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ABSTRACT 

A comparison  of the  temperature  dependent  upper 
critical fields  in  Josephson  and  proximity  coupled 
mul t i layers  i s  presented. The r e s u l t s  are i n  good 
agreement  with  theoretical   expectations which p r e d i c t  
t h a t  the main determining  factor  is the s p a t i a l  
v a r i a t i o n   o f   t h e  electronic dens i ty   o f   s t a t e s .  

INTRODUCTION 

The study of the c r i t i c a l   f i e l d  of  superconducting 
mult i layers   and  superlat t ices   has   been a f i e l d   o f  
recent   intense  act ivi ty’-’ .   Interest ing  effects   have 
been  observed  which  include the observat ion of 
dimensional   crossove~  in   Josephson and  proximity  effect  
coupled  multilayers’ 4, the s tudy   of   the   in te rac t ion  
o f   supe rconduc t iv i ty   and   magne t i~m~-~  , anomalous 
c r i t i c a l   f i e l d s  around  the  order-disorder   t ransi t ion 
i n   s ~ p e r l a t t i c e s ~  a n d   r e f l e c t i o n s   o f   f r a c t a l   s t r u c t u r e  
i n  the cri t ical  exponents  of  specially  engineered 
mult i layers’  ’. Since a l l   t h e s e   s t u d i e s   r e l y  on studying 
t h e   u p p e r   c r i t i c a l   f i e l d s   o f  a series of two dimension- 
a l  (2D) superconducting  layers  separated  by a semi- 
conductor  (Josephson  coupled) ’ t 9  or  metal   (proximity 
coupled)’-’ it i s  important   to   understand  the  differences 
and similarities between these two types of  multi layers.  
We present   here  a comparison  of cr i t ical  f i e l d s   i n   t h e  
Josephson  coupled Pb/Ge system  with earlier, published 
data,   of  the  proximity  coupled Nb/Cu2 3 .  

THEORY 

The temperature  dependence of the  upper cr i t ical  
f i e l d   r e f l e c t s   q u i t e   c l e a r l y   t h e   p r e s e n c e   o f  dimension- 
a l  e f fec ts   in   superconduct ing   mul t i layers .  It  is q u i t e  
easy t o  understand  the  expected  behaviour a s  a funct ion 
of the thickness  of the non superconducting  separator. 
From f lux   quan t i za t ion   t he  cr i t ical  f i e l d s   i n   a n   a n i -  
sotropic  superconductor are given by 

where and El are the  temperature  dependent 
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coherence   l engths   in   the   para l le l   and   the   perpendicular  
d i rec t ions   respec t ive ly .  If the   th ickness  d of  the 

superconductor is decreased ,   the   e lec t ronic  mean f r e e  
path  decreases   and  therefore  El (T)  approaches d S’ 
Therefore   for  a s i n g l e  2D(ds $ El) superconductor 

S 

Except  of  numerical  factors,  this  temperature  dependence 
i s  iden t i ca l   w i th   t ha t   ob ta ined   u s ing   t he  Ginsburg- 
Landau theory   for  a thin  f i lm’ ’. 

Since  the  temperature  dependence  of  the  coherence 

length C(T) 0: (T - Tc) -‘I2, according t o  equation 2 
the  temperature  dependence  of  Hd,in 3D is expected t o  

be l i n e a r  whereas i n  2D it i s  expected  to  be  square 
r o o t   l i k e   ( e q u a t i o n   3 ) .  

For a sample composed of 2D superconducting  layers 
separated by non superconducting  elements,  the 
dependence is 2 D  i f  the th ickness   o f   the   separa tor  
% & E and 3D i f  dN $ . Moreover, s i n c e   t h e  
coherence  length is strongly  temperature  dependent, 
c lose  to  Tc where El (T) dN,   the  2 D  l a y e r s  w i l l  be 

strongly  coupled  and  the  temperature  dependence w i l l  
be   l i nea r  (i.e. 3D l i k e ) ,  whereas f o r  EL (T) 5 d 

the 2D layers  w i l l  be  decoupled  and  the  temperature 
dependence w i l l  be  square  root  l ike.   These  ideas  have 
been  developed  and  quantified  using a more r igorous 
t reatment  earlier’ ‘-’ 3 .  

