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Resonant Josephson tunneling in S-I-S8-I-S multilayered devices
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It was observed experimentally that the magnitude of the Josephson current through a single junction in the
double-barrier Nb/Al-AlOx-Nb/Al-AlO x-Nb stack is lower than that for the whole device. This effect is ex-
plained by a model that takes into account Andreev reflection in the S-I-S8-I-S double-barrier stack, where S
and S8 are superconductors and I is an insulator. The middle S8 layer is very thin~with the thickness of order
the coherence length! and has reduced superconducting parameters as compared with the external S layers. The
model predicts bound state levels in the middle electrode. The bound states provide an additional channel of
Josephson tunneling which results in enhanced Josephson critical current density through the stack as com-
pared with that for the single S-I-S8 junction. @S0163-1829~98!05114-5#
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I. INTRODUCTION

The study of superconducting multilayered structures
closely linked to the Josephson effect that is the most fun
mental indication of the quantum coherent properties of
superfluid condensate. Even the simplest junctions like th
consisting of two superconducting electrodes, S, separ
by an insulator, I,~the weak coupled S-I-S junction!, or by a
normal metal, N,~the strong coupled S-N-S junction!, show
remarkable features. For instance, the multiple Andr
reflection1 at the S-N and N-S interfaces may result in su
harmonic energy-gap structure in the current-voltage (I -V)
characteristic.2–4 The Andreev bound state~BS! resonance
levels positioned in the middle N electrode carry the sup
current across the S-N-S junction5–8 ~see also Refs. 9–11 an
related references there!, while the coherent tunneling o
Cooper pairs through S-I-S junction depends on the elec
spectrum and on the distribution of electron excitations in
electrodes~see, e.g., Refs. 12,13!. The combination of both
weak and strong Josephson couplings may occur in m
complex systems, e.g., in the conventional superconduc
multilayers, or in the cuprate single crystals, where
levels14 may coexist on the atomic scale with the intrins
Josephson effect happening between adjacent supercon
ing Cu-O planes.15 In that kind of system, one can expect
close relation between the resonance BS and the Josep
tunneling, because physically the BS causes an additi
coherence of the electron states, which results in peculiar
in the electron spectrum. Since the tunneling probability
generally proportional to the magnitude of the electron d
sity of statesN(En) (En is the energy eigenvalue with quan
tum numbern) in the electrodes, an additional channel of t
Josephson tunneling should arise due to the BS contribu
Hence, an enhanced value of the supercurrent may be
pected in Josephson systems that poses the Andreev BS

In this paper, the Josephson current enhancement is s
ied experimentally and theoretically using the S-I-S8-I-S
setup. The middle superconducting electrode S8 has lower
critical parameters compared to S, and is supposed to cr
PRB 590163-1829/99/59~2!/1311~7!/$15.00
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a quantum well with the Andreev resonance BS levels ins
To distinguish the BS contribution, we compare the Jose
son current across the total S-I-S8-I-S setup with the tunnel-
ing supercurrent between the adjacent S and S8 electrodes
~the S-I-S8 part of the total setup!.

Our aim was to study the magnitude of the Joseph
current in the double-barrier tunnel junction devices w
very thin middle electrodes, where the two junctions a
separated by a distance of the order of the coherence le
j. In this case, we expected to see additional interfere
effects between the junctions as compared to the comm
considered case when the junctions in the stack are sepa
by a distance less than the London penetration depth,lL ,
but exceedingj.16,17 We have carried out a comparativ
study of the Nb/Al-AlOx-Nb/Al-AlO x-Nb and
Nb/Al-AlO x-Nb/Al-AlO x-Ta/Nb devices fabricated in identi
cal configurations from the structures deposited in the sa
run. The devices were S-I-S8-I-S- and S-I-S8-I-N/S-type, re-
spectively, with the critical temperature,Tc8 , of the S8 layer
being lower than theTc of the S layers. By analyzing theI -V
characteristics of the devices, we concluded that the m
mum Josephson current density,Jc , through the S-I-S8-I-S
device is higher than the correspondingJc through the single
S8-I-S junction from the stack.

