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Resonant Josephson tunneling in S-I-SI-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/AI-AlQ-Nb/AI-AlO,-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-83double-barrier stack, where S
and S are superconductors and | is an insulator. The middlyger is very thin(with the thickness of order
the coherence lengiland 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-1-Junction.[S0163-182@08)05114-5

[. INTRODUCTION a quantum well with the Andreev resonance BS levels inside.
To distinguish the BS contribution, we compare the Joseph-
The study of superconducting multilayered structures isson current across the total S-1-BS setup with the tunnel-
closely linked to the Josephson effect that is the most fundahg supercurrent between the adjacent S ahcelBctrodes
mental indication of the quantum coherent properties of théthe S-I-S part of the total setup
superfluid condensate. Even the simplest junctions like those Our aim was to study the magnitude of the Josephson
Consisting of two Superconducting e|ectrodeS, S, Separatéa,lrrent in the double-barrier tunnel jUnCtion devices with
by an insulator, I{the weak coupled S-I-S junctipror by a ~ Very thin middle electrodes, where the two junctions are
normal metal, N(the strong coupled S-N-S junctiprshow separated by a distance of the order of the coherence length
remarkable features. For instance, the multiple Andrees- In this case, we expected to see additional interference
reflectiort at the S-N and N-S interfaces may result in sub-effects between the junctions as compared to the commonly
harmonic energy-gap structure in the current-voltaigd/) considered case when the junctions in the stack are separated
characteristi¢~* The Andreev bound statéBS) resonance Dy a distance less than the London penetration depth,
levels positioned in the middle N electrode carry the superbut exceedingé.*®” We have carried out a comparative
current across the S-N-S junctifi(see also Refs. 9—11 and study  of  the  Nb/AI-AIQ-Nb/AI-AIO,-Nb  and
related references thérewhile the coherent tunneling of Nb/AI-AIO,-Nb/AI-AIO,-Ta/Nb devices fabricated in identi-
Cooper pairs through S-I-S junction depends on the electrofi@l configurations from the structures deposited in the same
spectrum and on the distribution of electron excitations in théun. The devices were S-I-$-S- and S-I-&-I-N/S-type, re-
electrodegsee, e.g., Refs. 12,13The combination of both spectively, with the critical temperaturg, , of the S layer
weak and strong Josephson couplings may occur in manigeing lower than th&, of the S layers. By analyzing tHeV
complex systems, e.g., in the conventional superconductingharacteristics of the devices, we concluded that the maxi-
multilayers, or in the cuprate single crystals, where BSmum Josephson current densifl, through the S-I-SI-S
levels* may coexist on the atomic scale with the intrinsic device is higher than the correspondihghrough the single
Josephson effect happening between adjacent supercondu8t-I1-S junction from the stack.
ing Cu-O planeg?® In that kind of system, one can expect a To give a theoretical interpretation of the observed phe-
close relation between the resonance BS and the Josephsemmena, we present a theoretical model that examines the
tunneling, because physically the BS causes an addition®S resonance contribution to the Josephson effect in the case
coherence of the electron states, which results in peculiaritiesf S-I-S'-I-S devices. We compute the energy spectrim,
in the electron spectrum. Since the tunneling probability isand electric current of the multilayered system. In a Joseph-
generally proportional to the magnitude of the electron denson system, the supercurrent depends upon the phase shift
sity of statedN(E,,) (E, is the energy eigenvalue with quan- of the condensate wave functions inside the electrodes and
tum numbem) in the electrodes, an additional channel of themay be written in general form as
Josephson tunneling should arise due to the BS contribution.
Hence, an enhanced value of the supercurrent may be ex- | = 2_77 =
pected in Josephson systems that poses the Andreev BS. QT o
In this paper, the Josephson current enhancement is stud- ) o ) )
ied experimentally and theoretically using the S WherefEn is the electron distribution functionb,=h/2e is
setup. The middle superconducting electrodeh8s lower the flux quantume is the electron chargd is the Plank
critical parameters compared to S, and is supposed to createnstant. Our calculations show that, compared to the S-I-S
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case, additional branches of BS may occur in the electronic
spectrum of the S-I-SI-S system. In particular, we find FIG. 2. 1-V characteristics of seven identical devices connected