N 

EXPERIMENTAL 

The Pb/Ge samples were p repa red   i n  a load  locked, 
molecular beam epi taxy (MBE) system,  on  l iquid  nitrogen 
cooled, 90° sapphi re   subs t ra tes” .  The s t r u c t u r a l  
p roper t ies   o f   these   mul t i layers  were determined  using 
extensive  x-ray  diffract ion and  transmission  electron 
microscopy.  For  example, t he   h igh   qua l i t y   o f   t he  
l aye red   s t ruc tu re  i s  shown by the  appearance  of a 
l a r g e  number of small angle  x-ray  peaks  due t o  t h e  Bragg 
d i f f r a c t i o n   f r m   t h e   l a r g e   p e r i o d i c i t y   ( F i g .  1). The 
fact t h a t   t h e   i n t e n s i t i e s   o f  the even   order   re f lec t ions  
are smaller than   the  odd ones shows t h a t  minimal i n t e r -  
d i f fus ion   ex i s t s   i n   t hese   equa l   t h i ckness   mu l t i l aye r s .  
The d e t a i l s   o f   t h e   s t r u c u t r a l   s t u d i e s  w i l l  be  published 
elsewhere’ 5-’ 7 .  The Nb/Cu s u p e r l a t t i c e s  were prepared 
a t  r o o m  temperature  using a sput ter ing  technique which 
toge ther   wi th   the  structural s t u d i e s I 7  w a s  published 
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Figure 1. Small  angle X-ray diffract ion  spectrum 
from a Pb(50  d)/Ge(50 8 )  mult i layer .  Note t h a t   t h e  
even  order  peaks  are  of  considerably  smaller 
amplitude  than  the odd ones. 

Crit ical  f i e l d s  were r e s i s t i v e l y  measured down 
to  1 K and up t o  5 Tesla in   t he   pa ra l l e l   and   pe r -  
pendicular   direct ions.   Care w a s  exe rc i sed   t o   a s su re  
the absence  of  inhomogeneities  due t o  sample  edges 
o r   i n s t a b i l i t i e s   i n   t h e   p r e p a r a t i o n  method, which 
may give rise t o  temperature  dependent  normal t o  
superconducting  transit ion  widths.  

Fig. 2 shows the  temperature  dependence of t h e  
c r i t i c a l   f i e l d s   i n   t y p i c a l  Pb/Ge m u l t i l a y e r s   i n   t h e  
three regimes;  three-dimensional (? ID) ,  2D and  cross- 
over .   In   the 3D regime  (Fig. 2a) f o r  Pb (140 i ) /Ge(15 8 )  
t h e  dependence of p a r a l l e l  (H ) and  perpendicular 

(H ) upper cr i t ical  f i e l d s  is linear  with  temperature.  

Note also  the  presence  of  surface  superconductivity 
indicated by the   l a rge   an iso t ropy   present .   In   the  2 D  
regime  (Fig.  2b)  for  a  Pb(140  .%)/Ge(42 E) mult i layer  
H e x h i b i t s  a square root l ike   t empera ture  depend- 

ence  whereas Hcl i s  l inear .   In   the  crossover   region 

(Fig. 2c) f o r  a Pb(140 Ei)  /Ge(20 .%) mul t i l aye r   t he  
dependence H c I I  is l i n e a r  close t o  T and  then it 

crosses   over   to   the   typ ica l   square  root l i k e  2D 
dependence. However, Hcl again i s  l inear .   Further  

s tud ies  as a function  of Ge layero th ickness  shows 
tha t   the   c rossover   occurs   for  20 A 2  dGe< 30 8. 

3D, 2D and  crossover  behaviour  for typical samples i n  
t h e  Nb/Cu proximity  coupled  system,  in  the  absence 
of  surface  superconductivity. 

c II 
c l  

c II 

I n   c o n t r a s t ,   f i g .  3 shows t h e   c r i t i c a l   f i e l d s   f o r  

An 8500 Nb f i l m   e x h i b i t s   t h e   t y p i c a l  3D l i n e a r  
temperature  dependence i n  H (Fig.   3a) ,  an 191 d Nb 

f i lm show: a square  root  like  dependence  (Fig. 3b) and 
a Nb(172 A) /Cu(333 8 )  m u l t i l a y e r   i l l u s t r a t e s  dimension- 
a l  crossover  (Fig.  3c) by a l inear   temperature  depend- 
ence close t o  Tc which changes t o  a squa re   roo t   l i ke  

dependence a t  low temperatures. A s  expected,  for a 
proximity  coupled  system  the  crossover  occurs  for a 
t h i cke r   s epa ra to r ,   i n   t h i s   ca se  150 1 Q d < 200 8. 
Again  HdremainS l i n e a r  as expected. 
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Figure 2. C r i t i c a l   f i e l d s   f o r :  a)  a Pb(140 i ) / G e  (15 f l )  
mult i layer  (31, regime) , b) a Pb(140  %)/Ge(42 8)  multi- 
l ayer  ( 2 D  regime)  and c) a Pb(140 & ) / G e  (20  8)  multi- 
layer  (crossover  regime) H Ex) ; Hd (0). 
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DISCUSSSION 

