A,, are given by
1/2

0

2~Pp(d + i )j,

v'd(t+d ),
277@pAJz,

40
' 1/2

2m.P,p(A, /d+r+d )j,
For the velocities c, c, and ck, we get

1/2
c t c v'dt c v dt

v'p r+d ' " v'g A,
' v'e v'2A,

'

For BSCCO, the thickness of a Cu02 bilayer is d =3 A.
The spacing between different bilayers is t=12 A, and
the zero-temperature penetration depth in the ab direc-

0
tion is A,(0)=1700 A. Critical current densities can be
varied between 100 and 7000 A/cm (cf. Sec. III). Taking
@=10as a guess yields c =10 c. A, ranges between 50
and 400 pm and A, k is less than 2 pm, and the coupling
parameter s is close to 0.5. The BSCCO crystals mea-
sured had lateral dimensions a, b between 30 and 80 pm,
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i.e., A, k «a, b «A, . We note that in this case the condi-
tion a & A, k is not valid. We thus may have strong varia-
tions of the current density in the y direction. Neverthe-
less, the one-dimensional model should be suScient for
the basic properties of the crystals, since screening and
self-field effects occur on scales A, and spatial variations
induced by the external magnetic field occur perpendicu-
lar to H,„,. For Nb/Al-A10„/Nb, the thickness of the
inner Nb layers is 35 nm. The thickness of the Al-A10„
layer is 8 nm. Taking the thickness of the insulating
A10„barrier as t =2 nm yields a thickness of d =41 nm

for the inner electrodes. For the outermost electrodes,
d =100 and 280 nm, respectively. Other parameters are
A, =90 nm, j,=250 A/cm, and @=6, which yields

c =0 04c,.A, =49.2 pm, and Ak =23.7 pm for the inner

junctions and A, =39pm, A, k =39.7 pm and A, =32 pm,
A, k =114pm for the outer ones. For the inner junctions,
the coupling parameter s =0.48.

The Nb/Al-A10„/Nb stacks measured (see Fig. 3) had
lateral dimensions of 20X20 pm, which is less than A,

and A,k. Thus they may be regarded as stacks of short
Josephson junctions. Long stacked all-Nb tunnel junc-
tions were investigated by Ustinov et al. In addition,
the problem of coupled long junction oscillators was dis-

cussed by Grdnbech-Jensen and Biackburn. Very re-

cently, work on Fiske modes of grain boundary junctions
in high-T, superconductors was published by Winkler. 9

In the limit a, b «A, i„A, , an integration of Eq. (4)
leads to the well-known Fraunhofer pattern for the field

dependence of the critical current of each junction:

AI/AIO„

I w2
——Nb 280 nm

—Nb 35 nm

4WJPÃNA'SXYDJiÃNir'iF/Nil%/Nil/PAFAWNI/JB)'

/
wvxaaxxuxxsxxaixzuuaimuxuxxaixxur

Nb 100 nm

Si - substrate

For the inner junctions of the Nb/Al-A10„/Nb stacks,
we therefore expect the first zero of the Fraunhofer pat-
tern at Ho=24 Oe; for the outer junctions, we get
Ho=10 and 140e

For a BSCCO crystal with lateral dimensions of 1 pm,
we would expect the first zero of the Fraunhofer pattern
at a field of 1.4 T. Even for the crystal dimensions used,

Ho ranges between 170 and 450 Oe, which is comparable
to H„perpendicular to the electrodes. In order to avoid
current inhomogeneities due to Abrikosov vortices in the
electrodes, the CuOi planes have to be aligned perfectly
with the external magnetic field.

C. Special solutions

FIG. 3. Schematic view of the stack of seven Nb/Al-

A10„/Nb junctions.

I, „(H)=I,„(0)

~'ox=~ Ho=
Ho pobr eF, n

(12)

(13)

In order to convert the partial differential Eq. (4) to a
set of ordinary difFerential equations, we use the mul-
timode expansion introduced in Ref. 10.

