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INTRODUCTION 

In recent y·eara, there emerged theoretical and experimental 

papers devoted to the study of simulated superoonduoting layered 

structures Nb-Cu, Nb-Ta, V-SI, Nb-Nb0x-Nb/l, 2/, 
Within these structures one can separate three trends of inves

tigations: quasi-two-dimensional superconductivity, pinning and 

the change of characteristics due to the interaction with other 

layers. 
Simulated layered structures are an ideal model system for 

studying such fundamental problems of physics as the existence of a 

nonphoncn mechanism of the Copper pairing and the high-temperature 

superconducti~ity. 

Recently, it has been discovered that multilayer structures 

from oxide-metal layers of niobium llb-NbOx-Nb with a predetermined 

oonditlons of oxidation provide a discrete increase in the temperatu

re of transformation into a sllperconducting state depending on the 

n~~ber of layers in the structure/J/ o 

The niobium layers were evaporated by ;he magnetometer in the 

atmosphere of spectroscopically pure argon 2/ o The interaction 

between the layers was controlled by the oxidat~on conditions. The 

interaction is specified by the product of resistivity of the oxide 

layer g;, times its thickness eli . It ·was determined from measu

rements of tunnel contacts Nb-NbOx-Nb prepared ~der predetermined 

oxidation conditions 12' 31. The Auger analysis 2/ ensured the 

control of oxidation conditions of ·niobium and indicated the perio

dic structure, which is especially important for changing the criti

cal temperature of a superoonduoting transition on an N layer of the 
'7-(•J ' 

structure from a number of identical layers J d -=- !f(h). 

ST4TEMENT OF THE PROBLEM 

The multilayer structure Nb-NbOx-Nb may thought to be quasi

two-d:llmensional as the current CJ.J..t:O). flows accroas th6 layers; 

in this case, in an isolated layer of ~he structure from each thin 

niobium layer of 100-400 1 with the thickness of the oxide layer 

l0-20 A there exists superconductivity ('I'c-4,9 K)o Under given 

conditions of oxidation the :product (!?(di) changed from 
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2·I0-6 0H-CH 2 up to 2·Io-5 011·Cif' 
of the Josephson functions. 

These values are typical 

As is known, in a pure two-dimensional system the phase fluctua
tions destroy a lone-range order in a superconductor. Nevertheless 
electron transitions between the layers completely suppregs those 
fluctuations, the order parameter in three layers being Jndependent 
of electron transition probabilities between the layers 41 • Indeed, 
as has been shown by Dzyaloshinsky and Kats 151, even a very small 
overlapping of the electron wave functions of adjacent layers leads 
to comptete suppression of the phase fluctuations destroying a 
furthermost order of the two-dimensional system. 

THE RESULTS AND THEIR DISCUSSION 

Let us consider a multi-layer structure ("N-sandwich") as a 
semimaoroscopic quantum system in which N tunnelings proceed. The 
total wave 

A 

where /-/ 

Following 

function satisfies the equation 

.J. 0 lJl A 

i h 3T = 1-1- ?f. (I) 

is the ~iltonian operator of the considered system. 
/6/ Feynman the systems of Copper pairs (without taking 

acoount of recombination and decay of pairs into electrons with 
transition into the continuous spectrum) will be treated as a two-

• level quantum system. Under the a~sumption of discreteness of states 
of the system ( c1. o 1, 2, ••• , N ) the wave function /1/() is 
represented as 

r'tttJ>==Z ~(tJ/71{>. (2) 

.J. 
Under the condition of normalisation with the density of the Copper 
pairs we have ~.l = / ~/2 • Then, the Schroedinger equation (I) 
results in the following system of equations for 

(J) 
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Allowance for the interaction snly between the nearest layers 
leads to the following structure of three-dia~onal partitioned 
matrices of the recurrent type: 

,h 

' 0 0 
(n) 

~. u,,n K "~, ~t. f-!J.f' =: h 
K··~n u •• f "+i 

0 0 

Representing the probability amplitudes as 

(4) 

taking into account eqs. (J) and (4) we get the systeo of equations 
for parameter phase jumps of an order of individual tunnellings 
in the plane (x,y) model 

