
FLUCTUATION BROADENING OF THE

RESISTIVE TRANSITION TO THE

SUPERCONDUCTING STATE

OF NbggTi 12N THIN
FILMS 

F. M. S ch ae r

Solid State and Low Temperature

SCHOOL OF PHYSICS AND ASTRONOMY

Physics Group

UNIVERSITY OF MINNESOTA 

MINNEAPOLIS, M INNESOTA

W O RK  S U P P O R T E D  IN P A R T  BY T H E  U. S. A TO M IC E N E R G Y  COM M ISSION

■E
R't

eej



DISCLAIMER

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document.



FLUCTUATION BROADENING OF THE RESISTIVE TRANSITION 

TO THE SUPERCONDUCTING STATE OF Nb OQTi  . .N THIN« OO « l c

FILMS

A THESIS

SUBMITTED TO THE FACULTY OF THE GRADUATE SCHOOL 

OF THE UNIVERSITY OF MINNESOTA

By

-NOTICE-
This report was ■ prepared as an account of work 
sponsored by the United States G overnm ent. Neither 
the United, S tates nor the United S tates Atom ic Energy 
Commission, nor any of their em ployees, nor any of 
their contractors, subcontractors, or their employees, 
makes any w arranty, express or implied, or assumes any 
legal liability or responsibility for the accuracy, com 
pleteness or usefulness o f any inform ation, apparatus, 
product o r  process disclosed, or represents that its use 
would not infringe privately owned rights.

FREDERICK MICHAEL SCHAER

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 

FOR THE DEGREE OF 

DOCTOR OF PHILOSOPHY

DECEMBER 1971

DISTRIBUTION OF THIS DOCUMENT IS U N U M ll^p



a b s t r a c t

FLUCTUATION BROADENING OF THii. RESISTIVE TRANSITION TO THE 

SUPERCONDUCTING STATE OF Nb C0T i  ,  _N THIN FILMS• O 0 •12

M e a s u r e m e n t s  o f  r e s i s t a n c e  o f  s h o r t  mean f r e e  p a t h

Nb j j cTi  . _N t h i n  f i l m s  a r e  r e p o r t e d . E v i d e n c e  f o r  f l u c t u a -  • 0 0 •12

t i o n  c o n d u c t i v i t y  i s  f o u n d  a t  t e m p e r a t u r e s  a t  l e a s t  t w i c e  t h e  

11 K t r a n s i t i o n  t e m p e r a t u r e .  In  t h e  u p p e r  p a r t  o f  t h e  t r a n s i -  

c i o n ,  t h e r e  i s  q u a l i t a t i v e  a g r e e m e n t  w i t h  che f l u c t u a t i o n  

c o n d u c t i v i t y  ( <S~( ) c a l c u l a t i o n  by A s l a m a s o v  and L a r k i n  ( AL) .

R e s o l u t i o n  was one  p a r t  i n  1 0^  f o r  b o t h  t h e  r e s i s t a n c e  (R) 

and  t e m p e r a t u r e  (T)  m e a s u r e m e n t s . S t r a y  m a g n e t i c  a nd  RF 

f i e l d s  we r e  s h i e l d e d  f r o m  the '  s a m p l e s . The e l e c t r o s t a t i c  

f i e l d s  t o  w h i c h  t h e  s a m p l e s  w e r e  e x p o s e d  d u r i n g  r e s i s t a n c e  mea 

s u r e m e n t s  w e r e  a t . m o s t  2 mV/cm. Some m e a s u r e m e n t s  made i n  

p e r p e n d i c u l a r  m a g n e t i c  f i e l d s  (H) a r e  a l s o  r e p o r t e d .

f o r  t h i s  m a t e r i a l  ^  was n e g a t i v e  a b o v e  20  K a nd  ^  wasdT 3 dH

n e g a t i v e  a b o v e  60 K. The  n o r m a l  r e s i s t i v i t y  was  1 . 4 x 1 0  ^ ohm

cm. Sa mp l e  t h i c k n e s s  ( d )  was 1 5 0 0 ? ,  a b o u t  40  t i m e s  t h e  z e r o

t e m p e r a t u r e  c o h e r e n c e  l e n g t h  ( ^ ( 0 ) ) .  " ^ ( 0 )  was  d e t e r m i n e d

f r o m  H ( T ) .
C2

Wi t h  a  l i n e a r  e x t r a p o l a t i o n  o f  t h e  n o r m a l  r e s i s t a n c e