For the phases y„(x,t), we use the expressions

2~So eff, n ext 277 2 b 1 x
y„(x,t)=y„o(t)+ ' x —

poA,
—g —[j„k(t)j„r„(—t)]cos nk

0 0 rr k=l

K

=y„o(t)+2m ——g y„kcos rrk
k=1

(14)

sin[y„(x,t)] can be expanded into a Fourier series as
well:

K x
sin[y„(x,t)]= g s„kcos m.k

k=O

1 b.s„o=—
sin [y„(x,t )]dx,

Q

(15)

2 b. Xs„k=—
sin [y „(x,t ) ]cos n k dx, —

Substituting Eqs. (14) and (15) into Eq. (4) then yields a

set of ordinary differential equations for the Fourier com-
ponents y„k,which can be solved by standard methods.
For the simulations presented, we used between 10 and
20 Fourier components.

In the following we present solutions of a stack of
N=5 junctions. The width of the junctions is 20 pm.
We use A, = 1700 A and j,=150A/cm, which are typical
values for BSCCO. This yields A, =341 pm, A.k =1.52

pm, and k =1.08 pm. For the McCumber parameter

p, =2mI, R Cj@O=2neeof, t/(o 4O),

we used p, =20. Figure 4 shows a static solution with a
single fluxon located in the middle junction. As can be
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FIG. 4. One vortex solution for a stack of five junctions at
zero field and zero external current. In order to show the spa-
tial dependence of the Josephson currents of all junctions, we

plot the supercurrent densities perpendicular to the layers,

j,'„=j,„sin(y),vs the coordinate x along the length b. Simulat-

ing the geometry of the stack, the curves of the single junctions
are vertically offset. The total length of the stack is 20 pm, and

=314 pm. The length of the bar in the center of the middle

junction equals 2A,,=2.2 pm.
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seen clearly, the fluxon induces Josephson currents in all
junctions. Similar solutions have been discussed in Refs.
6 and 11. If we now put several fluxons into the stack,
the vortices tend to form a triangular lattice as predicted
in Ref. 12; i.e., the interaction between the vortices is
repulsive (Fig. 5). Correspondingly, the interaction for
vortex-antivortex pairs located in different junctions is at-
tractive. In Fig. 6 we have calculated a static situation
with a vortex-antivortex pair in each junction. %e note
that such a situation is not stable for a single vortex-
antivortex pair since it tends to annihilate. However, in
the configuration shown in Fig. 6, the repulsive vortex-
vortex (or antivortex-antivortex) interaction cancels the
attractive interaction of the vortex-antivortex pair in
each layer. In fact, if the vortices are slightly displaced
along x during the simulation, they return to the stable
position shown in Fig. 6.

The above solutions have been obtained by placing a
certain number of fluxons into the system by choosing ap-
propriate initial values y „k(t=0) for fixed H,„,and J „t.
In contrast, in the simulations shown in Fig. 7 we started
with a vortex-free state at j,„,=0, H,„,=0 and increased

H,„,continuously. In this case we find a diamagnetic
response up to H,„,=1.5H [Foig. 7(a)]. However, it

FIG. 6. Simulation of a stack of five junctions containing a
vortex-antivortex pair in each layer (upper part). H,„,=j,„,=0.
Circular arrows show the vorticity. Junctions Nos. 4 and 5

(dashed rectangle) are enlarged in the lower part of the figure.
The straight arrows denote the balance of the forces acting on
each of the vortices.
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FIG. 5. Simulation of a stack of 5 junctions containing 12
vortices. H,„,=3HO, j,„,=O. Points show the locations of the
center of mass of the Auxons.

FIG. 7. Simulation of a stack of five junctions with zero
external current. In the simulation, the magnetic field was in-

creased continuously. The results are shown for three different
values of the external field. For H ( 1.500 we find a diamagnet-
ic response [(a) H =Ho]. At higher fields vortices penetrate the
stack starting with the inner junction [(b) H = 1.6HO], followed

by junctions Nos. 2 and 4 [(c) H =2.7HO ].
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should be noted that, since the total thickness of the
stack is much smaller than the London penetration
depth, only a tiny fraction of the external field actually is
screened. At higher fields vortices start to penetrate the
middle junction [Fig. 7(b)]. The other junctions stay free
of vortices up to 2.5HO, when vortices start to penetrate
junctions Nos. 2 and 4 [Fig. 7(c)], whereas junctions Nos.
1 and 5 are free of vortices up to H,„,=SHO. We note
that, for a single junction, the threshold for Aux entry is
given by H,h, =Co/(rrt, apokj ), which equals 5.8Ho for
the junction parameters used.