-< I . 
where },:r = h te-J1 0 ·o/·J:r(1) is the Josephson parameter, 

(5) 

'f>,,.,+J =e .... ~- 9~o~ is the phase jump from a layer h to a layer 
(n+l). To derive (5) the "block" form (4) of the matrix ft};) 
and the Maxwell local equations a describing sup~rconductive strip 
resonator for individual layers I 41 were used 16 ,IO/ • Since we 
are interested in the change of the phase jump in the transverse 
direction of transition along the Y axis (the transition is the 
plane ( X-j ) (fig.l)), in addition to the Maxwell equation we have 
the basic equation for the Josephson current in the form/?/ 
J"~ (~,t)= A-.; .~\.11 'f.., .• , I'\ The projection of the Maxwell 
equation for the rotor I:;" onto the X axis gives 

(6) 

where 
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) 

2 e -h-

-~h 

Co ={f1c·ds.J,.,)is the velocity of wave propagation in the 
Josephson distributing junction, ds is the capacitance per unit of 
the junction area and ~~ is the thickness of the oxide film. 
Transition from (6) to (5) is obvious. The full change of the phase 
jump in passing from the first layer to an N layer is defined by 

where J.t, is the effective 
SDS ••• , SDS structure. Note 
the expression found in ref. 
N layers 

J ('P) = 

(7) 

Josephson current for the N layered 
that using (7) one can easily derive 
/S/ for supercurrent in the system of 

which has been presented in ref.k ,g/ from phenomenological considera
tions. The free energy of the system consisting of N layers is 
represented as rJ./'2 

r~ lL.J· j ol~ Solt 2_-!·.A;cr) . .[[(V'P •.•• ./-
e 1 " , - I~ 

- c; 2 (ot 'f'h,ht<) ~ - ( i- c! oS 'R., • .,)}c'_Lf..,~.J.Ca) 

As will be shown below, the 
Varying (e) with respect to 

last term is 

4\ ~ +"'-

4 

to be taken into account. 
we get 



+ SL,(C\j.·lf...~. 1)· Sr + C· f',,.,+~). S'P..,,wcls, s 
where ~ '::: (- d t 

1 
d 'J ), Sit is the unit vector orthogonal to the 

surface S 'fn n+i • I 
Using the coordinate representatiOn as a "plane" moving wave1 O/ 

- \-1 ( ?)- ;4(.k ) /. ) .< 7.=/(I<.X/< 1 Kt<"'IIJ .. i-¥; . c, 1 ,;,!3_,X/<=(t,J<;( ,where /j3 
are the direction cosines to the coordinate axes. Novt we choose 
axes (fig.l) 

at V= 0 , X:: X 0 and 10 = 0 ; thus, the phase jump for the order 
parameter may be thought to be a function c.ph h+t :- '-P, , + t ("L)'. ' c I I where '?.-=: - )~;. }1.·~ . Taking into account o P= 0 in (9) and the 
dependence of the function l.Pn, n ~'1 = "Pn, h+'i ('l..) , we get the 

y 

lfJ, ,2 

L X 

Fig.l. Scheme of the N layer structure (S-D-S). 
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system of difference equations for the N layered structure with the 
corresponding boundary conditions on the surface of separation of 
layers 

o2
'L ·lfh,h-H('1) ~- SLn['f'.,.H("l_)] 

o'?.. · tf •.• +'-1 _ ."' c ·'f',,.,.i. 
~- ';! •.•• , 

(IO) 

Allowing for the fact that in (10) the jump of the order parameter 
phase o_hanges sliehtly at the layer boundary at y :,,+i. ': n. 01, 
where oJ-=d+c/, is the thickness of the film consisting of the 
layer of a superconductor of thickness d and oxide layers of 
thickness cJ, 

1 
tP,.,,..,_ 1 ,..,. O('f,,,.,.,.~_) , we have ,Sih 'f',,h.,._1 ~~, 11 .,.1 • 

Then, the system of the Sin-Gordon equationS (5) transforms into the 
system of linearised equations with the boundary conditions defined 
by the constant cl 

