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Within the framework of the Usadel equations we analyze the proximity effect at the 
interface of two superconducting metals in the case where the thickness d of one metal (St) 
is assumed much smaller than the coherence length c* of that metal. We use numerical 
methods to calculate the density of states at the SS' interface, the gap A, in the elementary- 
excitation spectrum, and the values of the order parameters A, and A, in the S and S' 
superconductors. We show that the temperature dependences of these quantities are determined 
by the suppression parameter yM= pJ:d/pc*2 and the critical temperature ratio T,*/T, 
and generally do not coincide. The results are used to calculate the temperature dependences 
of the critical current and current-voltage characteristics of high-capacitance SS'IS'S 
tunneling junctions. We examine the way in which these characteristics vary with the 
parameter yM and the T,*/T, ratio and show that the critical current in 
NbN/Nb/Al/AlOdAl/Nb/NbN structures may amount to 90% and 30% of the maximum 
possible value in the liquid-helium temperature range and near T,, respectively, while a 
study of the features of current-voltage characteristics may yield additional information about 
the properties of the Nb/A1 boundary. 

INTRODUCTION 

The substantial achievements in the field of supercon- 
ducting electronics (the design of highly sensitive magne- 
tometers and related devices, receivers of electromagnetic 
radiation, and devices using fast single-quantum logic) are 
due in many respects to the emergence of the so-called 
niobium-aluminum technology of manufacturing Joseph- 
son Nb-A10,-Nb tunnel junctions. At a certain stage of 
manufacturing (with the aim of forming an insulator 
layer) this technology provides for oxidation of a thin layer 
of aluminum previously deposited on niobium. As a rule, 
however, there is a residue layer of aluminum left between 
the superconductor and the insulator layer. More than 
that, in junctions used as detectors of x rays such a residual 
layer is specially reproduced on both sides of the insulator 
layer.lW4 Since aluminum is a superconductor with a tran- 
sition temperature T r  2.7 K, the resulting junctions are 
of the SS'IS or SS'IS'S type. 

Further development of this avenue of research is the 
change from Nb to superconducting electrodes with a 
higher transition temperature, for instance NbN. But in 
contrast to Nb, the morphology of the NbN surface is 
move complicated, and the surface's wettability is substan- 
tially lower than that of aluminum. Hence, simple trans- 
ference of the manufacturing technology of Nb-A10,-Nb 
structures to NbN-A10,-NbN junctions has not led to 
success. One solution to the emerging problems is to use a 
thin layer of Nb as a buffer between NbN and Al, that is, 
manufacturing NbN-(Nb-Al0,-Nb)-NbN junctions. 
Since the coherence length of Nb is much shorter than that 
of Al, for layers of these metals of roughly the same thick- 
ness the properties of the junctions are chiefly determined 
by the proximity effect at the NbN-Nb interfaces, that is, 

are close to the characteristics of structures of the SS'IS'S 
type. 

The earlier theoretical studies of the properties of 
Nb-Al0,-Nb tunnel junctions used the model of an 
SNINS which assumes that the N-metal is 
truly normal, that is, has T,*=O. The model provides a 
qualitative description of the main features of 
Nb-Al0,-Nb junctions: the knee-like structure of the 
current-voltage characteristics, the suppressed critical- 
current values I, (in comparison with those that follow 
from the microscopic theory of SIS structures; see Refs. 7 
and 8), and the effective gap A, in the elementary- 
excitation spectrum. The model, however, yields essentially 
understated quantitative estimates, especially for 
NbN-(Nb-Al0,-Nb)NbN Josephson junctions, in which 
the transition temperature T r  usually differs from zero 
considerably. 

The goal of the present paper is to build a theory of 
SS'IS'S tunneling Josephson junctions with spatially inho- 
mogeneous superconducting properties of the 
SS1-electrodes, a theory that allows for a finite transition 
temperature of the S' layers. 