We now turn to dynamic solutions. For H,„,=O,
j,„,)0, there are zero-field modes very similar to the
single-junction case (vortices moving back and forth) if
we place one or several vortices into one junction. Their
maximum speed depends slightly on the position of the
junction within the stack. Vortices located in the outer-
most junctions move about 5% faster than vortices locat-
ed in the middle junction.

Next, we investigated situations with several vortices
placed into difFerent junctions. If one vortex is placed
into junction 1 and a second one into junction 5, we find
that both the coherent (no phase shift between the vor-
tices) and the symmetric (phase shift of rr between the
vortices) modes are stable. This situation is very similar
to the two-junction stack discussed in Ref. 6. If, on the
other hand, one vortex is placed into junction 2 and a
second one into junction 4, only the symmetric mode is
stable. If vortices are placed into junctions Nos. 1, 3, and
5 or into all five junctions, the situation turns out to be
unstable. In this case we found neither coherent nor
symmetric modes. Typically, the stack returns either to
one of the states discussed above or switches to a high-
voltage state with complicated current distributions.

In magnetic fields which are not too large, we observe
the Fiske modes known from single junctions if we place
vortices into only one junction. If vortices are located in
different junctions, very few simple modes like three vor-
tices moving in the middle junction and one vortex mov-
ing in both adjacent junctions can be found; however,
more complicated modes again turned out to be unstable.
In contrast, strong phase locking occurs in the flux-flaw
regime (i.e., in large magnetic fields). Here vortex rows
moving in one junction excite large standing waves in all
junctions, which in turn triggers the vortex motion. A
situation where vortices on all junctions move in phase is
shown in Fig. 8. As will be discussed elsewhere, ' in gen-
eral we find situations where the amplitudes of standing
waves vary sinusoidally also along the z direction, the
most stable situations being found for the complete sym-
metric mode as discussed above and the complete an-
tisymmetric mode with a phase shift of n between neigh-
boring layers. Such resonances were found experimental-
ly by Ustinov, Kohlstedt, and Heiden in long double junc-
tions.

In summary, the model predicts that zero-field and
Fiske modes are only poorly developed in stacked Joseph-
son junctions. In contrast, stable collective modes occur
in the Aux-Now regime. Here Quxons moving in difFerent
layers are triggered by standing waves excited in all junc-
tions.

III. SAMPLE CHARACI'KRIZATION
AND MEASURING TECHNIQUES

The stacked Nb/Al-A10„/Nb tunnel junctions were
fabricated on thermally oxidized silicon wafers. The Nb
and Al layers were deposited using dc and rf magnetron
sputtering, respectively. The bottom Nb layer is 100 nm
thick, the following Nb layers have a thickness of 35 nm,
and the upper Nb layer is 250 nm thick. The tunnel bar-
riers were formed by thermal oxidation of 8-nm-thick Al
layers in a pure oxygen atmosphere. The sample under
discussion consists of %=7 Josephson junctions with a
lateral dimension of 20X20 pm (cf. Fig. 3). The critical
current density at T=4.2 K is 250 A/cm . The average
gap voltage 2b, at 4.2 K is 2.4 mV. Various junction pa-
rameters, as discussed in Sec. II, are listed in Table I.

~~

~~
V

a

0 0.5

0 0.5

FIG. 8. Phase-locked state of a stack of five Josephson junc-
tions (j,„,=0.94j„H,„,=5HO, p, =20). Por the critical current
densities, a spread of 5% has been assumed. (a) Josephson
currents and (b) electric fields in units of j,p (offset of one per
junction). Thick and thin lines in (a) and (b) correspond to a
time difference of 3.5 in units of 40/(2m j,pt ). (c) Superposition
of the I-V characteristics of the single junctions of the stack. In
the phase-lacked regions, the voltages across the junctions are
equal. The inset shows the total I-V characteristic, i.e., the bias
current vs the sum of the average voltages of the five junctions.
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TABLE I. Properties of Nb/Al-A10 /Nb and BSCCO multilayers. The Josephson plasma frequen-

cy is defined as f„=[j,t/(2~oeeo]' and the characteristic frequency f, = V, /4O.

