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P I  
\! 1 ABSTRACT 

Using a conventional b a l l i s t i c  technique, magnetization curves of 

a superconduating Pb-27% T 1  a l loy  have been obtained from the t r ans i t i on  

temperature Tc = 5 . 1 r 3 ~ ~  down to  1 . 7 0 ~ ~ .  The  thermodynamic c r i t i c a l  

curve is  reasonably well  f i t t e d  by the two-fluid model although small. 

deviations indicate  t h a t  t h i s  a l l oy  is of t he  s t rong coupling type. 

The Ginzburg-Landau parameters deduced from several  fea tures  of the  

magnetization curves are given and t h e i r  temperature dependence is 

compared t o  theore t ica l  models. 
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INTRODUCTION 

The bulk  magnetic behavior  of Type I1 superconductors  a s  p red ic t ed  

by t h e  ~inzbur~-~andau-~brikosov' t heo ry  has been v e r i f i e d  b y  much r ecen t  

work.2 A s  is w e l l  known t h e  theo ry  p r e d i c t s  t h a t  

where H c 2 ( t )  is t h e  va lue  of 'magnet ic  f i e l d  a t  comple'Le f l u x  p e n e t r a t i o n  

T a t  reduced temperature t = - , Hc is t h e  thermodynamic c r i t i c a l  ' f i e l d ,  
c  

and n l ( t )  is  a temperature dependent Ginzburg-Landau parameter which can  

' 3 be  convenient ly  , w r i t t e n  .as 

where n l ( l )  is  t h e  va lue  of t h e  Ginzburg-Landau parameter a t  t h e  c r i t i c a l  

temperature,  ~ , ( t  = 1 ) .  E x t e n s i o n s  of t h o  theo ry  t o  tanperatu-es below 

Tc assume a pa rabo l i c  temperature dependence of H c ( t )  and p r e d i c t  f o r  a ( t ) :  

More r e c e n t  c a l c u l a t i o n s 7  j8 p r e d i c t  a temperature dependent e  n o t  too  

d i s s i m i l a r  from t h e  Gorl kov formula t ion  wi th  a t t a i n i n g  a va lue  of 
H,o 

1.2 i n  t h e  l i m i t  T = 0. L 

The s l o p e  of t h e  magnet iza t ion  curve  a t  Hc2 is a l s o  r e l a t e d  t o  a 

138 Ginzburg-Landau parameter n p ( t )  and is g iven  by: 



I n  genera l ,  n l ( t )  may n o t  equal  n 2 ( t )  except nea r  t h e  t r a n s i t i o n  tempera- 

8 . t u r e  where t h e  Ginzburg-Landau theo ry  i s  va l id .  

We have s t u d i e d  i n  d e t a i l  t h e  magnetic p r o p e r t i e s  of a Pb-27% T 1  

a l l o y  and our r e s u l t s  a r e  compared wi th  t h e  above p red ic t ions .  

The specimens cons i s t ed  of bundles  of w i re s  wi th  a small demagnetiza- 

t i o n  f a c t o r  a s  w e l l  as c a s t  spheres  l / kn  diameter .  A l l  samples were 

annealed i n  a  fu rnace  under a helium atmosphere f o r  25 hours a t  a tempera- 

t u r e  no more than  10°c below t h e  mel t ing  poin t .  The samples were mounted 

on a  nylon rod which could be moved from one c o i l  t o  another  wound i n  

o p p o s i t i o n  t o  g ive  a  b a l l i s t i c  s i g n a l .  A Pb sample of similar geometry 

was used f o r  c a l i b r a t i o n  purposes.  The l o n g i t u d i n a l  f i e l d  was supp l i ed  

by a  s ix th -o rde r  superconducting so lenoid .  The s e n s i t i v i t y  of t h e  appara tus  

was found t o  correspond t o  a  f l u x  d e n s i t y  of 0.2 gauss.  The assembly of  

c o i l s ,  sample, and rod could be '  i s o l a t e d  from t h e .  helium b a t h  and tempera- 

t u r e s  above 4 . 2 ' ~  were ob ta ined  by supplying power t o  a Pt-Rh hea t e r .  