(R^)  f rom h i g h  t e m p e r a t u r e s  and  no o t h e r  f r e e  p a r a m e t e r s ,

t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  Q ~( a g r e e s  w i t h  AL f r om

R/R = 0 . 8  t o  1 . 0 .  The d a t a  i s  a l s o  c o n s i s t e n t  w i t h  a n

c h a n g e  i n  t e m p e r a t u r e  d e p e n d e n c e  - p r e d i c t e d  by AL f o r  ■u . f v  = 1 .iCr)
T h e r e  i s  no o v e r a l l  q u a n t i t a t i v e  a g r e e m e n t ; ^§(0)  m u s t  be



r e p l a c e d  by 2 % (D )  i n  t h e  AL e x p r e s s i o n s  t o  b r i n g  t h e  t h e o r y

t o  w i t h i n  100% o f  t h e  d a t a .  The a s s u m e d  K^CT) i s  s u p p o r t e d ,

t h o u g h  n o t  c o n c l u s i v e l y ,  by h i g h  t e m p e r a t u r e  a nc  h i g h  m a g n e t i c

f i e l d  m e a s u r e m e n t s .

Be l ow H/ Rn = 0 . 8 ,  f o l l o w s  ( ( T / T * )  -  l ” 5 ^2 f o r  more
*

t h a n  a  d e c a d e  o f  s a m p l e  r e s i s t a n c e .  T i s  a b o u t  K be l owc

t h e  mean f i e l d  T . T h i s  t w o - f o l d  n a t u r e  o f  t h e  t r a n s i t i o n  c

i s  d i s t i n c t  i n  f i e l d s  up  t o  2 k O e . At  10  kOe t h e  t r a n s i t i o n
f j

i s  r e f e r r e d  u n a m b i g u o u s l y  t o  a  s i n g l e  T ( H) . ( (TV«~» ( ( "  ) - l )
•• c  - -

f o r  a l m o s t  t h r e e  d e c a d e s  i n  R ) .

I  
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The a u t h o r  i s  i n c e b t e d  t o  P r o f e s s o r  A l l e n  M. G o l d m a n . 

f o r  s u g g e s t i n g  t h i s  r e s e a r c h  and f o r  c o n s t a n t  g u i d a n c e  and 

s u p p o r t .

The a s s i s t a n c e  o f  J o n  Z b a s n i k  i n  d a t a  t a k i n g , o f  P a u l  

S t e i n b a c k  i n  c o m p u t e r  p r o g r a m m i n g , and o f  Bob R i e s s  i n  t h e  

d r a w i n g  o f  f i g u r e s  i s  g r a t e f u l l y  a c k n o w l e d g e d . The a u t h o r  

woul d  a l s o  l i k e  t o  e x p r e s s  g r a t i t u d e  f o r  t h e  h o s p i t a l i t y  

e x t e n d e d  him oy t h e  Ames L a b o r a t o r y  o f  t h e  U . S .  At omi c  E n e r g y  

C o mmi s s i o n  a t  Iowa S t a t e  U n i v e r s i t y  w h e r e  t h e  h i g h  m a g n e t i c  

f i e l d  m e a s u r e m e n t s  w e r e  m a d e .

T h a n k s  a r e  a l s o  due  S t e v e  K r a i ,  P e t e  K r e i s m a n ,  and  o t h e r  

f e l l o w  g r a d u a t e  s t u d e n t s , and  t o  P r o f e s s o r  M i c h a e l  M o l d o v e r ,  

f o r  e n c o u r a g e  e n t  a nd  f r i e n d s h i p  w i t h o u t  w h i c h  t h e  p h y s i c s  

wou l d  o f t e n  h a v e  b e e n  l i t t l e  f u n . A s r e c i a l  d e b t  o f  g r a t i 

t u d e  i s  owed dev S c h a e r , who t y p e d  a nd  t y p e d  and  was  p a t i e n t .