Nb-Al-A10„-Nb
Bi~Sr&CaCuzOs+

(PbyBi, y )2Sr~CaCu20s+x

Electrode thickness (A)'
Barrier thickness (A)
Critical current density (A/cm )

London penetration depth (A)
Magnetic length A. (pm)'
Kinetic length kk (pm)'
Characteristic voltage V, (mV)
Characteristic frequency (6Hz)
Plasma frequency (6Hz)

410
20

250
900

47
23

2.6
1100

90

3

12
100-7000

1700
50-400

0.2-1
0.2-15

500-7000
30-250

'For Nb-Al-A10„-Nb the values have been given for the inner Josephson junctions.
For BSCCO we define V, as the voltage jurnp at I, ; for Nb-Al-A10 -Nb, V, =26/e.

Bi2SrzCaCuz08+, single crystals were grown from a
stoichiometric mixture of the oxides and carbonates,
heated up to 980'C, and then cooled down to 800'C at a
rate of 1'C/h. Composition and homogeneity of the
crystals were checked by standard micr op robe and
x-ray analysis. Single crystals of the composition
(Bi, «Pbr )2Sr2CuzOs+„(PBSCCO), with lead contents y
up to 20%, have been grown by Regi et al. ' For c-axis
transport experiments, gold layers were evaporated on
both faces of the crystals. The oxygen content of the
crystals was varied by annealing in Ar or 02. The sample
dimensions in the ab direction ranged between 20 and
100 pm and crystal thicknesses between 1 and 6 pm. The
critical temperatures of the BSCCO single crystals, mea-
sured resistively, varied between 80 K for Oz-annealed
samples and 90 K for Ar-annealed samples. The transi-
tion widths hT, ranged between 0.5 and 3 K. T, of the
PBSCCO crystals ranged between SS and 92 K, depend-
ing on lead content and annealing condition. hT, was
similar to the BSCCO crystals. The critical current den-
sities, measured resistively at T=4.2 K, depend strongly
on annealing conditions. For Ar-annealed 8SCCO,
j,=100 A/cm . Oxygen anneal as well as lead doping
leads to an increase of j, up to 7000 A/cm for 02-
annealed PBSCCO with 20%%uo of Bi substituted by Pb.

Typical junction parameters, as calculated from the I-
V characteristics, are listed in Table I.

To perform the c-axis transport measurements, a two-
terminal technique was used for BSCCO and PBSCCO.
The crystals were mounted between two contact
rods. The contact resistivity of the samples ranged
between 10 and 10 Qcm, which yields ratios ofR„„„„/R„„„ofless than 0.05 for our typical crysta1
dimensions of 30X30 pm in the a, b direction and 1 pm
in the c direction. In all figures shown below, the contact
resistance is subtracted. Low-pass filters mounted in
each current and voltage lead were used to shield external
noise. For the magnetic field measurements, the crystals
were oriented by a two-axis goniometer. The rnisalign-
ment of the samples with respect to the external magnetic
field direction was less than 0.5'.

IV. RESULTS

A. I-V characteristics at zero magnetic field

1. Nb/Al-AlO„/Nb

As discussed in Sec. II, the Nb/Al-A10„/Nb samples
can be regarded as stacks of small Josephson junctions;
i.e., their lateral widths are smaller than A, . In the ab-
sence of an external magnetic field, the coupling terms in
Eq. (4) are small; i.e., within our model we are dealing
with a series connection of independent junctions. Since
the I-V characteristic of each junction consists of a zero-
voltage branch for bias currents below the critical current
I, and of a resistive branch for currents above the return
current, I, &I,. For I, &I &I, a plot of the total voltage
across a stack of N junctions vs bias current exhibits N
branches differing by the number of junctions in the resis-
tive state. However, interactions between the different
junctions may arise from quasiparticles generated in the
resistive state. This leads to situations where at least
some junctions of the stack can only simultaneously
switch into the resistive state. Additionally, gap voltage
and critical currents of the junctions may differ from the
noninteracting case.