1. JUNCTION MODEL 

We assume that at least one of the electrodes of the SIS 
tunneling junction is an SS' sandwich, with the thickness d 
of the St-layer obeying the following condition: 

d-a*, (1 

where l*= ( D/2.rrTc) 'I2 is the effective coherence length 
in the Sf-metal, and T ,  the transition temperature of the 
massive superconductor. We also assume that the S and S' 
materials meet the "dirty" limit conditions and that the 

915 JETP 76 (5), May 1993 1063-7761 /93/050915-09$10.00 @ 1993 American Institute of Physics 915 



transverse dimensions of the tunneling junction, W, satisfy 
the condition W < A J, where A is the Josephson penetra- 
tion depth, so that all quantities can be assumed to depend 
only on one coordinate x along the normal to the material's 
surface. Below we restrict our discussion to the case most 
important from the practical viewpoint, namely, the case of 
fairly thick superconducting electrodes, that is, we do not 
allow for the decrease in the transition temperature of the 
SS'-electrode in comparison with the T, of the massive S 
material. 

The low junction transparency makes it possible, when 
studying the junction properties, to ignore the suppression 
of the superconductivity of the electrodes by the current 
flowing in them and to employ the formulas of classical 
tunnel theory,778 according to which the current is deter- 
mined by the retarded Green functions in the electrodes, 
F (E)  and G(E). For instance, for large values of the 
McCumber-Stewart parameter, P)1, when the voltage 
across the junction remains practically constant, the cur- 
rent through the junction is determined by the relation 

where q, is the difference in the phases of the electrode's 
order parameter, 

the amplitude of the Josephson supercurrent, 

the amplitude of the dissipative component of the current 
caused by the interference of pairs and quasiparticles, and 

determines the quasiparticle current. Here the subscripts 1 
and 2 refer to the left and right electrodes, respectively, and 
a, is the conductivity per unit surface area of the junction. 

When calculating the current (2) we can employ con- 
dition ( 1 ) and assume that the functions ReG(e), ReF(&), 
and I d ( & )  are equal to their values at the SSP interface, 
that is, ignore the unlikely processes of electrons tunneling 
from the bulk of the SS'-electrode. 

As noted in Ref. 5, the problem of determining the 
functions ReG(e), ReF(&), and I d ( & )  in Eqs. (2)-(4) 
must be solved in two stages. In the first the spatial depen- 
dence of the order parameter A(x) in the compound 
SS1-electrode is determined by solving the Usadel 
equations.9 Then, using this function, we must solve the 
analytically continued (by replacing w with -i&) Usadel 
equations. 

2. THE PROXIMITY EFFECT IN THE SS' SANDWICH 

We place the origin of coordinates in the SSP interface 
and direct the x axis perpendicularly to this interface. Then 
in the gauge in which the vector potential is zero the 
Usadel equations describing the properties of these metals 
can be represented in the form (the region where x)O is 
occupied by the massive superconductor (S) and the re- 
gion where -d<x(O by the S metal): 

Here @ and @, and A, and A, are modified Usadel func- 
tions and the order parameters in the S and S' materials, 
respectively, w is the Matsubara frequency, and a prime 
denotes a derivative with respect to coordinate x. 

Equations (5) and (6) must be supplemented by 
boundary conditions in the bulk of the S-electrode, 

and also at the interface of the S' metal and the massive 
s~~erconduc to r '~  (in what follows the transparency of this 
interface is assumed to be close to unity), 

and at the interface of the S' metal and the insulator, 

Here A ( T )  is the absolute value of the order parameter of 
a homogeneous superconductor at a temperature T, and p 
and p, are the conductivities of the S' and S metals, re- 
spectively. 