Q~ 'fh,n+11:: C·'f('tf~, )· 
- 0 , +t '1 - y .. , .. ti 

The solution (11) has the form 

Taking account of (12) we can write the boundary conditions in 
(11) as 

(11) 

(12) 

(IJ) 

The transcendental equation (lJ) is solved with respect to ~~ 
the iteration m•:!thod. As a result, we get the characteristics of 
T0(n). Without loss of generality we consider (lJ) in the case of x;1. • r-· ~~•"H(< i • Then, 

by 

h (ol+cl~) 
c! 

the current is perpendicular to the layer surface. 
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Using the expression for the temperature dependence A:r (T} 
!nl " C ) from the BcS the cry we get 1\ :r T 

A ( "I; ) 5- R ~' . 1 . ~15) 
:r (T) = ef,· rJ. 1T 6 (T) ·th (6(r)/21<T) 

LHT) I ~ 3 g. K .Yo . ( i- T I r~) 112. 
r~ rc ' ' 

where R,n is the tunnelling resistance per unit of the transition 
/11/ 

area prov.ided that both the metals are in the normal state and 

/:1 (T) is the energy ga:p width at the -temperature T (o<' i< /C') · 
Considering (14),(15) near T

0 
we get 

n (c/+d~J = ;) , (O)·A ~. T, (t-L)-ot 
~ ~ ~ ~ • (1~ 

J 

From (16) we get the temperature dependence T
0
(n) on the number of 

layers h and thickness of the oxidemetal layer 

where N is the maximal number of layers at which in fact 
fc ht 

01 
1( ~ L (It "f. ( N=8-f/O).Now we rewrite (17) introducing the film 

thickness h-N (/, -:: d.e + cl : 

T (n)_ 1~ (l»otK} [ 

c - c . 1 + 
l. ~ , 1 c1onst ]-i 
/\ J" ( 0; 7:.'"'"'l J . . (18) 

c . , n 

In eq. (18) c'otn. t is a constant depending on the ty}le of the 
oxidemetal structure with dimension ( ~ -~ T) . Thus, for the system 
Nb- NbO - Nb, canst .-A ... 'ro) .;:,,.,_11', see ref. /l 2/. The solu

tion (1sJ can be compared with that of the total transcendental 
equation (1J) 
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Fig. 2. 
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of T (N) on N given by (18),(20). 
1) c [1] is denoted by the points - 0- • 

The diaerams of solutions (18) and (19) are given in fig.2. Thus, in 
our case the quasi-two-dimensional superconductivity is the current 
between the la~rs n~t violating superconductivity inside the layers. 
The current density J h, t'~+i. between the layers h and h+t can 
be calculated by perturbation theory under the assumption that the 
order parameters of the layers f'l ~ and Ah-1-1. are constant inside 
the layer h . As in the_case of usual Josephson junctions, the 
current is determined as j •.•+t "Je (f'l) ·l>Ln ('fh+i -'f'.,), 
where ~~ is the phase of the order parameter in the layer ~ 

Recently, in the case of metal superlattices within the model 
of inhomogeneous electron-electron interaction Shapiro and Efimova 
have found the dependences of the transition temperature into a 
superconducting state for the quasi-two-dimensional structure depen
ding on the number of layers (N) and their width ol ll 21 • 

The free parameter of the theory C Csee the boundary condition 
at the boundary of separation of layers) allows one to take into 
account the specific properties of the N layered structure, especial
ly, a type of a good superconducting material and layer. 

In conclusion, we should like to note that the calculation of 
Tc(n) in the N layered SDS structure is not associated with any 
mechanism providing pairing, for instance, with an electron interaction. 

Apparently, this fact will be useful when investigating the phy
sieal properties of N-layer structures in h1gh.-T

0 
superoonducters. 

Acknowledgement. The authors are deeply indebted to L.I.Bulaevsky 
for useful remarks and discussions of the results of this paper. 
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