qualitatively different features, e.g., BS having the shape ofn a series. Curve 1 is for Nb/AI-AIQNb/AI-AIO,-Nb and curve 2
“islands” being closed between “turning points,$,; and is for Nb/AI-AlIO,-Nb/AI-AIO,-Ta/Nb devices, respectively.
¢@»5. In those pointyIE,(¢)/de diverges and consequently,
the Josephson current may be essentially increased. Thgb/AI-AlO,-Ta/Nb junction is due to the proximity effect of
resonance due to presence of the BS, and particularly due toa with the topmost Nb film.
“island” BS, is suitable to explain the enhanced magnitude The bottom Nb/AI-AIQ-Nb/Al junction is an $-I-S-type
of I in our experiment. junction. In the total -V characteristic of the considered ar-
ray, the critical current of the bottom junctions reveals itself
as voltage “jumps” from the branch corresponding to the
top junctions. The average value of the critical current for the
The double-barrier devices were fabricated fromseven bottom junctions is=0.64*0.04 mA. Therefore, the
Nb/AI-AlO .-Nb/AI-AlO,-Nb (type 1) and Nb/AI-AIO,-Nb/  difference in the magnitude of through the bottom junction
Al-AlO ,-Ta/Nb (type 2 structures deposited in the same in type 2 devices anél, through the two junctions in type 1
vacuum run to provide identical material parameters of thedevices is about 20%, which exceeds the experimental un-
films and tunnel barriers. The fabrication procedure is decertainty of the |, measurement. Since the bottom
scribed in more detail in Ref. 18. It is important that we Nb/AI-AIO,-Nb/Al junction in the type 2 devices is identical
obtained devices identical in all the respects, with the excepto the bottom junction in the type 1 devices, this indicates
tion of different counterelectrodes. The thickness of the botenhancement of thk, through the S-1-SI-S device as com-
tom and the topmost Nb electrodes wés=150 nm and pared with thel . of the single &I-S junction in the same
ds;=130 nm, respectively, whereas the total thickness of thetack. In other words, it means that if the superconductivity
middle Nb/Al electrode wasl,=9 nm. The devices are of an external electrode in the double-junction SHKS
square-shaped with an in-plane area ok® um?. The stack is deteriorated, then the supercurrent through the neigh-
cross-sectional view of both types of devices is shown schédor junction is reduced. Our preliminary experimental inves-
matically in Fig. 1. Both top and bottom junctions had ap-tigation has shown that this effect is due to physical, rather
proximately equal specific tunnel resistances of ordethan technological, origit®
1078 Qxcn?. I-V characteristics of the two planar arrays, Analysis of the voltage position of gap sum and gap dif-
each consisting of seven identical double-barrier devices derence features in thé-V characteristics of the devices
definite type connected in a series, are shown in Fig. 2gives the valued =1.4 meV for the bottom and topmost Nb
Therefore, each array consists of a total of 14 junctionselectrodes and’=1.0 meV for the middle Nb/Al layer at
Curves 1 and 2 are for type 1 and type 2 devices, resped=4.2 K. From the temperature dependence ofl thechar-
tively. At successive voltages, tHeV characteristics reveal acteristics, we have determined that the critical temperatures
a fine step structure that is due to transitions into the resistivéor the respective films ar€.=8.5 K andT;=6.2 K. There-
state of the single junctions in the array. For the array confore, atT=4.2 K, there is a considerable difference in the
sisting of the type 1 devicegurve 1), the critical current magnitude of the energy gap between the middle supercon-
value averaged over 14 junctionslig=0.80=0.04 mA. In  ducting layer and external Nb electrodes for the S-I-S
the calculation of this value, we could not distinguish thedevice.
critical currents of the top and bottom junctions because they The difference in the superconducting parameters be-
were very close to each other. tween the S and’'Sayers is mainly due to the distinct role of
Now we consider the curve 2 in Fig. 2. It is the sum the proximity effect. In fact, both of them are Nb/AI prox-
of the I-V characteristics of Nb/AI-AIQNb/Al and  imity “sandwiches.” For the relatively thick external S elec-
Nb/AI-AlO,-Ta/Nb junctions. The Ta film deposited under trodes, the influence of the residual Al lay@rhich remains
the conditions of this experiment was not superconducting aafter the barrier formationcan be neglected. This is not
T=4.2 K. Thus, the |-V characteristic of the valid for the very thin middle bilayer; the effect of the Al
Nb/AI-AlO,-Ta/Nb junction has a shape close to that ofmust be taken into account. Our experiments carried out on
S-I-N  junction. A small supercurrent through the similar devices give the value of~10 nm for thin Nb