In the limit of a thin S' layer, d(f*, Eqs. (6) contain 
two characteristic frequencies, a,-- aT, and adz nT, 
X ( ~ * / d ) ~ s ~ , .  In the frequency range we ignore 
the nongradient terms in (6) in the first approximation in 
d/{* and, allowing for (9), obtain 

Substituting (10) into (6), in the next approximation in 
d/f* we obtain 

Since summation in the self-consistency equation (6) 
is convergent for w > ad,  to find the relationship between 
the constants A and B we must know the behavior of the 
QN functions at higher frequencies. We employ the fact 
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that for w > R, the Usadel equations are linearized and, 
with A constant, they allow for an analytical solution of the 
form 

which in the frequency range Rc(w(Qd automatically 
transforms into Eq. ( 1 1 ). Substituting ( 12) into the self- 
consistency equation (6) and allowing for the fact that 

where y*= 1.78 is Euler's constant, we arrive at the fol- 
lowing relations: 

which makes it possible, provided Eq. (1 1) is taken into 
account, to write the boundary conditions (8) in a form 
closed with respect to a,: 

thus reducing the problem to solving the Usadel equations 
in the superconductor. From ( 14) we see that the solution 
depends strongly on the magnitude of parameter yeR. 

2.1. The approximation of small values of ye, 

For fairly small values of yeR the boundary conditions 
( 14) imply that 

for o(Ry=~TJyeff  in the zeroth approximation in ye,. 
Since the sum in the self-consistency equation (5) con- 
verges for frequencies R,(R, we can assume that both A, 
and @, in this approximation are independent of coordi- 
nate x: 

In the range of frequencies w z n y  the Usadel equa- 
tions (5) are linearized and are satisfied, if we allow for 
( 14), by a solution of the form 

from which we have for @,(0) 

Substituting (16) into (13) and (14), we arrive at a con- 
dition for the applicability of the approximation: 

As T,* + 0, the above inequality transforms into the 
one (yM(l) established in Ref. 5 for SNINS junctions 
with a truly normal metal. We see that the closer T,* is to 
T ,  and the smaller the thickness S' of the layer, the less 
stringent are the requirements imposed on the suppression 
parameter yw 

2.2. The approximation of large values of yeff 

In this approximation the boundary condition (14) in 
the range w).rrTJyeff is reduced in the zeroth approxima- 
tion in y;' to the equality 

The solution to Eq. (5) with the boundary conditions 
(7) and (20) was obtained in Ref. 10. There it was shown, 
among other things, that in the neighborhood of the SS' 
interface (0 < x < 6;) the functions @, are given by 

where f(3) is Riemann's zeta function. Substituting (2 1 ) 
into (14) in the next approximation in y ~ ' ,  we get 

We see that at temperatures not too close to Tr, 

the values of the functions @,(o) at the SS' interface are 
proportional to B( T )  : 

P T J ~  ( 2y*ad/'iTT; ) 
@,(O) = B( T)  a (Tc- T). (24) 

oyMln( T/Tr) 

For a condition opposite to (23), that is, at T 
z Tr, we have 

Formulas (24) and (25) are valid if @,(O)(rT, which 
for T z T r  is reduced to the requirement that 

and at T z  T, can be written as 
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FIG. 2. The temperature dependences of the order parameter A,(x=O) at 
FIG. 1. The spatial dependence of the order parameter in the s region, the SS' interface as x -  + O  and at yM= 1, for different values of c / T , :  
A,(x), at yM=l for different values of p / T , :  0.8, 0.5, 0.3, 0.1, 10-2, 1.0,0.8,0.5, 0.2, 0.1, lop2,  lo-', and 0 (curves I-10, respec- 

and 0 (curves 1-7, respectively). tively. 

The structure of formulas (24)-(27) implies that the Clearly, even a slight increase in T:/T, leads to a substan- 
values of the functions @,(O) depend on the dependence tial increase in the absolute values of A, and in the case of 
between T and T*, with a Nb/Al or NbN/Nb sandwich ( TF/T, -- 0.2-0.3) such an 

ln(2y*fid/TT,*) 
increase amounts to approximately 50%. 