Temperatures were measured by  means of  a  Ge-thermometer t o  a n  accuracy of 

0.05'~. A s  has  b e e n  commonly observed, the  r e s u l t a n t  magnet iza t ion  curves  

were not  completely r e v e r s i b l e .  However, the  r e s u l t a n t  f rozen- in- f lux  

upon r e s t o r i n g  t h e  f i e l d  t o  zero was q u i t e  small and t h e r e  a r e  i n d i c a t i o n s  

t h a t  an  i n t e r a c t i o n  between flux f i l a m e n t s  and t h e  s u r f a c e  prec lude  complete , 

r e v e r s i b i l i t y .  ' Figure  1 shows a t y p i c a l  magnet izat ion curve  obta ined  by 

cyc l ing  i n  a magnetic f i e l d .  Magnet izat ion curves thus  obta ined  y i e l d  

va lues  of  ~ , ( t )  by i n t e g r a t i o n .  It is i n t e r e s t i n g  t o  no te  t h a t  whi le  : - - 

t h e  annealed sphere  sample shows a s i m i l a r  i r r e v e r s i b i l i t y ,  i n t e g r a t i o n  



of t h e  curves  f o r  t he  sphe re  l eads  t o  t h e  same va lue  of Hc(.t) as obta ined  

from ' t h e  d a t a  on t h e  wi re  samples. 

RESULTS AND DISCUSSION 

F i g u r e  2 shows t h e  thermodynamic c r i t i c a l  f i e l d  of t h e  a l l o y  'as 

determined from t h e  magnet iza t ion  d a t a  p l o t t e d  a g a i n s t  t h e  square  of t h e  

reduced temperature.  Ex t r apo la t ion  of t h e  d a t a  t o  T = OOK y i e l d s  a va lue  

of  H = 75'7 oe r s t eds .  The t r a n s i t i o n  tempera ture  of t h e  a l l o y  determined 
0 

from t h e  magnetic d a t a  was found t o  be  Tc = 5.43'~ and t h i s  va lue  was 

co r robora t ed  by e a r l i e r  r e s i s t i v e  measurements. I n  t h e  l a t t e r  c a s e  t h e  

e x t r a p o l a t i o n  of c r i t i c a l  c u r r e n t  ve r sus  magnetic f i e l d  d a t a  i n  t h e  

r e g i o n  where t h e  c u r r e n t  a b r u p t l y  decreases  s e r v e s  t o  d e f i n e  H The c2 ' 

cons i s t ency  of t h e s e  d a t a  i s  shown i n  F ig .  3 where Hc2 determined both 

magne t i ca l ly  and r e s i s t i v e l y  is  p l o t t e d  a g a i n s t  t h e  reduced temperature.  

Also shown i n  F i g ,  2 is t h e  two-f luid model temperature dependence of t h e  

c r i t i c a l  f i e l d ,  i . e . ,  Hc = HO(l  - t 2 ) . While t h  e agreement i s  good, a 

d e t a i l e d  a n a l y s i s  of  t h e  d a t a  r e v e a l s  t h a t  t h e  experimental  p o i n t s  con- 

s i s t e n t l y  L ie  above t h e  two-f luid curve  which would i n d i c a t e  t h a t  t h i s  

a l l o y  i s  a s t r o n g  coupl ing  superconductor.  Some degree of  confidence has 

been e s t a b l i s h e d  i n  t h i s  s ta tement  i n  t h a t  we have analyzed c r i t i c a l  f i e l d  

d a t a  f o r  pure l e a d  obta ined  from i n t e g r a t i o n  of t h e  experimental  magnetiza- 

s . .  
t i o n  cu rves  and f i n d  a d e v i a t i o n  from t h e  two-f luid c.urve which i s  i n  

agreement with t h a t  f i r s t  observed by Decker and co-workers.10 An exac t  

q u a n t i t a t i v e  d i scuss ion  o f  t h i s  d e v i a t i o n  must be  he ld  i n  abeyance u n t i l  

a n  experimental  d i f f i c u l t y  i s  co r rec t ed .  This  d i f f i c u l t y  c o n s i s t s  of t h e  

gene ra t ion  of small h e a t  pu l se s  dur ing  motio'n of  t h e  rod, which smears ou t  
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t h e  t r a n s i t i o n  and d e t e r i o r a t e s  our  r e l a t i v e  accuracy near  t h e  t r a n s i -  

t i o n  temperature.  

.From t h e  experimental  va lues  of H ( t )  and ~ ~ ~ ( t )  one can  determine. 
C 

n l ( t ) ,  and a  l i n e a r  e x t r a p o l a t i o n  t o  t = 1 y i e l d s  a  va lue  of ~ ~ ( 1 )  = 

3.8 + .05 f o r  t h i s  a l l o y .  D i f f e r e n t i a t i n g  equat ion  1 w i t h  r e s p e c t  t o  - 
temperature one o b t a i n s  

The va lue  of t h e  d e r i v a t i v e  on t h e  r i g h t  hand s i d e  of t h e  equa t ion  becomes 

-2 Ho f o r  t h e  two-f luid model and i s  t h e  same t o  w i t h i n  10% f o r  both weak 

and s t r o n g  coupl ing  superconductors .  Using t h e  two-f luid approximation 

and  t h e  experimental  v a l u e  of = 1.28 x lo3 0 e . P ~  as de- 

T = Tc 

termined from t h e  d a t a  shown i n  F ig .  3, we o b t a i n  a va lue  f o r  t h e  Ginzburg- 

Landau parameter n l ( l )  = 3.84 which i s  i n  good agreement w i t h  t h e  above 

ex t r apo la t ion .  

