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MAGNETIC FIELD DEPENDENCE OF THE ULTRASONIC ATTENUATION AND 
RESISTANCE OF A SUPERCONDUCTING GRANULAR LEAD FILM' 

J. SCHMIDT, A. SCHENSTROM AND M. LEVY 

Department of Physics, University of Wisconsin-Milwaukee, 
Milwaukee, WI 53201, U.S.A.  

Abstract  - We r e p o r t  on t h e  measurements o f  t h e  u l t r a s o n i c  a t tenua t ion  and 
t h e  d.c. res is tance o f  a  superconducting g ranu la r  lead f i l m  as a f u n c t i o n  
o f  both temperature and app l ied  magnetic f i e l d .  I n  t h e  absence o f  an 
app l ied  magnetic f i e l d ,  the  d.c. res is tance and u l t r a s o n i c  a t tenua t ion  can 
be accounted f o r ,  q u a l i t a t i v e l y ,  by using perco la t ion  theory. When a 
magnetic f i e l d  i s  appl ied, we f i n d  t h a t  i f  we assume t h a t  both t h e  u l t r a -  
sonic a t tenua t ion  and t h e  r e s i s t i v i t y  a re  p ropor t iona l  t o  the  e f f e c t i v e  
area through which t h e  f i e l d  penetrates the  f i l m ,  we can deduce magnetiza- 
t i o n  curves f o r  the  f i l m  from the  normalized a t tenua t ion  and res is tance 
data. The shapes o f  these magnetizat ion curves are cons is ten t  w i t h  those 
o f  a  t ype  I1 superconductor. 

I n  t h i s  paper w i l l  r e p o r t  on t h e  measurements o f  t h e  d.c. res is tance and 
sur face acoust ic  wave (SAW) a t tenua t ion  o f  a  superconducting granular  lead f i l m  
as a f u n c t i o n  o f  both temperature and magnetic f i e l d .  The f i l m  t h a t  was s tudied 
was r e a c t i v e l y  diode R.F. sput tered f rom a 99.999% pure lead t a r g e t  i n  an argon/ 
oxygen atmosphere onto a yz-LiNbOg substrate. P r i o r  t o  the  sput ter ing,  t h e  
subst rate was equipped w i t h  a p a i r  o f  i n t e r d i g i t a l  e lect rodes f o r  sending and 
rece iv ing  t h e  surface acoust ic  waves, and w i t h  f o u r  p la t lnum res is tance contacts  
which were used t measure t h e  res is tance by a four-probe technique. The f i l m  i s  
approximately 5001 t h i c k  and has a normal s t a t e  sheet res is tance o f  1000 n/o. 
Elec t ron  microscope photographs /1/ show t h a t  a  granular  lead f i l m  w i t h  a normal 
s t a t e  sheet res is tance i n  t h i s  range cons is t  o f  m e t a l l i c  granules w i t h  an average 
s i z e  o f  5001 surrounded by oxide. The frequency o f  t h e  sur face waves used i n  
t h i s  i n v e s t i g a t i o n  was 700 MHz and t h e  SAW a t tenua t ion  i n  the  normal s t a t e  was 
found t o  be 4.2 dB/cm. 
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The mechanism producing t h e  SAW a t tenua t ion  i s  p i e z o e l e c t r i c  coupl ing o f  t h e  
sur face wave t o  t h e  f i l m  r e s i s t i v i t y  and n o t  electron-phonon i n t e r a c t i o n  /2/. I n  
the  absence o f  an external  magnetic f i e l d ,  t h e  observed a t tenua t ion  can be 
accounted f o r ,  q u a l i t a t i v e l y ,  by us ing a model based on p e r c o l a t i o n  arguments 
(#uper,Schmidt, Leuy, Ron, Revzen and Shapiro, t o  be publ ished). I n  t h i s  model, 
long-range superconducting o rder  se ts  i n  by means o f  pe rco la t ion  between neighbor- 
i n g  m e t a l l i c  grains. The g ranu la r  f i l m  i s  t r e a t e d  as a random r e s i s t o r  network 
i n  which t h e  r e s i s t o r s  o f  t h e  network represent t h e  oxide b a r r i e r s  between neigh- 
bor ing  m e t a l l i c  gra ins.  The normal res is tance o f  a  p a r t i c u l a r  j u n c t i o n - r e s i s t o r  
i s  assumed t o  be o f  t h e  form R = R ~ ~ E  where Ro i s  some res is tance  and E i s  a  
random v a r i a b l e  d i s t r i b u t e d  according t o  a d i s t r i b u t i o n  f u n c t i o n  W(5). Thus, 
the  values o f  t h e  r e s i s t o r s  i n  t h e  network i n  t h e  normal s t a t e  w i l l  be d i s t r i b u t -  
ed accord ing t o  a f u n c t i o n  W ( R )  which i s  d e r i v a b l e  from W(E) .  As t h e  temper- 
a t u r e  i s  lowered below t h e  t r a n s i t i o n  temperature o f  t h e  gra ins Tg, those gra ins 
whose Josephson coupl ing energy i s  g rea te r  than the  a v a i l a b l e  thermal energy w i l l  
couple by means o f  Josephson tunnel ing.  I n  t h e  r e s i s t o r  network analogy, t h i s  
corresponds t o  s h o r t i n g  ou t  some o f  the  r e s i s t o r s  i n  t h e  network. As t h e  temper- 
a t u r e  decreases, t h e  number o f  shorted junc t ion - res is to rs  increases. When the  
f r a c t i o n  o f  shorted junc t ion - res is to rs  reaches t h e  p e r c o l a t i o n  threshold,  corre- 
sponding t o  a temperature Tc, an i n f i n i t e  superconducting c l u s t e r  i s  formed i n  
t h e  f i l m  and t h e  d.c. res is tance drops t o  zero and remains zero f o r  T < Tc. 