To give a theoretical interpretation of the observed p
nomena, we present a theoretical model that examines
BS resonance contribution to the Josephson effect in the
of S-I-S8-I-S devices. We compute the energy spectrum,En ,
and electric current of the multilayered system. In a Jose
son system, the supercurrent depends upon the phase shw
of the condensate wave functions inside the electrodes
may be written in general form as

I 5
2p

F0
(

n

]En

]w
~12 f En

!, ~1!

where f En
is the electron distribution function,F05h/2e is

the flux quantum,e is the electron charge,h is the Plank
constant. Our calculations show that, compared to the S
1311 ©1999 The American Physical Society
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1312 PRB 59I. P. NEVIRKOVETS AND S. E. SHAFRANJUK
case, additional branches of BS may occur in the electro
spectrum of the S-I-S8-I-S system. In particular, we find
qualitatively different features, e.g., BS having the shape
‘‘islands’’ being closed between ‘‘turning points,’’w1 and
w2 . In those points]En(w)/]w diverges and consequently
the Josephson current may be essentially increased.
resonance due to presence of the BS, and particularly du
‘‘island’’ BS, is suitable to explain the enhanced magnitu
of I c in our experiment.

II. EXPERIMENT

The double-barrier devices were fabricated fro
Nb/Al-AlO x-Nb/Al-AlO x-Nb ~type 1! and Nb/Al-AlOx-Nb/
Al-AlO x-Ta/Nb ~type 2! structures deposited in the sam
vacuum run to provide identical material parameters of
films and tunnel barriers. The fabrication procedure is
scribed in more detail in Ref. 18. It is important that w
obtained devices identical in all the respects, with the exc
tion of different counterelectrodes. The thickness of the b
tom and the topmost Nb electrodes wasd15150 nm and
d35130 nm, respectively, whereas the total thickness of
middle Nb/Al electrode wasd259 nm. The devices are
square-shaped with an in-plane area of 939 mm2. The
cross-sectional view of both types of devices is shown sc
matically in Fig. 1. Both top and bottom junctions had a
proximately equal specific tunnel resistances of or
1026 V3cm2. I -V characteristics of the two planar array
each consisting of seven identical double-barrier device
definite type connected in a series, are shown in Fig
Therefore, each array consists of a total of 14 junctio
Curves 1 and 2 are for type 1 and type 2 devices, resp
tively. At successive voltages, theI -V characteristics revea
a fine step structure that is due to transitions into the resis
state of the single junctions in the array. For the array c
sisting of the type 1 devices~curve 1!, the critical current
value averaged over 14 junctions isI c50.8060.04 mA. In
the calculation of this value, we could not distinguish t
critical currents of the top and bottom junctions because t
were very close to each other.

Now we consider the curve 2 in Fig. 2. It is the su
of the I -V characteristics of Nb/Al-AlOx-Nb/Al and
Nb/Al-AlO x-Ta/Nb junctions. The Ta film deposited und
the conditions of this experiment was not superconductin
T54.2 K. Thus, the I -V characteristic of the
Nb/Al-AlO x-Ta/Nb junction has a shape close to that
S-I-N junction. A small supercurrent through th

FIG. 1. Schematic cross-sectional view of type-1~a! and type-2
~b! devices.
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Nb/Al-AlO x-Ta/Nb junction is due to the proximity effect o
Ta with the topmost Nb film.