'*="+ ryMln(TJ~;) (($)2-1)'  (28) 
Figure 2 and 3 depict the temperature dependences of 

the order parameter at the SS' interface, A,(x=O), and in 

For T>T* the fact that the transition temperature of the 
S' material is finite leads only to a slight decrease (in com- 
parison to yM) in the absolute value of the suppression 
parameter yeff, which, as follows from ( 14), is given by the 
following relation: 

The temperature dependence of @,(O) is determined by the 
function B(T),  that is, as in the SN sandwich, 
@,(0) a (T,- T)/y,ff. 

At temperatures close to T* there is a transition to 
weaker functional dependences of @,(O) on T and yM de- 
termined in (25 ), @,(O) a [T,- T )/yeff]1'3, accompanied 
by a sharp increase in the absolute values of @,(O). 

2.3. Arbitrary values of ye,, 

For arbitrary temperatures and values of yM and 
Tr/T, the system of equations ( 5 ) ,  (7), and (14) was 
solved numerically. The results are depicted in Figs. 1-3. 

Figure 1 shows the spatial variations of the order pa- 
rameter in the S-electrode at T =O. l T, and yM= l. Curve 
7 depicts the A, vs x dependence calculated earlier in Ref. 
5 while analyzing the proximity effect of a superconductor 
with a thin layer and a truly normal metal (Tr=O). 

FIG. 3. The temperature dependences of the order parameter A, in the Sf 
region at y M  1 for different values of T,*/T,: 1.0,0.8, 0.5, 0.2,O. 1 ,  lo-', 
lo-', lop4, and (curves 1-9, respectively). 
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the S' layer, A,, at yM= 1 and various values of T,*/T,. 
We see that for arbitrary temperatures, too, the limiting 
transition in parameter T,*/T, from S' to the N metal 
proceeds very slowly, so that even for T;/T, as small as 
one part in a million the order parameter in the S' region, 
A,, is distinctly nonzero. Such behavior agrees fully with 
the logarithmic dependence of the effective suppression pa- 
rameter yer on T,*/T, specified in ( 14). 

3. STATIONARY PROPERTIES OF SS'IS'S AND SS'IS 
TUNNEL STRUCTURES 

It has proved expedient to write the expression that 
follows from (2) for the critical current in a tunnel junc- 
tion in the Matsubara representation: 

where, as before, subscripts 1 and 2 refer to the first and 
second electrodes. 

In the limit of small values of ye@ from Eqs. ( 18) and 
(30) we arrive in the case of SS'IS'S junctions at the fol- 
lowing temperature dependence of I,: 

T w2h2( T) 
- Y ~ F  T C  C ( 2 + ~ 2 ( ~ ) ) 7 4 ( ~ c ) 1  

In particular, at temperatures close to T, Eq. (31) 
yields 

while for T 4  T,, if we go in (31) from summation to 
integration with respect to w, we get 

with r ( 1/4) z 3.626 the gamma function. 
For large values of the suppression parameter, in the 

T,* < T < T* range which is most interesting from the 
practical viewpoint, Eqs. (25) and (30) yield 

m 

x C (2n+1)-8/3. 
n=O 

(34) 

For T) T*, as in structures of the SNINS type, the critical 
current is proportional to ( T,- T) 2: 

For arbitrary values of ye, and Tr/T, the temperature 
dependence of I, was determined numerically. The results 
of calculations at yM= 1 and yM=O.l are depicted in Fig. 
4. We see that the greater the values of the suppression 
parameter y ~ ,  the stronger the effect of the finiteness of the 
transition temperature of the S' material on I,. Here the 
critical current values calculated for T<0.4Tc with allow- 
ance for the fact that the transition temperature of A1 is 
finite (Tr/Tc=0.24.3) prove to be higher on the average 
by a factor of two (yM= 1) and by a factor of 1.5 
( yM = 0.1 ) than those calculated earlier in Ref. 5 at T r  = 0. 