A typical I-V characteristic of a stack of seven junc-
tions in zero magnetic field is shown in Fig. 9. By ramp-
ing the bias current repeatedly up and down, it has been
almost always possible to switch the junctions of the
stack to their quasiparticle branch one by one, similar to
the noninteracting case discussed above. However, if
more than one junction is in the resistive state, the I-V
curve exhibits a negative slope at the gap voltage which
rises with the number of junctions in the resistive state.
For all junctions in the resistive state, the gap voltage is
reduced between 3% at small bias currents and 16% at
large bias currents.

This feature may partially be due to self-heating of the
sample. In fact, at temperatures below the A, point of
liquid He the negative slope was reduced. Nevertheless,
it did not disappear completely, indicating that a none-



50 DYNAMIC BEHAVIOR OF JOSEPHSON-COUPLED LAYERED. . . 3949

I

( A)
T=4.2K

0

-20 -10
U (mv)

FIG. 9. I-V characteristic of the stack of seven Nb/Al-
A10„/Nb junctions. The arrows indicate the direction of the
current sweeps. The indices of the branches correspond to the
number of junctions in the resistive state.

quilibrium injection of quasiparticles is in fact one of the
important interaction mechanisms in these samples.

2. BSCCO

In contrast to the Nb/Al-A10„/Nb stacks, the BSCCO
crystals are large compared to AJ, but still small com-
pared to A, . In this case model simulations show that
for magnetic fields H (&Ho all junctions essentially act
like independent short junctions. However, since the
electrode thickness is only 3 A, interactions via quasipar-
ticle injection may be very strong. For Ar-annealed
BSCCO crystals with critical current densities of typical-
ly 100 A/cm at T=4.2 K, the I-V characteristics exhibit
multiple branching very similar to the Nb/Al-A10„/Nb
stacks, indicating that interactions between different
junctions are small. Figure 10 shows an example for
T=4.2 K. The crystal thickness is 1.8 IMm; i.e., the sam-

ple consists of 1V=1200 junctions. Except for two junc-
tions having a critical current well below 1 mA, most of

the junctions switch into the resistive state at bias
currents between 1.5 and 2.5 mA. Just above the critical
current of an individual junction, we observe an addition-
al voltage drop of V, =14 mV, which is not too far below
a hypothetical BCS value of the gap, 26=3.5k&T, =21
mV. At bias currents above 2.5 mA, all junctions have
switched to the resistive state. The corresponding quasi-
particle branch is nearly vertical. Assuming that the
voltage drop of 4.1 V equals the sum of the gap voltages
of all junctions, we calculate a gap voltage of 3.4 mV per
junction, which is far below the BCS value of 21 mV.
Since we have already observed a gap suppression of up
to 16% in the Nb/Al-A1O„Nb stacks, it seems natural
that the large gap suppression observed in the very dense-
ly packed BSCCO junctions is also due to quasiparticle
injection. If this mechanism is responsible for interac-
tions between different junctions, it should be possible to
increase the coupling strength by increasing the critical
density of the Josephson currents.

In fact, we only observe simultaneous switching of all
junctions in oxygen-annealed crystals of the composition
(Bip sPbp g)&Sr&CaCuzOs (Fig. 1 1). For these crystals the
critical current density at T=4.2 K is 7 kA/cm, i.e., al-
most two orders of magnitude larger than for the Ar-
annealed BSCCO crystals and the Nb/Al-A10„/Nb
stacks. The I-V characteristic in Fig. 11 can be described
well by a resistively shunted junction (RSJ) simulation us-
ing P, =2. 1 and an I,RN product of =60 mV. Similar
results have recently been obtained by Regi et al. , using a
different measuring technique. ' If we take the voltage
jump above the critical current as the sum gap, we find a
gap of less than 1 mV per junction, i.e., a factor of 3
smaller than in Ar-annealed BSCCO.