The bottom Nb/Al-AlOx-Nb/Al junction is an S8-I-S-type
junction. In the totalI -V characteristic of the considered a
ray, the critical current of the bottom junctions reveals its
as voltage ‘‘jumps’’ from the branch corresponding to t
top junctions. The average value of the critical current for
seven bottom junctions isI c50.6460.04 mA. Therefore, the
difference in the magnitude ofI c through the bottom junction
in type 2 devices andI c through the two junctions in type 1
devices is about 20%, which exceeds the experimental
certainty of the I c measurement. Since the botto
Nb/Al-AlO x-Nb/Al junction in the type 2 devices is identica
to the bottom junction in the type 1 devices, this indica
enhancement of theI c through the S-I-S8-I-S device as com-
pared with theI c of the single S8-I-S junction in the same
stack. In other words, it means that if the superconductiv
of an external electrode in the double-junction S-I-S8-I-S
stack is deteriorated, then the supercurrent through the ne
bor junction is reduced. Our preliminary experimental inve
tigation has shown that this effect is due to physical, rat
than technological, origin.18

Analysis of the voltage position of gap sum and gap d
ference features in theI -V characteristics of the device
gives the valuesD51.4 meV for the bottom and topmost N
electrodes andD851.0 meV for the middle Nb/Al layer at
T54.2 K. From the temperature dependence of theI -V char-
acteristics, we have determined that the critical temperatu
for the respective films areTc58.5 K andTc856.2 K. There-
fore, at T54.2 K, there is a considerable difference in t
magnitude of the energy gap between the middle superc
ducting layer and external Nb electrodes for the S-I-S8-I-S
device.

The difference in the superconducting parameters
tween the S and S8 layers is mainly due to the distinct role o
the proximity effect. In fact, both of them are Nb/Al prox
imity ‘‘sandwiches.’’ For the relatively thick external S elec
trodes, the influence of the residual Al layer~which remains
after the barrier formation! can be neglected. This is no
valid for the very thin middle bilayer; the effect of the A
must be taken into account. Our experiments carried ou
similar devices give the value ofj;10 nm for thin Nb

FIG. 2. I –V characteristics of seven identical devices connec
in a series. Curve 1 is for Nb/Al-AlOx-Nb/Al-AlO x-Nb and curve 2
is for Nb/Al-AlOx-Nb/Al-AlO x-Ta/Nb devices, respectively.
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layers.19 Since for the middle S8 layer the thickness of both
Nb and Al is less than this value, we will consider it as
uniform superconducting film with the critical paramete
cited above.

III. THEORETICAL MODEL

A simple model which we apply in this paper to interpr
the obtained experimental results in the symmetric S-I-S8-I-S
multilayered Josephson structures is based on the solutio
the Bogolubov equation in the rectangular approximation20

This approach can be easily extended for arbitr
temperatures21 and also can include many-body effects22

Initially we assume here the ballistic ‘‘clean limit’’~when
the electron-impurity elastic scattering is small!, and also
that the interface barriers I are perfectly smooth and h
finite heightV(x)5V0d(x) at x50 andx5a[d2 and

D~x!5D@u~x2a!1u~2x!#1D8u~a2x!u~x!, ~2!

whereD (D8) is the magnitude of the order parameter in t
S ~S8! electrode. The effect of the electron-impurity scatt
ing and of the imperfection of the interfaces we discuss la
Although such a model is not self-consistent,20 in many cases
it allows a simple analysis for the energy spectrum and
the electric current. A similar formulation was used in R
23 to describe a hybrid superconductor/semiconductor
vice ~so-called S/2DEG/S junction!. However, the experi-
mental S-I-S8-I-S setup used here, has properties being
sentially distinct from those of the hybrid device,23 because
the middle electrode is a superconductor with nonzero o
parameter and contributes to the Josephson coupling tog
with BS.

For the left-hand side S electrode of the S-I-S8-I-S stack
we use the following trial wave function:

k l~x!5eiw~uqeiq1x1aqvqeiq2x1bquqe2 iq1x!, ~3a!

n l~x!5e2 iw~vqeiq1x1aquqeiq2x1bqvqe2 iq1x!. ~3b!