Il. EXPERIMENT
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layers'® Since for the middle Slayer the thickness of both In the middle S electrode one also has
Nb and Al is less than this value, we will consider it as a -, -,
uniform superconducting film with the critical parameters Km(X) =amvg€'9-"+dpu e "9
cited above. o, -,
+bpuge X+ cpuge "9+, (53

Ill. THEORETICAL MODEL

= ralalx g —ig’ x
A simple model which we apply in this paper to interpret Ym(X) =amtiq® AmUge

the qbtained experimental results in_ the symmetric S—I—S_ +bp 1l v 4 Cot /e—iq;x’ (5b)
multilayered Josephson structures is based on the solution of 4 4

the Bogolubov equation in the rectangular approximatfon. that describes the electrons and holes traveling in theeS
This approach can be easily extended for arbitrarygion and wherey’. is the electrorthole) momentum in that
temperaturés and also can include many-body effetts. region. The above ftrial function does not include multiple
Initially we assume here the ballistic “clean limittwhen  Andreev scatterirfgbecause of the finite barriers at the in-
the electron-impurity elastic scattering is smaknd also terfaces.

that the interface barriers | are perfectly smooth and have The boundary conditions at the interfage=0 can be
finite heightV(x) =Vy8(x) atx=0 andx=a=d, and written as

A(X)=A[8(x—a)+ o(=x)]+A"8(a—x)0(x), (2) K1(X) |x= — 0= Km(X)|x= +0 (6a)

whereA (A') is the magnitude of the order parameter in the

S (S') electrode. The effect of the electron-impurity scatter- 210 lx=~0= (X} x=+o, (6b)
ing and of the imperfection of the interfaces we discuss later. I (X) I (X)

Although such a model is not self-consistéhip many cases ! __m =KeZkm(X)|x=+0, (60)
it allows a simple analysis for the energy spectrum and for IX | X |y_io

the electric current. A similar formulation was used in Ref.

23 to describe a hybrid superconductor/semiconductor de-  dv(X) Ivm(X) B

vice (so-called S/2DEG/S junction However, the experi- IX 7_0_ IX X7+0_kFZ”m(X)|X:+0' (6d

mental S-I-3-I-S setup used here, has properties being es-
sentially distinct from those of the hybrid devitebecause whereZ=V,/E is the interface barrier strengtk/, is the

the middle electrode is a superconductor with nonzero orddparrier height, and is the Fermi energy. Combination with
parameter and contributes to the Josephson coupling togethiée similar boundary conditions at=a provides the set of

with BS. linear equations for the coefficients.
For the left-hand side S electrode of the SIHSS stack In our approximation, for the coefficients of the Bogol-
we use the following trial wave function: ubov transformation entering the above formul@s (4),

. ) _ ) and(5), one can use
ki(x)=e'?(uqe'9+*+aqe'9-*+bgue '9+%), (3a

1+

)

n(X) =€ 19(ve'9+* + aque'd-"+byu e '9+%). (3b) Uézl_vézi E @

Here ug(vg) is the coefficient of the Bogolubov 5nqq(E)=./F2_Ar2/ whereve is the Fermi velocity.
transformatiof and ¢ is the phase difference between the Simi?asg f())rmuEls f(?m,’g(z’,’z) are olljatained by replacing b;/

external and middle electrodes. The corresponding wave , . =A
function for the right-hand side S electrode is a combination(3 in Eq.(7). The excitation spectrunk,(¢), may be found

of incident and transmitted waves: from the condition déM]=0, whereM is the matrix (8
X 8). In this way, for the BS energy in the limiting caae
Kr(x)ze*‘¢(cquqeiq+x+ dqvqe*iq—x), (48  —0 (the S-I-S junction one finds(see Refs. 79