Similar calculations for SS'IS structures in the limit of 

0 0,6 0,8 1 ,O 
TIT, 

FIG. 4. The temperature dependences of the normalized critical current 
IpR,/rT, in a symmetric SS'IS'S junction at (a) yM=l and (b) 
yM=O. 1 for different values of T$/T,: 1.0,0.5, 0.2,O. 1, lo-', 
and 0 (curves la, respectively). 
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small values of yeff [Eq. ( 19)] lead to a temperature depen- 
dence of I, of the form 

X 
A2( T) 

( [ w ~ ( ~ + Y ~ & ) ~ + A ~ ( T ) I  [ w 2 + ~ 2 ( ~ ) 1 3 1 / 2  

(36) 
For large values of ye, and T,* < T < T*, E ~ s .  (25) and 

(30) yield the following expression for the temperature 
dependence of I,: 

aTA ( T)  

m 4 / 3 [ 0 2 + ~ 2 ( ~ ) ~ 1 / 2  

from which it follows that I, a ( Tc- T) 'I6. AS the temper- 
ature grows this dependence transforms for T >  T* into 
one typical for SNIS junctions: 

Equations (36)-(38) imply that the finiteness of the 
transition temperature of the S' material affects the critical 
current in junctions as strongly as it does in the case of 
SS'IS'S junctions. 

4. NONSTATIONARY PROPERTIES OF SS'IS'S AND SS'iS 
TUNNELSTRUCTURES 

According to Eqs. (2)-(4), to calculate the total cur- 
rent flowing through the tunnel junction we must know the 
density of states at the SS' interface. In the region of small 
values of the suppression parameter ya [Eq. (19)], using 
Eq. (18) we get 

2 1/2 where Be= [(A2( T) -E ) /~TT,]~/~. Analysis of Eq. (39) 
shows that the density of states has two singularities, one at 
E= A ( T)  and the other at 

The first does not manifest itself strongly, that is, 
N ( E ) + ( E ~ - A ~ ( T ) ) ' / ~  as E+A(T)AO, and vanishes 
completely in the next approximation in y,. The position 
of the second singularity determines the size of the gap in 
the elementary-excitation spectrum. 

For arbitrary values of T,*/Tc and yeff it has been 
found expedient to go over to new functions @,= w tan 8 
and G,=cosO and then replace w by -it: in Eqs. (5) and 
the boundary conditions (7)  and ( 14) 

Here F=E/PT, and h ( x ) = h ( x ) / a ~ ,  and the 
w-independent functions A (x) and the quantity yet,( T )  
defined in (14) were found earlier in the first stage of 
calculations when the proximity effect was analyzed. 

The results of calculations at T =O. 1 Tc and yM= 1 are 
depicted in Fig. 5. Clearly, at Tr=O (curve 1 )  the singu- 
larity in the density of states is completely smeared. An 
increase in parameter T,*/T, changes the shape of the 
curves. This is accompanied by a growth of the energy gap 
(Fig. 6) and by the emergence, starting at Tz0.2T, of a 
pronounced singularity manifesting itself in the current- 
voltage characteristics of the junctions (Fig. 7a) as a knee- 
like structure, whose maximum span is attained at 
T,*/Tcz0.5. Further increase in parameter T,*/Tc is ac- 
companied by suppression of this structure and a smooth 
transition to curve 9 corresponding to the current-voltage 
characteristics of a classical SIS tunneling junction. 