Here uq(vq) is the coefficient of the Bogolubov
transformation21 and w is the phase difference between t
external and middle electrodes. The corresponding w
function for the right-hand side S electrode is a combinat
of incident and transmitted waves:

k r~x!5e2 iw~cquqeiq1x1dqvqe2 iq2x!, ~4a!

n r~x!5eiw~cqvqeiq1x1dquqe2 iq2x!. ~4b!

In the experiment, the values of the ratiosD/eF andD8/eF
are quite small,;1023, which is typical for metals. Addi-
tionally, the potential barriers at the interface are very sh
and thin, with the thickness being of order (1210)kF

21 . It
means that in the electrodes one can use the quasiclas
approximation, assuming that the electron~hole! momentum
is q65kF6qs, kF is the Fermi momentum, andqs is the
superfluid momentum@in the calculations, the momentum
normalized by Planck constant,\; the length is expressed i
units of \vF /D, a value which is comparable with the BC
coherence length in the ‘‘clean’’ limit,j5\vF /(pD)#. It
also allows us to describe the influence of the interfaces
ing appropriate boundary conditions.
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In the middle S8 electrode one also has

km~x!5amvq8e
iq28 x1dmvq8e

2 iq28 x

1bmuq8e
iq18 x1cmuq8e

2 iq18 x, ~5a!

nm~x!5amuq8e
iq28 x1dmuq8e

2 iq28 x

1bmvq8e
iq81x1cmvq8e

2 iq18 x, ~5b!

that describes the electrons and holes traveling in the S8 re-
gion and whereq68 is the electron~hole! momentum in that
region. The above trial function does not include multip
Andreev scattering2 because of the finite barriers at the i
terfaces.

The boundary conditions at the interfacex50 can be
written as

k l~x!ux5205km~x!ux510 , ~6a!

n l~x!ux5205nm~x!ux510 , ~6b!

]k l~x!

]x U
x520

2
]km~x!

]x U
x510

5kFZkm~x!ux510 , ~6c!

]n l~x!

]x U
x520

2
]nm~x!

]x U
x510

5kFZnm~x!ux510 , ~6d!

whereZ5V0 /EF is the interface barrier strength,V0 is the
barrier height, andEF is the Fermi energy. Combination wit
the similar boundary conditions atx5a provides the set of
linear equations for the coefficients.

In our approximation, for the coefficients of the Bogo
ubov transformation entering the above formulas~3!, ~4!,
and ~5!, one can use

uE
2512vE

25
1

2S 11
AE22D2

E D ~7!

and qs(E)5AE22D2/vF , wherevF is the Fermi velocity.
Similar formulas foruE8 (vE8 ) are obtained by replacingD by
D8 in Eq. ~7!. The excitation spectrum,En(w), may be found
from the condition det@M̂ #50, whereM̂ is the matrix (8
38). In this way, for the BS energy in the limiting casea
→0 ~the S-I-S junction!, one finds~see Refs. 7–9!:

E~w!56
D

A2
A112Z21cosw

11Z2
, ~8!

For the simplest case, e.g., of the mesoscopic SIS junc
with only one electron degree of freedom, at zero tempe
ture, the Josephson current is

I ~w!5
2p

F0
(

n

]En~w!

]w
5A2

pD

eR0

sinw

A~11Z2!~112Z21cosw!
,

~9!

whereR0
2152e2/h is the quantum conductance. If there is

degeneracy of the electron states~e.g., over the angle be
tween the incident electron momentump and the normal
vector to the junction8s interface n), then R0

21
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5Neff(2e2/h), whereNeff is the effective degree of degen
eracy. In that case, one obtains for the normal-state re
tance of the junction an expression:

1

RN
5

1

R0

1

11Z2
. ~10!

Alternatively, the expression for the junction resistivity m
be obtained calculating the NIN geometry. If one expresse
via the electron reflection coefficientb, it gives the same
result:

1

RN
5

1

R0
~12ubu2!5

1

R0

1

11Z2
. ~11!