Qual i ta t ive ly ,   the  cr i t ical  f ie ld   versus   t empera ture  
b e h a v i o w   i n   t h e  Pb/Ge and Nb/Cu mul t i layers  is i n  
good agreement   with  the  theoret ical   ideas   presented 
above. A d e t a i l e d  comparison  of  the two systems shows 
that   the   crossover   behaviour  is more pronounced i n  a 
proximity  coupled  than  in a Josephson  coupled  system. 
Takahashi  and  Tachiki13  have  developed a theory   for  
the upper c r i t i c a l   f i e l d s   i n   s u p e r c o n d u c t i n g   s u p e r -  
l a t t i c e s  by tak ing   in to   account   the   spa t ia l   var ia t ions  
of   the  densi ty   of  states, the   d i f fus ion   cons tan ts   o f  
conduct ion   e lec t rons ,   the   a t t rac t ive   in te rac t ion  
constant   responsible   for   superconduct ivi ty   and  spin 
polar izat ion.   Their   conclusion is t h a t   t h e   s p a t i a l  
va r i a t ion   o f   t he   dens i ty   o f  states is t h e  most 
important  factor  which  determines  the  temperature 
dependence. A s  t h e  ratio of  the  superconducting  to 
separator   densi ty   of  states increases ,  the l a y e r s  
become progressively more and more decoupled  and the 
b reak   i n   t he  H v s  T curve is expected t o   s h i f t   t o  

higher  temperatures as shown i n  Fig. 4 of r e f .  13. A 
f i t   t o   t h e  Nb/Cu c r i t i c a l   f i e l d s   d e t e r m i n e s   q u i t e  
accura te1   the  ra t io  of   the   dens i ty  of states between 
Nb and Cu . 
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The present   experiments   give  qui te  a d i r e c t  
confirmation  of these t h e o r e t i c a l   r e s u l t s .  The break 
i n   t h e  Hell v s  T curves  occurs a t  higher  temperatures 

f o r  Pb/Ge than   for  Nb/Cu i n  a l l  the  crossover   thick-  
ness  regime.  This i s  so because  the  ra t io   of   the  Nb 
t o  Cu dens i ty   o f  states is lower than  the  one  for Pb 
and Ge. A rough  comparison  with  the  theoretical 
r e s u l t s   o f   r e f .  13 i n d i c a t e s   t h a t   t h e   r a t i o   o f   t h e  
e f fec t ive   dens i ty   o f  states between Pb and G e  is of 
the   o rder   o f   o r  smaller than  0.05. A f u r t h e r  comparison 
of  the Pb/Ge data   with  the Nb/Ge d a t a  of Ruggiero, 
Barbee  and  Beasley'   points  in  the same d i r ec t ion ;   i . e .  
the  temperature  dependence  in  the  crossover  regime, 
is  less pronounced f o r  Nb/Ge than Pb/Ge (Fig. 4 ) .  
Again, t h i s  is what  one  might  expect  based on t h e  
theoret ical   calculat ions  of   Takahashi   and  Tachiki '  
s ince Nb has a much higher   densi ty   of  states than Pb. 
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Nb(172 x) /Cu(333 A) supe r l a t t i ce   ( c ros sove r ) .   I n   t h i s  
case 1500 A of  Cu were added as t h e   e x t e r n a l   l a y e r s  
to  eliminate  surface  superconductivity Hcll (x) ; Hd (0). 
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CONCLUSIONS 

In  conclusion,  we have compared the  cr i t ical  
fields  of  Josephson  and  proximity  coupled  multi-  
layers .  We f ind   tha t   the   exper imenta l   da ta  are i n  
good agreement  with  recent  theoretical   expectations.  
The p resen t   r e su l t s   i n   con junc t ion  w i t h  earlier 
experiments show that  the  temperature  dependence  of 
Hd, ' can be  modified  drastically  by'changing  the 

temperature  and  thickness of t h e   s e p a r a t o r   a s  shown 
ear l ier1-3and by  changing  the  density  of  states 
r a t i o ,  as shown here. 
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