To conclude, in zero magnetic field both the Nb/Al-
A10„/Nb stacks and the Ar-annealed BSCCO single
crystals exhibit multiply branched I-V characteristics.
Although a gap suppression is observed in both systems,
the different junctions of the stacks are only weakly cou-
pled. In contrast, the natural Josephson junctions in
oxygen-annealed (Bip sPbp p)pSrgCaCugOs crystals switch
simultaneously into the resistive state and seem to be rig-
idly coupled. This behavior is accompanied by a consid-
erably reduced McCurnber parameter P, .

w3

0-

-0.3 0 U (y} 0.3
FIG. 10. I-V characteristic of a BSCCO single crystal (an-

nealed in Ar) exhibiting a large number of quasiparticle
branches. The critical current density was 140 A/cm. The
quasiparticle branches have not been traced out completely.
The inset shows the I-V characteristic on a larger voltage scale.

-80-
-0.15 0.15

FIG. 11. I-V characteristic of a PBSCCO single crystal (an-
nealed in Oz) exhibiting only a single resistive branch. The crit-
ical current density at 4.2 K was 7 kA/cm .



3950 KLEINER, MULLER, KOHLSTEDT, PEDERSEN, AND SAKAI 50

B. Magnetic field dependence of the critical current

1. Nb/Al-AlO„/Nb

Since the Nb/Al-A10„/Nb multilayers can be regarded
as stacks of short Josephson junctions, I,(H) of each
junction should follow a Fraunhofer pattern. For the
outer junctions, we expect the first zero of I, at Ho =10
and 14 Oe, respectively. For the inner junctions, Ho =24
Oe.

A typical measurement is shown in Fig. 12. The criti-
cal current of the first junction becoming resistive could
be determined from a 5-pV voltage criterion. The critical
currents of all other junctions have been defined as the
currents at which switching to the quasiparticle branch
occurs. For magnetic fields smaller than 2 Oe, we find
that one junction becomes resistive at a bias current of
0.25 mA. Two junctions switch at I=0.34 mA, and a
group of three junctions switches at 0.43 mA, whereas
the last junction becomes resistive at I=0.5 mA. In-
creasing the magnetic field, the critical current of one
junction from the three-junction group decreases strong-
ly, reaching its first zero at H = 11 Oe. The junction hav-

ing the highest critical current in zero magnetic field
reaches its first I, minimum at H = 13 Oe. Up to H =20
Oe the critical current of all other junctions decrease
monotonically to 40%%uo of their zero-field values. At
higher values of the magnetic field, the I-V curve is
smeared out by flux flow, making it impossible to identify
the critical currents of individual junctions. In certain
regions of the magnetic field, we observe that the critical
currents of different junctions "snap" together; i.e., they
switch into the resistive state at the same current. In Fig.
12 some of these regions are highlighted by lines.

Figure 13 shows a model simulation where we used the
geometry of the Nb/Al-A10„/Nb stack. The critical
current densities have been chose such that the I, distri-
bution as measured in zero magnetic field was repro-
duced. We find that, essentially, the critical current of

0 K.
~ %gF

1

I (mA),

0--

T =4.2K

12 H(Oe} 1

FKs. 12. Magnetic Seld dependence of the critical currents of
the Nb/Al-A10„/Nb stack. The lines denote regions where

phase locking occurs.
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FIG. 13. Simulation of the I,(H) dependence of a stack of
seven Josephson junctions. inunction parameters as measured
for the Nb/Al-A1O„Nb stack have been used.

each junction follows a Fraunhofer pattern with field

scales Ho as expected from the difFerent efFective junction
thicknesses. Also here, at certain magnetic fields, some
junctions switch together into the resistive state. Howev-
er, the field range of collective switching is much smaller
than in the experiment, again indicating that other cou-
pling mechanisms, e.g., quasiparticle injection, are impor-
tant for this geometry.