In terms of the Blonder-Tinkham-Klapwijk24 approach,Neff
5hN(0)vFA providing that

1

RN
5

2N~0!e2vFA
11Z2

,

whereN(0) is the electron states density at the Fermi lev
A is the effective area of the junction. ForZ→0, Eq. ~9!
describes the Josephson current across a barrierless~ballistic!
S-c-S point contact.25 As Z grows, the dependence becom
proportional to sinw, like that for the tunnel junction.

For the S-I-S8-I-S junction withd-function barriers at the
interfaces, the explicit expression for the Josephson cur
is not available and only the numerical procedure provi
the results. However, aboveTc , for the normal-state NININ
junction, one can obtain the electron reflection coefficien

B5ubu25K U Z~2 i 2Z1e2 iakFZ2 ie2 iakF!

122 iZ2Z21Z2e2 iakF
U2L

osc

,

~12!

wherea is the thickness of the middle layer,kF is the Fermi
momentum. In Eq.~12!, ^ . . . &osc means thatubu2 must be
averaged over the fast oscillating factore2 iakF. Then the
resultingRN

21(Z) is slightly steeper compared to the case
NIN geometry. Since in the caseaÞ0 and ZÞ0, explicit
expressions forEn(w) are also not available, the energy e
genvalues should be found numerically from the condit
D(E,w)5det(M̂ )50, whereM̂ is the matrix 838.

The most spectacular contour plots ofD(E,w) that deter-
mine the curvesEn(w), were found for relatively smallZ.
The dependencesD(E,w) are shown in Figs. 3~a!–3~c! and
Figs. 3~d!–3~f! for the fixed valuesa50.1 anda53.1, re-
spectively, and various barrier strengthsZ. In the plots, the
bound states energyEn(w) is expressed in units of the en
ergy gapD at T50 while the phase differencew is measured
in radians. The calculations were carried out usingD850.3
and the value of the inelastic scattering ra
G.Im D50.15. Comparing Figs. 3~a!–3~c! and 3~d!–3~f!,
one finds a tendency that the shape of the energy leve
the BS undergoes topological transformations asZ is varied.
In addition, the shape of the bound state levels is quite
ferent for the limitsa!j @Figs. 3~a!–3~c!# and a@j @Figs.
3~d!–3~f!# limits. Contrary to the simplest case ofa→0,
where only one bound state~with En.0) is present and
is-

it
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s

s

f

n
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f-

where the energyEn(w) oscillates versusw, the shape of the
BS for finite a can become closed between some values
the phase differencew1,2, forming localized ‘‘islands’’@e.g.,
see Fig. 3~a!#. At Z50.03 in Fig. 3~a!, one can see a local
ized ‘‘island’’ positioned betweenw1'p/2 andw2'3p/2.
There is also another unlocked level positioned at hig
energies that oscillates withw. Thus the spectrum that i
formed under the condition of Andreev reflection may hav
complicated structure, and in analogy with classical mech
ics can be viewed as a combination of ‘‘continuous’’ a
‘‘finite’’motion. As the barrier height increases toZ51.5
@see Fig. 3~b!#, the ‘‘island’’ becomes unlocked, and both th
BS oscillate withw. At Z>3.5, En(w) becomes smoothly
oscillating @e.g., see Fig. 3~c!#.