S u p p o r t  f o r  t h i s  r e s e a r c h  was  p r o v i d e d  by t h e  M e t a l l u r g y  

D i v i s i o n  o f  t h e  At omi c  E n e r g y  Co m m i s s i o n  t h r o u g h  C o n t r a c t  

AT( 1 1 - 1 )  1 5 6 9  and  by t h e  N a t i o n a l  S c i e n c e  F o u n d a t i o n  t h r o u g h  

a f o u r  y e a r  t e n u r e  o f  a r e s e a r c h  t r a i n e e s h i p .

r
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CHAPTER ONE; INTRODUCTION AND THEORf

H i s t o r i c a l  B a c k g r o u n d

The  p r e s e n t  i n t e r e s t  i n  f l u c t u a t i o n  e f f e c t s  i n  t h i n  

f i l m  s u p e r c o n d u c t o r s  c a n  be  u n d e r s t o o d  b e s t  by c o n s i d e r i n g  

t h e  h i s t o r i c a l  e n v i r o n m e n t  i n  w h i c h  i t  g r e w . T h e r e  h a v e  

b e e n  t h r e e  a r e a s  o f  a c t i v i t y ,  n o t  d i s t i n c t , w h i c h  h a v e  c o n 

t r i b u t e d  t o  t h i s  e n v i r o n m e n t . The  o l d e s t  i s  c o n c e r n e d  w i t h  

t h e  u s e  and  m i s u s e  o f  mea n  f i e l d  t h e o r e t i c a l  t e c h n i q u e s  i n  

t h e  d e s c r i p t i o n  o f  p h a s e  c h a n g e s . A s e c o n d  c a n  be d e s c r i b e d  

a s  a  l o n g  s t a n d i n g  a r g u m e n t  o v e r  t h e  i m p r u . a b i l i t y  ( o r  p o s 

s i b i l i t y )  o f  c r y s t a l l i n e  o r  momentum s p a c e  l o n g  r a n g e  o r d e r  

i n  one  a nd  t wo  d i m e n s i o n s . The t h i r d  a r e a  o f  i n t e r e s t  had  

i t s  o r i g i n  i n  wor k  on  c r i t i c a l  p h e n o m e n a , i n  p a r t i c u l a r

t h o s e  e x h i b i t e d  by s u p e r f l u i d  He . An i n t e r e s t  i n  t h e  f l o w
4

p r o p e r t i e s  o f  s u p e r f l u i d  He was  a n  o u t g r o w t h  o f  t h i s  w o r k .  

T h i s  i n  t u r n  l e d  t o  i n t e r e s t  i n  d e c a y  o f  p e r s i s t e n t  c u r 

r e n t s ,  i n  b o t h  s u p e r f l u i d s  a nd  s u p e r c o n d u c t o r s .

The d e c a y  o f  p e r s i s t e n t  c u r r e n t s  h a s  b e e n  t r e a t e d  by
*

many t h e o r e t i c i a n s  a s  a one  d i m e n s i o n a l  p r o b l e m .  As s u c h ,  

t h i s  body  o f  wor k  i s  n o t  o f  d i r e c t  i n t e r e s t  t o  us  i n  t h e  

d i s c u s s i o n  o f  t h e  t h i n  f i l m  r e s u l t s  t o  f o l l o w  b e l o w .  So

* A s a m p l e  w i t h  two o f  i t s  d i m e n s i o n s  s m a l l e r  t h a n  t h e  t e m 
p e r a t u r e  d e p e n d e n t  c o h e r e n c e  l e n g t h  'SCT) i s  one  d i m e n s i o n a l  
( I D ) .  A t h i n  f i l m  ( two d i m e n s i o n a l  o r  2D s a m p l e )  h a s  i t s  
t h i c k n e s s  s m a l l e r  t h a n  5 ( T )  •
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we w i l l  d i s p e n s e  w i t h  t h i s  b a c k g r o u n d  f i r s t ,  w i t h  o n l y  a 

f ew w o r d s ,  and  r e f e r  t h e  r e a d e r  t o  r e c e n t  l i t e r a t u r e  f o r  

d e t a i l s .

The  t h e o r e t i c a l  p o i n t  o f  v i e w  t a k e n  i n  wo r k  on  p e r 

s i s t e n t  c u r r e n t  d e c a y  h a s  b e e n  t h a t  t r a n s i t i o n s  a r e  b r o a d - * '  

e ne d  by r e s i s t a n c e  c r e a t i n g  f l u c t u a t i o n s .  T h i s  i s  i n  c o n 

t r a s t  t o  t h e  t h e o r e t i c a l  wo r k  on t h i n  f i l m s  and  b u l k  m a t e -  
*

r i a l s ,  w h e r e  e m p h a s i s  i s  on f l u c t u a t i o n s  t h a t  e n h a n c e  t h e  

c o n d u c t i v i t y .