11 1 - 
According t o  t h e  r e l a t i o n  due t o  Goodman, w = x0 + 7.5 x y2p 

where y i s  t h e  e l e c t r o n i c  s p e c i f i c  hea t  c o e f f i c i e n t  i n  c.g.s. u n i t s ,  p i s  

t h e  normal r e s i s t i v i t y  i n  $2-cm, and no t h e  Ginzburg-Landau parameter  f o r  

t h e  pure so lven t  metal .  The va lue  of  y can  be  c a l c u l a t e d  from t h e  thermo- 
2  

H 
# 

dynamic r e l a t i b n s h i p  ' y  = . l4  0 using o u r  experimental  va lues  f o r  t h i s ,  : 
TC2 

a i loy .   h he numerical constar l t  is  obta ined  from experimental  va lues l0  f o r  

Pb and t h e  assumption t h a t  t h e  s t rong  coupling c h a r a c t e r  f o r  t he  a l l o y  is 

i d e n t i c a l  t o  t h a t  of l ead ) .  Using Goodmanls e s t ima te  of no = 0.4 f o r  Pb, . 

yca lc  . = 1898 e r g  cm-3 deg-2, and t h e  experimental  va lue  f o r  p found t o  be 

14.9 $I-cm, t h e  c a l c u l a t e d  va lue  becomes n l ( l )  = 5.3. 



I n  F ig .  4 a p l o t  of  t h e  experimental  de te rmina t ion  of i s  given 

along wi th  t h e  s e v e r a l  t h e o r e t i c a l  models f o r  purposes of cornparisin. 

It i s  ev iden t  t h a t  f o r  t h i s  p a r t i c u l a r  a l l o y  t h e  b e s t  agreement i s  ob- 

t a i n e d  wi th  t h e  Bardeen model. Also shown, i n  F ig .  4. .are  experimental  

va lues  of n2 ( t )  a s  determined from t h e  s lopes  of t h e  t a i l s  o f  t h e  magnetiza- 

t i o n  curves  near  Hc2 (equat ion  5). The e x t r a p o l a t i o n  of t h i s  curve  i n d i c a t e s  

t h a t  ~ ~ ~ ( 1 )  = ~ ' ~ ( 1 )  t o  w i t h i n  2% b u t  below t h e  t r a n s i t i o n  tempera ture  

x 2 ( t )  > n l ( t ) ,  which is a t  va r i ance  wi th  t h e  p r e d i c t i o n  of ~ a k i : ~  A l e a s t  , 

squa res  f i t  t o  t h e s e  d a t a  g i v e s  t h e  r e l a t i o n :  

An a t tempt  was made t o  o b t a i n  t h e  Ginzburg-Landau parameter n 3 ( t )  

r e l a t e d  t o  t h e  f i e l d  of f i rs t  p e n e t r a t i o n  H fo l lowing  t h e  work of Harden G-L' 

and The d a t a  i n  t h i s  c a s e  a r e  wide ly  s c a t t e r e d ,  t h i s  probably 

being due t o  t h e  gene ra t ion  of  h e a t  p u l s e s  p rev ious ly  mentioned and perhaps 

t h e  phenomenon of delayed f l u x  pene t r a t ion .  The tempera ture  dependence of 

n 3 ( t )  i s  n o t  as l a r g e  as t h a t  of a l ( t )  and u 2 ( t )  and t h e  va lue  of n3(1) 

is  Lower than  n l ( 1 )  and n2 (1 )  by about 10%. 
I 
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~ b - 2 7 $  T1. Tc = 5.43'~. 

Fig.  4 Ginzburg-Landau parameter r a t i o s  - vs. reduced temperature, t. 

Numbered cur$es c a l c u l a t e d  from formula t ions  of Ginzburg ( I ) ,  

Bardeen ( 2 ) ,  and Gorfkov (3) .  The p o i n t s  r e f e r  t o  va lues  

determined from s e v e r a l  f e a t u r e s  of t h e  magnet iza t ion  curves. .  



ORNL-DWG 65-4941 

0 200 400 600 800 1000 -1200 4400 4600 (800 . 

I 
I H, FIELD (oersteds) 



ORNL-DWG 65-1544 



ORNL-DWG 65-!545 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
t ,  REDUCED TEMPERATURE 



ORNL-DWG 65-4546 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 4 .O 
t ,  REDUCED TEMPERATURE 