For fairly small yM=O. 1 the knee-like structure in the 
current-voltage characteristics (Fig. 7b) manifests itself 
already at T,*=O. Clearly, here an increase in T,*/Tc is 
accompanied by an increase in the effective gap voltage. 
The width of the singularity in the current-voltage char- 
acteristics decreases while the peak value remains practi- 
cally unchanged. However, starting with T,*/Tcz0.2, the 

FIG. 5. The density of states at the SS'interface at yM= 1 for different 
values of P / T , :  0, lo-', 0.1,0.2, 0.3, 0.5, 0.8, and 1 (curves 
1-10, respectively). 
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FIG. 6. The temperature dependences of the energy gap determined from 
N vs E curves (Fig. 5) at y ~ =  1 and for different values of P / T ;  1.0, 
0.5, 0.2, 0.1, lo-', lo-', lop4, lop6, and 0 (curves 1-9, respectively). e l e R ~ I A  

peak value drops and a smooth transition to curve 9 cor- 2.5 1 -I 
responding to the current-voltage characteristic of a SIS 
junction is observed. 

A simple comparison of the temperature dependences 
of the order parameter at the SS' interface in the super- 
conducting electrode, AJ0) (Fig. 2), the order parameter 
in the S' layer (Fig. 3), and the effective gap in the 
elementary-excitation spectrum (Fig. 6) points to a fairly 
strong difference between these values, and the larger the 
value of yM the greater the difference. This fact must be 
taken into account when analyzing the data on the size of 
the order parameter obtained by tunneling spectroscopy 
methods. The presence of factors leading to the spatial 
inhomogeneity of the order parameter in S-electrodes near 
the insulating layer results in the formation of singularities 
in the current-voltage characteristics at a voltage actually 
independent of the order parameter both at the SI inter- 
face, A,(O), and in the bulk of the electrodes, A(  T). 

Figures 8 and 9 depict the variations in the current- 
voltage characteristics of SS'IS'S tunnel structures caused 
by variations in the suppression parameter yM at liquid- 
helium temperatures T=4.2 K for typical values of param- 
eters of Nb/Al/AlOJAl/Nb and NbN/Nb/AVAlOd 
Al/Nb/NbN junctions ( T r  = 1.3 K and T,= 9.2 K) and 
( T,* = 7 K and T,= 16 K), respectively. Clearly, in both 
the first and second case at y M z  1 the knee-like structure is 
practically absent from the current-voltage characteristics. 
A decrease in yM is accompanied by the emergence of such 
a structure, with the peak value of the singularity attained 
at ~ ~ ~ 0 . 2 .  As the suppression parameter further de- 
creases, the structure is suppressed. But even at ~ ~ ~ 0 . 0 5  
it is still noticeable, and the transition to the current- 

FIG. 7. Current-voltage characteristics of the SS'IS'S tunnel junction: 
(a) at yM=l for T,Z/T,=O (curve l ) ,  lo4 (curve2), lo-' (curve 3), 0.1 
(curve 4), 0.3 (curve 5), 0.5 (curve 6), 0.8 (curve 7),0.9 (curve 8) ,  and 
1.0 (curve 9); and (b) at yM=O.l for C / T , = O  (curve I ) ,  lop4 (curve 
2), lo-' (curve 3) ,  0.05 (curve 4), 0.15 (curve 5), 0.3 (curve 6), 0.5 
(curve 7), 0.8 (curve 81, and 1.0 (curve 9). 

voltage characteristic following from the classical theory of 
the tunneling effect (curve 9) occurs when yM<O.Ol. 

5. CONCLUSION 

The above calculations show that the finiteness of the 
transition temperature of the Sf material has the same 
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FIG. 8. Current-voltage characteristics of the SS'IS'S tunnel junction at 
=7 K, T,= 16 K ,  and T=4.2 K (NbN/Nb/AVAlOJAl/Nb/NbN) 

and different values of the suppression parameter yM= 1.0 (curve I ) ,  0.5 
(curve 2), 0.3 (curve 3), 0.2 (curve 4), 0.1 (curve 5),  0.05 (curve 6), and 
0 (curve 7 ) .  