v (X)=€e"?(Cq e+ +dquse'9-%). (4b) £ )_+A [1+2Z2%+cose ®
HN 1+z2

In the experiment, the values of the ratidbéer andA’'/ e
are quite small~103, which is typical for metals. Addi- For the simplest case, e.g., of the mesoscopic SIS junction
tionally, the potential barriers at the interface are very shargvith only one electron degree of freedom, at zero tempera-
and thin, with the thickness being of order{]lO)k;l. It  ture, the Josephson current is
means that in the electrodes one can use the quasiclassical

approximation, assuming that the electfbole) momentum 27« JE,(0) A sine
is g+ =Kg*qs, Kg is the Fermi momentum, angs is the I(¢)= D, de - \/EeRO¢(1+22)(1+ 2Z%+cosp)
superfluid momenturfin the calculations, the momentum is (’0(9)

normalized by Planck constarit; the length is expressed in

units of ive/A, a value which is comparable with the BCS whereR; *=2e% h is the quantum conductance. If there is a
coherence length in the “clean” limit¢=#vg/(wA)]. It  degeneracy of the electron stat@sg., over the angle be-
also allows us to describe the influence of the interfaces ugween the incident electron momentuymand the normal
ing appropriate boundary conditions. vector to the junctiofs interface n), then Rgl
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=Ner(2€%/h), whereNg is the effective degree of degen- bound states energy E
eracy. In that case, one obtains for the normal-state resis- a=0.1
tance of the junction an expression: )
— 1

1 1 1 al -~

=—== . (10 T "'*’

Rv Ro1+22 LT
Alternatively, the expression for the junction resistivity may T !

be obtained calculating the NIN geometry. If one expressesit b [~ s
via the electron reflection coefficiet, it gives the same T —

result: — 1
-2 (1—|b|?)= ! (12) ¢ ]
e R Ro1+z% 01 23 456
In terms of the Blonder-Tinkham-Klapw#R approachN ¢

=hN(O)vrA providing that FIG. 3. The contour plots for the bound states in the $-I-S

5 device for different thicknessesof the middle electrode and vari-
iz 2N(0)e‘vrA ous interface barrier height: (a, d Z=0.03; (b, 8Z2=1.5; (c) Z
Ry 1+72 =3.5; (f) Z=2.5. The phase is measured in radians, the energy is
measured in units oA at T=0.

whereN(0) is the electron states density at the Fermi level,
A is the effective area of the junction. F&—0, Eq. (9)
describes the Josephson current across a barri¢blelistic)
S-c-S point contact As Z grows, the dependence becomes
proportional to sinp, like that for the tunnel junction.

For the S-I-%-I-S junction with 5-function barriers at the
interfaces, the explicit expression for the Josephson curre
is not available and only the numerical procedure provide
the results. However, abovk,, for the normal-state NININ
junction, one can obtain the electron reflection coefficient a:

B=|b|*= <

wherea is the thickness of the middie laydts is the Fermi OSﬂﬂlae"r."?s[lghgd:, e Zﬂa@g]écmatmg BS are combined at
momentum. In Eq(12), (.. .)osc Means thatb|” must be g me values o This situation is shown in Fig.(@) plotted
averaged over the fast oscillating factet'<F, Then the for a=3.1 and smalz=0.03. Again, one may observe a big
resultingRy *(2) is slightly steeper compared to the case ofjgjang” at low energiesE<A (marI’<ed as)l, in addition to
NIN geometry. Since in the case+0 andZ+#0, explicit  an unlocked scattering state at high enerfgesve Il in Fig.
expressions foE,(¢) are also not available, the energy ei- 3(d)] which, however, has sharp bendsg@t~ /2 and ¢,
genvalues shguld be foundAnumericaIIy from the condition—77/2. As the barrier strength increases, the shape of the
D(E,¢)=det(M)=0, whereM is the matrix 8<8. E.(¢) curves gradually changdsee Fig. &) plotted for