The f i r s t  t h e o r e t i c a l  work  on  d e c a y  o f  p e r s i s t e n t  c u r 

r e n t s  was due  t o  L a n g e r  a nd  F i s h e r  ^  ( 1 9 6 ? )  who wor ke d  o u t
4

t h e  p r o b l e m  f o r  s u p e r f l u i d  He . S h o r t l y  t h e r e a f t e r ,  e n -

( 2 )c o u r a g e d  by c omme nt s  by L i t t l e  ( 1 9 6 ? ) ,  e x p e r i m e n t a l  and

s i m i l a r  t h e o r e t i c a l  e f f o r t s  f o u n d  t h e i r  way i n t o  t h e  f i e l d

o f  s u p e r c o n d u c t i v i t y .  E x p e r i m e n t a l  wor k  was  d on e  by P a r k s

and  Q r o f  f  ( 1 9 6 7 ) ,  Hu n t  and M e r c e r e a u ^ ^  ( 1 9 6 ? )  , G r o f f  e t

a l . ^   ̂C1 9 6 7 )  a n d  by Aebb a n c  W a r b u r t o n ^ ^  ( 1 9 6 8  ) . T h i s  was

a c c o m p a n i e d  by b e g i n n i n g s  o f  a  t h e o r e t i c a l  p i c t u r e  wor ke d

( 7 )o u t  by L a n g e r  a nd  Ambe ga oka r  ( 1 9 6 7 ) .

I n  t h e  f o l l o w i n g  y e a r s ,  p r o g r e s s  was  c o n f i n e d  t o  t h e

( 8 )t h e o r e t i c a l  f r o n t .  A r e c e n t  t h e o r e t i c a l  p a p e r  and  a  s u r -

( ? )v e y  c a n  s e r v e  a s  a  summary a nd  r e v i e w  o f  wor k  i n  t h i s  

a r e a .

* B u l k  o r  t h r e e  d i m e n s i o n a l  (3D) s a m p l e s  a r e  t h o s e  f o r  
w h i c h  a l l  d i m e n s i o n s  e x c e e d  •
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I t  i s  g e n e r a l l y  b e l i e v e d  t h a t  l o n g  r a n g e  o r d e r  i s  i mpos  

s i b l e  i n  one  and two d i m e n s i o n a l  s y s t e m s .  T h e r e  h a s ,

h o w e v e r , b e e n  no c o n s e n s u s  on  w h a t  t h i s  mea ns  i n  t e r m s  o f  

o b s e r v a b l e  q u a n t i t i e s  s u c h  a s  t h e  c o n d u c t i v i t y . I n t e r e s t  i n  

one  d i m e n s i o n a l  s u p e r c o n d u c t o r s  b e g a n  w i t h  L i t t l e  1 s^

( 1 9 6 4 )  c o n j e c t u r e  t h a t  s u p e r c o n d u c t i n g  e f f e c t s  m i g h t  be 

o b s e r v a b l e  i n  c e r t a i n  l o n g  c h a i n  o r g a n i c  m o l e c u l e s .  The 

c o n j e c t u r e  d i d  n o t  go u n c h a l l e n g e d . The  a r g u m e n t s  o v e r

t h i s  m a t t e r  we r e  a n  i m p o r t a n t  f a c t o r  i n  m a i n t a i n i n g  i n t e r e s t  

i n  one  d i m e n s i o n a l  s y s t e m s .  Two d i m e n s i o n a l  b e h a v i o r  h a s  

r e c e n t l y  b e e n  commented  on i n  a n  a r t i c l e  by M i k e s k a  and 

S c h m i d t . T h e s e  a u t h o r s  show t h a t  t h e  a b s e n c e  o f  l o n g

r a n g e  o r d e r  d o e s  n o t  p r e v e n t  a  t r a n s i t i o n  i n t o  s t a t e  w i t h  

z e r o  r e s i s t i v i t y .