The ‘‘island’’ BS and oscillating BS are combined a
some values ofa. This situation is shown in Fig. 3~d! plotted
for a53.1 and smallZ50.03. Again, one may observe a b
‘‘island’’ at low energiesE,D ~marked as I!, in addition to
an unlocked scattering state at high energies@curve II in Fig.
3~d!# which, however, has sharp bends atw1'p/2 andw2
'7p/2. As the barrier strength increases, the shape of
En(w) curves gradually changes@see Fig. 3~e! plotted for
Z51.5]. The‘‘island’’ BS becomes rounded@see curve I8
in Fig. 3~e!#, while the scattering state@the former curve II in
Fig. 3~d!# splits into a smooth scattering state and two ad
tional ‘‘islands’’ @which are shown in Fig. 3~e! as curve II8#.
The topological transformations continue as the bar
strength increases up toZ52.5 @see Fig. 3~f!#. The ‘‘island’’
I8 from the previous figure@Fig. 3~e!# splits into the two
oscillating continuous BS with a small additional ‘‘island
positioned between them~see curves I9), while the other
small ‘‘islands’’ II8 transform into the set of scattering stat
II 9.

The cause of the aforementioned topological transform
tion of En(w) is related to a complex interference betwe
electrons and holes in Andreev reflection processes~ARP! in
the S-I-S8-I-S structures with finiteZ. The interface barriers
modify the probability of ARP resulting in additional BS

FIG. 3. The contour plots for the bound states in the S-I-S8-I-S
device for different thicknessesa of the middle electrode and vari
ous interface barrier heightZ: ~a, d! Z50.03; ~b, e!Z51.5; ~c! Z
53.5; ~f! Z52.5. The phase is measured in radians, the energ
measured in units ofD at T50.
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levels, although not all of them are ‘‘permitted’’ at finitew.
When at somew i no levels are permitted, the trajectory b
comes locked. This situation corresponds to a classic fi
motion of a particle between two coordinatesw1 and w2 ,
while for the system under consideration that is related t
localized state. The implicit influence of the interface bar
ers on ARP is the main reason why BS are topologica
transformed. On the contrary, the direct contribution of n
mal reflection to resonances is not significant because
normal electron wavelength,lN;1/kF , is small. On the
other hand, the much longer wavelength,lQ;1/qs'a (qs

.pD/\vF!kF for a BCS superconductor!, is involved in
the resonant process.

The above idealized description is not generally va
either if the concentration of impurities in the electrodes
high, or if the interface is not perfectly smooth. Howeve
one can modify this approach to the cases~i! when the im-
purity concentration is not very high (EFt i@1, t i is the
electron-impurity scattering time!, or ~ii ! when the electron
scattering at the interfaces is not specular. The limit~i! is
considered if in the above formulas~3!–~6!, one replaces
formally E→E@11 i /(2t iAE22D2)# and D→D@1
1 i /(2t iAE22D2)]. Then the modifiedE andD are used to
perform the calculations of theEn(w) curves in the same
way as is described above. When the impurity concentra
is increased, we have found that the curvesEn(w) become
smoother, and the subtle details like those shown in F
3~d!–3~f! are washed out. This is due to the finite width
the En(w) levels that itself depends on the magnitude
EFt i . The similar tendency is obtained also when the el
tron scattering at the S/S8 and S8/S interfaces becomes dif
fusive.

In the case~ii !, the interface can be modeled by a mos
structure that consists ofN randomly inclined small element
Mi ( i 51, . . . ,N, the size of each element however must
larger compared tokF

21). Each element of the mosaic
characterized by its own areaAi and by its own normal vec
tor bi , tilted in respect to thex-axis direction. Although the
deviation of the normal vectorsbi is random, the condition
(1/N)( ibi5b (b is the vector along thex axis! has to be
fulfilled. In such a setup, there are two major characteris
of the interface being important for the electron scatteri
One is the tilting of the normal vectorsbi with respect tob,
that may be described by a distribution functionWi(u i ,f i)
~whereu i andf i are the tilting angles ofbi). Another char-
acteristic is the transmission diagram of the elementary e
tron tunneling processb i(u) (u is the angle between th
momentum of incident electron,pin , and bi) through the
interface.22 The electron scattering is considered separa
for each element of the mosaic, and the set ofEn