The most spectacular contour plots(E, ¢) that deter- z=1.5]. The“island” BS becomes roundefisee curve'l
mine the curves,(¢), were found for relatively small.  in Fig. 3(e)], while the scattering staf¢he former curve Il in
The dependences(E, ¢) are shown in Figs. @)—3(c) and  Fig. 3(d)] splits into a smooth scattering state and two addi-
Figs. 3d)—3(f) for the fixed valuesa=0.1 anda=3.1, re- tional “islands” [which are shown in Fig. (@) as curve Il].
spectively, and various barrier strengtasin the plots, the The topological transformations continue as the barrier
bound states enerd¥,(¢) is expressed in units of the en- strength increases up ®=2.5[see Fig. &)]. The “island”
ergy gapA at T=0 while the phase differencgis measured |’ from the previous figurdFig. 3e)] splits into the two
in radians. The calculations were carried out uskig=0.3  oscillating continuous BS with a small additional “island”
and the value of the inelastic scattering ratepositioned between thertsee curves”), while the other
I'=ImA=0.15. Comparing Figs.(8)—-3(c) and 3d)—3(f), small “islands” 1l transform into the set of scattering states
one finds a tendency that the shape of the energy levels df”.
the BS undergoes topological transformation& as varied. The cause of the aforementioned topological transforma-
In addition, the shape of the bound state levels is quite diftion of E,(¢) is related to a complex interference between
ferent for the limitsa<¢ [Figs. 3@)—3(c)] anda>¢ [Figs.  electrons and holes in Andreev reflection proce$a&P) in
3(d)—-3(f)] limits. Contrary to the simplest case af~0, the S-1-S-I-S structures with finiteZ. The interface barriers
where only one bound statevith E,,>0) is present and modify the probability of ARP resulting in additional BS

where the energi,(¢) oscillates versug, the shape of the
BS for finite a can become closed between some values of
the phase difference; ,, forming localized “islands’[e.g.,
see Fig. 8)]. At Z=0.03 in Fig. 3a), one can see a local-
ized “island” positioned betweer,~ /2 and ¢,~37/2.
here is also another unlocked level positioned at higher
energies that oscillates witlr. Thus the spectrum that is
éormed under the condition of Andreev reflection may have a
complicated structure, and in analogy with classical mechan-
Z(—i—Z+e2‘akFZ—ie2iakF)‘2> ics can be viewed as a combination of “continuous” and
osc

_ “finite”motion. As the barrier height increases ®B=1.5
1-2iz-72+7%2 1 |

[see Fig. &)], the “island” becomes unlocked, and both the
(12 BS oscillate withg. At Z=3.5, E,(¢) becomes smoothly
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levels, although not all of them are “permitted” at finite 1.5 N

When at somep; no levels are permitted, the trajectory be-

comes locked. This situation corresponds to a classic finite I

motion of a particle between two coordinates and ¢,

while for the system under consideration that is related to a 0.5 1

localized state. The implicit influence of the interface barri- @) 0

ers on ARP is the main reason why BS are topologically

transformed. On the contrary, the direct contribution of nor- -05

mal reflection to resonances is not significant because the i

normal electron wavelengthyy~1/kg, is small. On the A1

other hand, the much longer wavelengihh~ 1/gs~a (qs

=xAlhve<kg for a BCS superconductpris involved in -1.5 -
0 2 4 6 8 10 12 14

the resonant process.
The above idealized description is not generally valid,
either if the concentration of impurities in the electrodes is 15 4 The Josephson current versus phase difference in reso-

high, or if the interface is not perfectly smooth. However, ,,nt conditions. Curves A, B, and C correspond to the band con-
one can modify this approach to the casigsvhen the im- g rations shown in Fig. @), 3(b), 3(d), respectively. The Joseph-
purity concentration is not very highEer>1, 7; is the  gon current is normalized by its maximum value, the phase is
electron-impurity scattering timeor (i) when the electron measured in radians. The Andreev band structé®S) for the
scattering at the interfaces is not specular. The lifiis  s-I-S'-I-S configuration is schematically shown in the inset.
considered if in the above formula8)—(6), one replaces
formally E—E[1+i/(2nyE°~A%)] and A—A[1l  ying of behavior is consistent with the electron-impurity
+i/(27yE*—A%)]. Then the modifiecE andA are used 10 gcattering effect. However, one can find that the width of the
perform the calculations of th&,(¢) curves in the same E (4 levels has a minor influence on the magnitude of the
way as is described above. When the impurity concentratlogosephson current, unless the topology remains unchanged
Smoother. and e subtle detais ke oe shown in Figal.& M e IMItEe7 =1, yy< (/2). When the parameters
3(d)-3(f) zalre washed out. This is due to the finite width gfsEFTi and y, Increase, the topology ﬁn(q))- can eventually