2. BSCCO

We start by discussing the magnetic field dependence
of the critical current and show typical I-V characteris-
tics recorded in magnetic fields up to 1 kOe (Fig. 14).
The most prominent feature is the appearance of approxi-
mately linear, nonhysteretic sections before switching to
the next quasiparticle branch occurs [Fig. 14(b)]. Within
these sections there are voltage jumps of typically 100
pV. Additionally, irregular spaced "steps" with a re-
duced differential resistance can be observed. As sup-
ported from our model calculations, these regions may
result from a superposition of different Fiske steps of
several junctions. In large magnetic fields [Fig. 14(c)], the
linear sections split into several hysteretic branches with
voltage spacings of typically 0.5 mV. In this region we

possibly observe the collective flux-flow modes as predict-
ed from our model (Fig. 8). This observation is support-
ed by X-band microwave emission experiments. ' There
we found that the emitted microwave power increased
strongly with increasing magnetic field.

A typical I,(H) pattern, as derived from the voltage

jumps in the I-V characteristics, is shown in Fig. 15.
There is a monotonic decrease of all critical currents for
fields up to H =Ho. At higher fields the critical currents
of almost all junctions saturate between 60% and 80% of
their zero-field values, exhibiting shallow local maxima
and minima. Measuring crystals with lateral dimensions
between 20 and 80 pm, we find that the first I, minimum
is proportional to the inverse crystal width b, the slope
being determined by

@o

gob (15 A. }
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as expected for the intrinsic Josephson junctions in
BSCCO (Fig. 15, inset).

Figure 16 shows the magnetic field dependence of
several critical currents of one single crystal. Within
some finite magnetic field ranges, we observe that, similar
to the Nb/Al-A10„/Nb stacks, several junctions of the
stack switch into the resistive state simultaneously. The
quasiparticle branches of these junctions can still be
traced out, but only by starting from a branch located at
high voltages, decreasing the bias current below the re-
turn current and increasing it again [see arrows in Fig.
14(b)].

The essential features of the measured I,(H)—a first
decrease of the critical current in fields up to Ho followed

by shallow modulations —are qualitatively reproduced in
model calculations for a stack of five junctions, where we
used the same junction parameters as for the simulations
discussed in Sec. II (Fig. 17). For H & Hc, I, of the inner
junction decreases strongly, whereas the critical currents
of all other junctions stay flat up to 2Hc, where the I, 's of
junctions Nos. 2 and 4 start to decrease strongly. The
figure also shows that the critical currents of different

1aa

Ic (H)

lc (0)

0.9-

04

0.8-

0.7
0

2Hp

0.5
T=55 K

H(kOe) 1

FIG. 15. Magnetic field dependence of the I, of the lowest
branch of an intrinsic Josephson junction in BSCCO. The inset
shows the first I, minimum vs crystal width for several single
crystals. The solid line corresponds to Ho =@0/[pob (15 A)].
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FIG. 16. I, vs H of the first four branches of one BSCCO sin-

gle crystal. Around H=0. 5 kOe, simultaneous switching of
several junctions is observed.
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FIG. 14. I-V characteristics of a BSCCO single crystal at
three different magnetic fields. The inset in the middle part of
the figure shows an enlarged part of the curve. Fiske steps can
clearly be seen.

FIG. 17. Simulation of I,(H) of the five Josephson junctions,
labeled 1—5, in a stack of N=5. For the simulation typical
BSCCO parameters have been used.
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junctions "snaps" together in certain ranges of the mag-
netic field very similar to the experimental observations
in the Nb/Al-A10 Nb stacks.

V. CONCLUSIONS

In summary, we have compared two different types of
stacked Josephson junction structures, Nb/Al-A10, /Nb,
multilayers and natural Josephson junctions in
(Bi, Pb )zSr2CaCu20s+„single crystals. The Nb/Al-
A10„/Nb multilayers and the BSCCO single crystals
with low critical current density exhibit multiple
branched I-V characteristics in zero magnetic field, indi-
cating that the interaction between different junctions is
small. In contrast, collective switching of all junctions of
the stack has been observed in BSCCO single crystals

with high critical current density. For finite magnetic
fields, both experiments and simulations indicate that
coupling via currents flowing along the superconducting
layers is essential. Model simulations predict that a large
number of junctions can be phase locked in the flux-flow
regime at sufBciently high magnetic fields.
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