( i )(w) is
calculated, for different directions ofpin . Then, the averag
ing over all the mosaic elements is made. Here we ass
that all Mi have equal area, and the same transmiss
b i(u)5b(u)5b0exp@2u 2/gtr# (b0 is the normalizing con-
stant,g tr is the dispersion over the angle of the element
electron tunneling process!. Also we use Wi(u i ,f i)
5exp@2u i

2/gtilt,12f i
2/g tilt,2# with a dispersiong tilt,15g tr and

g tilt,25g tr . The finite result is similar to~i!, but depends on
the dispersion constantg tr . The general tendency is that th
width of the En(w) levels is increased asg tr grows. This
te
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kind of behavior is consistent with the electron-impuri
scattering effect. However, one can find that the width of
En(w) levels has a minor influence on the magnitude of
Josephson current, unless the topology remains uncha
~i.e., in the limitEFt i@1, g tr!Ap/2). When the parameter
EFt i andg tr increase, the topology ofEn(w) can eventually
change, and the Josephson current then is affected as w
should be noted that for a mosaic structure with tilted e
ments, the interface resistance is increased as compared
that for the ideally flat surface, and consequently, theNeff
and Jc are reduced. However, the detailed investigation
this problem is beyond the scope of this paper.

In Fig. 4 we have plotted the Josephson current versus
phase difference across the junction. In the inset to this fig
we sketch the S-I-S8-I-S setup where we indicate that An
dreev bound states~ABS! are positioned in the middle S8
electrode. The currents in Fig. 4 are measured in units of
critical currentI c of an ideal symmetric S-c-S point conta
~with Z50) which has critical parameters being alwa
higher compared to a nonsymmetric junction S-I-S8 (ZÞ0;
D8,D). From the curve A in this figure@which corresponds
to the configuration of BS shown in Fig. 3~a! at a50.1 and
Z50.03], one can see that the critical current,I c , of the
S-I-S8-I-S stack may be increased compared even to the
rierless S-c-S case~with I c51 in our units!, while the differ-
ence between S-I-S8-I-S and nonsymmetric S-I-S8 junctions
must be even more significant. One may also notice a de
tion from the regular sinw dependence due to presence of t
bends atw1.p/2 andw2.3p/2. Referring to Fig. 3~a!, one
can conclude that the bends originate from the ‘‘island’’ B
closed betweenw1 and w2 . These bends are hampered
curve B for which the barrier strength increases up toZ
51.5 @this case corresponds to BS shown in Fig. 3~b!#, thus
the shape of the Josephson characteristic transforms
shape like that for a regular tunnel junction,I (w)5I csinw
~e.g., see curve B in Fig. 4!. InterestingI (w) characteristics
correspond to the casea.j with BS shown in Figs. 3~d!–
3~f!. In that case, the complex topology of BS and of sc
tering states, consisting of closed ‘‘islands,’’ results in

FIG. 4. The Josephson current versus phase difference in r
nant conditions. Curves A, B, and C correspond to the band c
figurations shown in Fig. 3~a!, 3~b!, 3~d!, respectively. The Joseph
son current is normalized by its maximum value, the phase
measured in radians. The Andreev band structure~ABS! for the
S-I-S8-I-S configuration is schematically shown in the inset.
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quite remarkableI (w) dependence, as well. More speci
cally, the ‘‘islands’’ lead to irregular alternation of the Jo
sephson current at some values of the phase difference.
kind of characteristic is shown as curve C in Fig. 4, whi
corresponds to theEn(w) contours of Fig. 3~d!. For example,
the sharp edge of ‘‘island’’ II atw.p/4 @see Fig. 3~d!# pro-
duces the sudden cusp in theI (w) characteristics~see Fig. 4,
curve C! at the same value ofw.