X . change, and the Josephson current then is affected as well. It
the Eq(¢) levels that itself depends on the magnitude Ofghqyid be noted that for a mosaic structure with tilted ele-
Ep7i. The similar tendency is obtained also when the elecinents, the interface resistance is increased as compared with
tron scattering at the S/Snd $/S interfaces becomes dif- 4t for the ideally flat surface, and consequently, kg
fusive. . _ _and J, are reduced. However, the detailed investigation of

In the casdii), the interface can be modeled by a MosaiCipig problem is beyond the scope of this paper.

structure that consists &f randomly inclined small elements In Fig. 4 we have plotted the Josephson current versus the
Mi (i=1,...N, the size of each element however must beppase difference across the junction. In the inset to this figure
larger compared tdkg ). Each element of the mosaic is \e gketch the S-I1-SI-S setup where we indicate that An-
characterized by its own aréq and by its own normal vec-  greev bound state$ABS) are positioned in the middle’S
tor by, tilted in respect to the-axis direction. Although the  glectrode. The currents in Fig. 4 are measured in units of the
deviation of the normal vectots; is random, the condition critical currentl, of an ideal symmetric S-c-S point contact
(IN)Zibj=b (b is the vector along the axis) has to be (with Z=0) which has critical parameters being always
fulfilled. In such a setup, there are two major characteristicq;]igher compared to a nonsymmetric junction S-I(&+#0;
of the interface being important for the electron scattering.Ar<A)_ From the curve A in this figurBwhich corresponds
One is the tilting of the normal vectoly with respect td, to the configuration of BS shown in Fig(8 ata=0.1 and
that may be described by a distribution functi(6;,¢)  z7=0.03], one can see that the critical curreht, of the
(where6; and ¢; are the tilting angles df;). Another char-  5.|-g'-|-S stack may be increased compared even to the bar-
acteristic is the transmission diagram of the elementary eleGijgriess S-c-S casivith 1.=1 in our unit3, while the differ-
tron tunneling procesg;(6) (¢ is the angle between the ence between S-1/8-S and nonsymmetric S-12unctions
momentum of incident electror;,, and b;) through the  myst be even more significant. One may also notice a devia-
interface?? The electron scattering is considered separatelyjon from the regular sig dependence due to presence of the
for each element of the mosaic, and the setEﬁf(cp) IS bends atp;= /2 andp,=37/2. Referring to Fig. &), one
calculated, for different directions @f,. Then, the averag- can conclude that the bends originate from the “island” BS
ing over all the mosaic elements is made. Here we assumglosed betweenp; and ¢,. These bends are hampered in
that all M; have equal area, and the same transmissiogurve B for which the barrier strength increases upZto
Bi(0)=B(60) = Boexr — 02y (Bo is the normalizing con- =15 [this case corresponds to BS shown in Fith)B thus
stant, yy is the dispersion over the angle of the elementarythe shape of the Josephson characteristic transforms to a
electron tunneling proceps Also we use Wi(6;,¢;)  shape like that for a regular tunnel junctidfe)=1sine
=exfl— 0 v 1— ¢? vir 2] with a dispersionyg; =y, and  (e.g., see curve B in Fig.)4Interestingl (¢) characteristics
Yiit2= Yir- The finite result is similar t@i), but depends on correspond to the case>¢ with BS shown in Figs. @l)—
the dispersion constant,. The general tendency is that the 3(f). In that case, the complex topology of BS and of scat-
width of the E,(¢) levels is increased ag, grows. This tering states, consisting of closed “islands,” results in a