The u l t r a s o n i c  attenuation.' on t h e  o t h e r  hand, remains nonzero f o r  T < Tc 
because t h e  sur face wave e f f e c t i v e l y  measures t h e  res is tance o f  ttsub-networkstt 
whose dimensions a r e  on the  order  o f  the  acoust ic  wavelength. When macroscopic 
superconduct iv i ty  f i r s t  occurs i n  t h e  f i l m  (as determined by t h e  d.c. res is tance 
measurement), the re  a r e  s t i l l  reg ions o f  t h e  f i l m  which con ta in  junc t ion - res is to rs  
t h a t  have n o t  y e t  been shorted. These regions w i l l  prodice an a t tenua t ion  so t h e  
SAW a t tenua t ion  w i l l  decrease more s lowly than t h e  d.c. res is tance,  remaining 
nonzero even when t h e  d.c. res is tance  i s  equal t o  zero. 

F igure  1 shows t h e  data obtained a t  T = 4.2 K when a magnetic f i e l d  i s  app l ied  
perpendicu lar  t o  t h e  sur face o f  t h e  f i l m .  As it can be seen, t h e  sample e x h i b i t s  
a  l a r g e  va lue f o r  t h e  upper c r i t i c a l  f i e l d  (approximately 60 k i logauss) .  The 
shapes o f  these curves can be accounted f o r ,  a t  l e a s t  q u a l i t a t i v e l y ,  by using our  
random r e s i s t o r  network model. When a magnetic f i e l d  i s .app l ied ,  f l u x  l i n e s  w i l l  
be fo rced  between t h e  m e t a l l i c  g ra ins  and thus some o f  t h e  superconducting junc- 
t i o n s  become normal. As t h e  f i e l d  i s  increased, more and more junc t ions  w i l l  be 
made normal. For t h e  d.c. res is tance,  t h e r e  w i l l  be a va lue o f  t h e  magnetic f i e l d  
f o r  which t h e  i n f i n i t e  superconducting c l u s t e r  w i l l  b'e destroyed. This corre- 
sponds t o  t h e  onset o f  res is tance i n  F igure 1. Eventual ly ,  as t h e  f i e l d  i s  i n -  
creased f u r t h e r ,  a l l  o f  the  j u n c t i o n s  w i l l  be made normal and t h e  d.c. res is tance 
o f  t h e  sample wi1.l equal i t s  normal value. 

The process i s  t h e  same f o r  t h e  SAW a t tenua t ion  -- as t h e  magnetic f i e l d  i s  
increased, more and more j u n c t i o n s  a re  forced i n t o  t h e  normal s t a t e  r e s u l t i n g  i n  
an increase i n  at tenuat ion.  Once a j u n c t i o n  i s  made normal, the re  e x i s t s  a reg ion 
around t h e  j u n c t i o n  which i s  i n  t h e  normal s ta te .  The magnetic f i e l d  can be con- 
s idered t o  penetrate t h e  sample u n i f o r m i l y  i n  t h i s  " e f f e c t i v e "  area con ta in ing  t h e  
normal junc t ion .  L e t  us denote by f t h e  r a t i o  o f  t h e  t o t a l  e f f e c t i v e  area 
associated w i t h  a l l  o f  t h e  normal junc t ions  t o  t h e  t o t a l  area o f  t h e  f i l m .  I f  we 
assume t h a t  t h e  normalized a t tenua t ion  i s  p ropor t iona l  t o  t h e  e f f e c t i v e  area 
through which t h e  magnetic f i e l d  penetrates /2/, then f o r  a  f i l m  conta in ing a 
m ix tu re  o f  normal and superconducting reg ions we can w r i t e  