FIG. 9. Current-voltage characteristics of the SS'IS'S tunnel junction at 
Tr = 1.3 K ,  T,=9.2 K ,  and T=4.2 K (NbAl/AlOJAlNb) and different 
values of the suppression parameter yM= 1.0 (curve I ) ,  0.5 (curve 2),  0.3 
(curve 3), 0.2 (curve 4), 0.1 (curve 5),  0.05 (curve 6), and 0 
(curve 7). 

strong effect on the characteristics of SS'IS'S tunnel struc- 
tures as the suppression parameter yM and actually leads to 
an effective decrease of this parameter, in accordance with 
Eqs. (14) and (19). 

For instance, for typical values of the parameters of the 
constituents of the NbN/Nb/Al/A1203/Al/Nb/NbN tun- 
nel structure, 

Eqs. ( 14) and ( 19) yield the following values for yM and 
Yeff : 

yMz2, ~ ~ ~ ~ 0 . 5 .  (43) 

The fact that the transition temperature of the Sf material 
is finite, as we see, leads in the given situation to a sizable 
decrease of the effective suppression parameter. Equations 
(31) and (32) at yeffz0.5 in the neighborhood of T, and 
in the low-temperature range yield, respectively, 

(Similar estimates for T 4  T, without allowing for the fi- 
niteness of the transition temperature of the Sf layer yield 
values smaller by a factor of ten.) 

Hence, in NbN/Nb/A1/Al2O3/A1/Nb/NbN junctions 
the product IJN may, at least in the liquid-helium tem- 
perature range, reach values that differ only by 10-20% 
from the maximum possible one in NbN/I/Nb structures. 
The value of this product decreases as the temperature 
grows, and at T z T ,  the difference amounts to approxi- 
mately 70%. 

An aspect worth noting (see Fig. 8) is that in practice 
no knee-like singularity initiated by the proximity effect at 
the NbN/Nb interface should be observed in the current- 
voltage characteristics of NbN/Nb/Al/A120,/A1/Nb/ 
NbN junctions. Experimental observation of such a singu- 
larity can be caused only by the proximity defect at the 
Nb/Al interface, and its study provides additional infor- 
mation about the suppression parameter at this interface. 
The parameter is small and has practically no effect on I,. 

Indeed, for typical values of the parameters of the ma- 
terials comprising the Nb/A1/Al2O3/A1/Nb tunnel struc- 
ture, 

Nb-(zz150 A, p s z  10 p a  cm, Tcz9.2 K, 
(45) 

~ l - ( * z  (g01) 'I2, p z  1 p a  cm, T,* z 1.3 K. 

if we assume that the mean free path of electrons, 1, in A1 
is of the order of the film thickness and lo4 A, Eqs. 
( 14) and ( 19) yield the following values for yM and  ye^ 

~ ~ ~ 0 . 1 ,  ~ ~ ~ z 0 . 0 5 .  (46) 

With values of ye, so small and in the liquid-helium tem- 
perature range, the correction to I, that follows from Eq. 
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(33) proves to be of the order of one part in a hundred. 
However, the singularity in the current-voltage character- 
istics is still pronounced (see Fig. 9) ,  which makes it pos- 
sible to estimate y~ for the Nb/A1 interface knowing the 
experimental current-voltage characteristics. 

In experimental realizations of the NbN/Nb/Al/ 
A1203/AI/Nb/NbN tunneling junctions there is a possibil- 
ity of nitrogen diffusion toward aluminum in the respective 
interfaces, which leads to formation of 
NbN/A1/Al2O3/A1/NbN structures. In the latter case, for 
typical values of the parameters of NbN and A1 specified in 
(42) and (45) we get the following estimates for the sup- 
pression parameter: 

which are better than for the NbN/Nb interface. Hence, 
such diffusion does not lead to suppression of the critical 
current in the junctions. 

It should also be noted that the appearance of fairly 
large values of the order parameter in the S' layer already 
at T$/T,z lo5 has a strong effect on the quasiparticle re- 

laxation processes in SS'IS'S structures and should be 
taken into account when analyzing the operating condi- 
tions of SIS detectors of x rays. 
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