phase
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quite remarkabld (¢) dependence, as well. More specifi- of the two junctions was much less than that discussed in this
cally, the “islands” lead to irregular alternation of the Jo- paper. Hence, for the kind of junctions we are working with,
sephson current at some values of the phase difference. THise nonequilibrium effects have only a minor influence on
kind of characteristic is shown as curve C in Fig. 4, whichthe Josephson critical current.
corresponds to the,(¢) contours of Fig. &). For example,
the sharp edge of “island” Il atp= /4 [see Fig. &)] pro-
duces the sudden cusp in thgp) characteristicgésee Fig. 4,
curve Q at the same value af. From the above analysis one can conclude that the
We have considered in detail the properties of the systeng-|-S'-I-S devices considered here reveal physical properties
with Z<1 andZ~1, since this is the physically most spec- that have not been taken into account in the theories confined
tacular case, which reveals the correlation between the elegs inductive coupling between the junctions. In the model we
tron spectrum and in an obvious way. As the interface have assumed that the middlé Byer in the device is a
barrier strengthZ grows, the E,(¢) contours become superconductor with reduced superconducting parameters as
smoother, and the number of the BS contributingl t¢)  compared with those for external electrodes. However, the
increases. But even in the low-transparency limit, wiZen same approach may be applied to the case when the middle
>1 (which is valid for commonly available tunnel junctions, electrode is a normal metal. In both cases, there is an “en-
including those used in our experimgnthe critical current  ergy quantum well” formed by the superconducting energy
of the symmetric S-I-SI-S devices, in principle, always ex- gap profile of the successive electrodes. In such devices, the
ceeds the value df, for the S-I-S junction due to a contri- current-phase ratio may be substantially modified due to
bution of BS. resonances that arise in the middle layer as a result of An-
According to formula1), there is another factor that may, dreev reflection. In particular, this may result in an enhance-
in principle, affect the magnitude of. For instance, if the ment of the supercurrent through the device. This effect was
electron distribution function fEn deviates from the observed experimentally on Nb-based devices. Probably, the
equilibrium, the Josephson tunneling may be influencedsame approach may be used to explain the appearance of the
One may argue that, in the case of thesupercurrent in Nb-AIQAI-AIO,-Nb devices? It is impor-
Nb/AI-AlO,-Nb/AI-AIO,-Ta/Nb devices, we measure the tant that such resonances be efficient even for devices with
critical current of the bottom Nb/AI-AIQNb/Al junction ~ low transmission probability of the tunnel barriers and a
when the upper Nb/AI-AIQ-Ta/Nb junction is in the resis- Middle electrode with good metallic properties, so that the
tive state at gap sum voltage. Therefore, the upper junctioRormal electron wavelength is small. Due to the last fact, it is
may be a source of the nonequilibrium influence in the fol-difficult to observe resonant tunneling of normal electrons
lowing two ways. First, the extraction of quasiparticles isthrough the double-barrier junctions with the middle elec-
possible from the middle Nb/Al layer, which results in the trode being metal. Therefore, resonant tunneling phenomena
stimulation of superconductiviti However, in this case we Of normal electrons are usually restricted to semiconductor
would observe an increase, rather than a decrease, of tifvices. However, even for metals, the resonance may be
critical current through the bottom junction as comparedobservable for a quasiparticle wave with the wavelengh
with the critical current value measured on the ~1/ds, which characterizes quasiparticles involved in An-
Nb/AI-AlO ,-Nb/AI-AlO ,-Nb devices in equilibrium condi- dreev reflection processes, because this wavelength is typi-
tions (V=0). On the other hand, one may suppose that th&ally much larger than the wavelength of normal electrons.
energy gap in the middle electrode is suppressed by exced§ie value ofiq is comparable with the BCS coherence
quasiparticles produced by pair breaking when the uppelength, which reflects the fact that the excited quasiparticles
junction is biased at gap sum voltage. Then the critical curbear the collective mode behavior of paired electrons. In this
rent in the bottom junction may be suppressed, too. Théespect, the phenomenon is closely related to that described
same effect, if not stronger, should be observed on symmetd Refs. 29,30.
ric Nb/AI-AlO,-Nb/AI-AlO,-Nb devices with nearly identi-

IV. CONCLUSION

cal crltlca_ll currents, |f_ one of the junctions is m_the resistive ACKNOWLEDGMENTS
state. Using proper biasing of two-terminal devices and mea-
surements on three-terminal deviéésye observed the I. P. Nevirkovets was supported by the Royal Society

branches in thé-V characteristic displaying critical currents (UK). The samples were fabricated and measured at the De-
of both junctions from the stadke., initial switching of one  partment of Materials Science and Metallurd@yniversity of
junction to single gap sum voltage and consequent switchin@ambridge, UK. This work was supported in part by the
of the second junction to the double gap sum voljayjde = Northwestern Materials Research Center under NSF Grant
have found that the difference between the critical current®o. DMR-9309061.