We have considered in detail the properties of the sys
with Z,1 andZ;1, since this is the physically most spe
tacular case, which reveals the correlation between the e
tron spectrum andI c in an obvious way. As the interfac
barrier strengthZ grows, the En(w) contours become
smoother, and the number of the BS contributing toI (w)
increases. But even in the low-transparency limit, whenZ
@1 ~which is valid for commonly available tunnel junction
including those used in our experiment!, the critical current
of the symmetric S-I-S8-I-S devices, in principle, always ex
ceeds the value ofI c for the S-I-S8 junction due to a contri-
bution of BS.

According to formula~1!, there is another factor that ma
in principle, affect the magnitude ofI c . For instance, if the
electron distribution function f En

deviates from the
equilibrium, the Josephson tunneling may be influenc
One may argue that, in the case of t
Nb/Al-AlO x-Nb/Al-AlO x-Ta/Nb devices, we measure th
critical current of the bottom Nb/Al-AlOx-Nb/Al junction
when the upper Nb/Al-AlOx-Ta/Nb junction is in the resis
tive state at gap sum voltage. Therefore, the upper junc
may be a source of the nonequilibrium influence in the f
lowing two ways. First, the extraction of quasiparticles
possible from the middle Nb/Al layer, which results in th
stimulation of superconductivity.26 However, in this case we
would observe an increase, rather than a decrease, o
critical current through the bottom junction as compar
with the critical current value measured on t
Nb/Al-AlO x-Nb/Al-AlO x-Nb devices in equilibrium condi-
tions (V50). On the other hand, one may suppose that
energy gap in the middle electrode is suppressed by ex
quasiparticles produced by pair breaking when the up
junction is biased at gap sum voltage. Then the critical c
rent in the bottom junction may be suppressed, too. T
same effect, if not stronger, should be observed on symm
ric Nb/Al-AlO x-Nb/Al-AlO x-Nb devices with nearly identi-
cal critical currents, if one of the junctions is in the resisti
state. Using proper biasing of two-terminal devices and m
surements on three-terminal devices,27 we observed the
branches in theI-V characteristic displaying critical curren
of both junctions from the stack~i.e., initial switching of one
junction to single gap sum voltage and consequent switch
of the second junction to the double gap sum voltage!. We
have found that the difference between the critical curre
a
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of the two junctions was much less than that discussed in
paper. Hence, for the kind of junctions we are working wi
the nonequilibrium effects have only a minor influence
the Josephson critical current.

IV. CONCLUSION

From the above analysis one can conclude that
S-I-S8-I-S devices considered here reveal physical proper
that have not been taken into account in the theories confi
to inductive coupling between the junctions. In the model
have assumed that the middle S8 layer in the device is a
superconductor with reduced superconducting paramete
compared with those for external electrodes. However,
same approach may be applied to the case when the m
electrode is a normal metal. In both cases, there is an ‘
ergy quantum well’’ formed by the superconducting ener
gap profile of the successive electrodes. In such devices
current-phase ratio may be substantially modified due
resonances that arise in the middle layer as a result of
dreev reflection. In particular, this may result in an enhan
ment of the supercurrent through the device. This effect w
observed experimentally on Nb-based devices. Probably,
same approach may be used to explain the appearance o
supercurrent in Nb-AlOx-Al-AlO x-Nb devices.28 It is impor-
tant that such resonances be efficient even for devices
low transmission probability of the tunnel barriers and
middle electrode with good metallic properties, so that
normal electron wavelength is small. Due to the last fact, i
difficult to observe resonant tunneling of normal electro
through the double-barrier junctions with the middle ele
trode being metal. Therefore, resonant tunneling phenom
of normal electrons are usually restricted to semiconduc
devices. However, even for metals, the resonance may
observable for a quasiparticle wave with the wavelengthlQ
;1/qs , which characterizes quasiparticles involved in A
dreev reflection processes, because this wavelength is
cally much larger than the wavelength of normal electro
The value oflQ is comparable with the BCS coherenc
length, which reflects the fact that the excited quasipartic
bear the collective mode behavior of paired electrons. In
respect, the phenomenon is closely related to that descr
in Refs. 29,30.
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