Since t h e r e  i s  a  r e s i d u a l  a t t e n u a t i o n  a t  any temperature (compare F igure 7 o f  
re ference 3 t o  our  F igure  1). we have f = (a(H)-cro)/ where an i s  t h e  
normal s t a t e  a t tenua t ion  and % i s  t h e  res idua l  a t tenuat ion.  S u b s t i t u t i n g  t h i s  
expression f o r  f i n t o  equation (1)  we g e t  



Fig. 1: Resistance ( s o l i d  curve) and SAW a t tenua t ion  (po in ts )  as a func t ion  o f  
app l ied  magnetic f i e l d  f o r  T = 4.2 K. 

I f  we p l o t  the  r i g h t  hand o f  equation (2)  as a f u n c t i o n  o f  H us ing the normalized 
a t tenua t ion  data, we ge t  the  curve shown i n  F igure 2. I t i s  i n t e r e s t i n g  t o  note 
t h a t  t h i s  curve looks very much l i k e  the  magnetizat ion curve f o r  a  type I1 super- 
conductor. 

A s i m i l a r  analys is  can be c a r r i e d  ou t  f o r  t h e  res is tance data. I n  t h i s  case, 
however, f represents t h e  f r a c t i o n  o f  the  i n f i n i t e  c l u s t e r  which i s  i n  the  normal 
s ta te ,  and n o t  t h e  f r a c t i o n  o f  the  e n t i r e  f i l m  t h a t  i s  normal. This i s  because 
the  res is tance measurement i s  on ly  s e n s i t i v e  t o  the  formation o f  the  i n f i n i t e  
superconducting c l u s t e r .  For the  res is tance data we have f = R(H)/Rn where Rn 
i s  t h e  normal s t a t e  res is tance.  S u b s t i t u t i n g  t h i s  expression f o r  f i n t o  equation 
(1).  we g e t  

Rn - R(H) 
-4nM = ( H ( 3 )  

Rn 

P l o t t i n g  t h e  r i g h t  hand o f  equation (3 )  as a f u n c t i o n  o f  H using the  res is tance 
data, we ge t  the  second curve shown i n  F igure 2. Not ice t h a t  t h i s  curve a lso  
looks very much l i k e  a magnetizat ion curve f o r  a  t ype  I1 superconductor. I n  
addi t ion,  no te  t h a t  t h e  maximum f o r  t h e  curve obtained from the  res is tance data 
occurs a t  a  h igher  value o f  magnetic f i e l d  then does t h e  curve obtained from the  
SAW a t tenua t ion  data. This i s  t o  be expected since t h e  SAW at tenuat ion i s  sensi- 
t i v e  t o  a l l  o f  the  normal junc t ions  i n  t h e  f i l m  whereas the  res is tance i s  on ly  
s e n s i t i v e  t o  those normal junc t ions  i n  t h e  i n f i n i t e  c l u s t e r .  
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Fig. 2: Magnetizat ion as a f u n c t i o n  o f  app l ied  magnetic f i e l d  from t h e  SAW 
a t tenua t ion  (po in ts )  and the  d.c. res is tance data ( s o l i d  curve). 

I n  conclusion, we have presented data on t h e  d.c. res is tance and SAW attenua- 
t i o n  i n  a superconducting g ranu la r  lead f i l m  as a f u n c t i o n  o f  both temperature and 
magnetic f i e l d .  We have found t h a t  when a magnetic f i e l d  i s  app l ied  perpendicular 
t o  t h e  sur face o f  the  f i l m ,  t h e  shapes o f  t h e  res is tance and a t tenua t ion  curves 
could be explained, q u a l i t a t i v e l y ,  by us ing a model based on perco la t ion  i n  a 
random r e s i s t o r  network. Furthermore, by us ing simple arguments, we were able t o  
deduce magnetizat ion curves f o r  t h e  f i l m  ( f rom t h e  SAW a t tenua t ion  data) and t h e  
i n f i n i t e  superconducting c l u s t e r  ( f rom t h e  res is tance data).  These magnetizat ion 
curves were found t o  be s i m i l a r  t o  t h a t  o f  a t ype  I1 superconductor. 
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