*Permanent address: Institute for Metal Physics, National Acad-'A. F. Andreev, Zh. Eksp. Teor. FiZ9, 655 (1965 [Sov. Phys.
emy of Sciences of the Ukraine, 36 Vernadsky Boulevard, UA- JETP22, 455(1966)].

252680 Kyv-142, Ukraine. °M. Octavio, M. Tinkham, G. E. Blonder, and T. M. Klapwijk,
TPermanent address: Institute of Magnetism, National Academy of Phys. Rev. B27, 6739(1983.

Sciences of the Ukraine, 36b Vernadsky Boulevard, UA-252680 SA. D. zaikin, zh. Eksp. Teor. Fiz84, 1560(1983 [Sov. Phys.
Kyiv-142, Ukraine. JETP57(4), 910(1983].



PRB 59 RESONANT JOSEPHSON TUNNELING IN S-I‘S-S .. .. 1317

4U. Gunsenheimer and A. D. Zaikin, Phys. Rev. 3, 6317 18 p. Nevirkovets, J. E. Evettes, M. G. Blamire, Z. H. Barber, and

(1994. E. Goldobin, Phys. Lett. 232 299 (1997.

>C. Ishii, Prog. Theor. Physi4, 1525(1970. 191, P. Nevirkovets, M. G. Blamire, and J. E. Eveftspublishedl

®A. V. Svidzinsky, T. N. Antsygina, and E. N. Bratus’, Zh. Eksp. 20A. B, Svidzinskiy, Space-inhomogeneous Issues of the Supercon-
Teor. Fiz.61, 1612(1971) [Sov. Phys. JETR4, 860 (1972]. ductivity Theory(Science, Moscow, 1982, in Russjap. 310.

’S. V. Kuplevakhsikii and I. I. Falko, Fiz. Nizk. Temfi7, 961  2lp G, de GennesSuperconductivity of Metals and AlloyBen-
(1991 [SOV. J. Low Temp. Phydl7, 501 (199])]. jamin, New York, 1966

8C(. W.]\)]. Beenakker and H. van Houten, Phys. Rev. 166it3056 2g g Shafranjuk and T. Yamashita, Phys. Rev58 15380

1991. (1996.

lZL.-F."Chang and P. F. Bagwell, Phys. RevA8 15853(1994. ZA. Chrestin, T. Matsuyama, and U. Merkt, Phys. Rev4® 498
K. Bottcher and T. Kopp, Phys. Rev. &5, 11 670(1997. (1994

11c. J. Lambert and R. Raimondi, J. Phys.: Condens. Matfer '

24G. E. Blonder, M. Tinkham, and T. M. Klapwijk, Phys. Rev. B
25, 4515(1982.

25|, 0. Kulik and A. N. Omel'yanchuk, Fiz. Nizk. Tems, 945
(1977 [Sov. J. Low Temp. Phys3, 459 (1977]; 4, 296 (1978
[4, 142 (1978)].

%M. G. Blamire, E. C. G. Kirk, J. E. Evetts, and T. M. Klapwijk,

901 (1998.

12, Barone and G. PaternBhysics and Application of the Joseph-
son Effect(Wiley, New York, 1982.

18K, K. Likharev, Dynamics of Josephson Junctions and Circuits
(Gordon & Breach, New York, 1986

143, Kashiwaya, Y. Tanaka, M. Koyanagi, and K. Kajimura, Phys.

Rev. B53, 2667(1996. Phys. Rev. Lett66, 220(1991).

15R. Kleiner, F. Steinmeyer, G. Kunkel, and P. g, Phys. Rev. - I- P. Nevirkovets, J. E. Evetts, and M. G. Blamire, Phys. Lett. A
Lett. 68, 2394(1992. 187, 119(1994.

165, Sakai, P. Bodin, and N. F. Pedersen, J. Appl. Pigs2411  °®M. Maezawa and A. Shoji, Appl. Phys. Left0, 3603(1997).
(1993. 22W. J. Tomash, Phys. Rev. Left5, 672(1965.

173, sakai, A. V. Ustinov, H. Kohlstedt, A. Petraglia, and N. F. 30w, L. McMillan and P. W. Anderson, Phys. Rev. Letf5, 453
Pedersen, Phys. Rev. 3, 12 905(1994). (1966.