From t h e  ' h i s t o r i c a l  p o i n t  o f  v i e w ,  i n t e r e s t  i n  f l u c 

t u a t i o n  phe nome na  c a n  p r o b a b l y  b e s t  be  r e g a r d e d  a s  p a r t  o f  

i n t e r e s t  i n  p h a s e  t r a n s i t i o n s  i n  g e n e r a l . P h a s e  t r a n s i t i o n s  

h a v e  i n t e r e s t e d  p h y s i c i s t s  s i n c e  t h e  f i r s t  d a y s  o f  t h e r m o 

d y n a m i c s  a nd  s t a t i s t i c a l  m e c h a n i c s . I t  h a s  b e e n  t h i s  i n 

t e r e s t  t h a t  h a s  l u r e c  some o f  t h e  b e s t  m i n d s  and  m o s t  a c t i v e  

c o n t r i b u t o r s  t c  t h i s  a nd  r e l a t e d  f i e l d s .  I t  i s  '-he work  

on s e c o n d  o r d e r  p h a s e  t r a n s i t i o n s ,  and t h e  t h e o r e t i c a l  

a p p a r a t u s  t h a t  h a s  e v o l v e d  t o  h a n d l e  t h e s e  p h e n o m e n a , t h a t

w i l l  c o n c e r n  us  h e r e .

I n  1 9 3 7 ,  La n d a u   ̂ i n t r o d u c e d  a  g e n e r a l  t h e o r y  o f  

s e c o n d  o r d e r  p h a s e  t r a n s i t i o n s .  T h i s  was a p h e n o me n o -
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l o g i c a l  m o d e l  i n  w h i c h  t h e  f r e e  e n e r g y  o f  a s y s t e m  c o u l d  be

w r i t t e n  a s  a  sum o f  p o w e r s  and  g r a d i e n t s  o f  an '’o r d e r  p a r a -  
*

m e t e r " . The name " mean  f i e l d  t h e o r y "  h a s  a t t a c h e d  i t s e l i  

t o  t h i s  m o d e l  b e c a u s e  o f  s i m i l a r i t i e s  i t  b e a r s  t o  a much 

o l d e r  one  f o r  m a g n e t i c  m a t e r i a l s .

I t  h a s  t u r n e d  o u t  t h a t  t h e  e x p a n s i o n  o f  a f r e e  e n e r g y  

i n  t e r m s  o f  a n  o r d e r  p a r a m e t e r  i n d i c a t e d  a b o v e  i s  p r o b a b l y  

n o t  v a l i d  f o r  m o s t  o f  t h e  p h a s e  t r a n s i t i o n s  f o r  w h i c h  i t  

was i n t e n d e d . I n d e e d ,  t h e  s u p e r c o n d u c t i n g  p h a s e  t r a n s i t i o n  

may be t h e  o n l y  one  f o r  w h i c h  s u c h  a n  e x p a n s i o n  c a n  be 

m a d e .

( 15 )
I t  was  i n  1 9 p 0  t h a t  La n d a u  and  G i n z b u r g  i n t r o d u c e d

t h i s  mean f i e l d  t e c h n i q u e  t o  t h e  p r o b l e m  o f  s u p e r c o n d u c t i v i 

t y .  F i p p a r a  ( 1 9 5 0 ) , and  l a t e r  G i n z b u r g ^ " ^  ( i 9 6 0 ) , made 

e s t i m a t e s  o f  t h e  r e g i o n  o f  v a l i d i t y ,  i n  t e m p e r a t u r e ,  o f  

t h i s  f o r m a l i s m .  Th e y  f o u n d  t h a t  one  c o u l c  come t o  w i t h i n

( 1 0  ^ x  T c ) o f ' t h e  t r a n s i t i o n  t e m p e r a t u r e  b e f o r e  d e v i a t i o n s
* *

wer e  e x p e c t e d  i n . t h e  c a s e  o f  p u r e  b u l k  m a t e r i a l s . I t

a p p e a r s  t h a t  t h e s e  e s t i m a t e s  we r e  m i s t a k e n  f o r  c r i t e r i a
*  *  *

f o r  o b s e r v a b i l i t y  o f  f l u c t i o n  e f f e c t s  t h e m s e l v e s . T h i s

* I t  s h o u l d  be e m p h a s i z e d  t h a t  t h i s  e x p a n s i o n  was v a l i d  be l ow 
some t r a n s i t i o n  t e m p e r a t u r e , T  . Above T t h e  o r d e r  p a r a m e t e r  
v a n i s h e d  .
** T h i s  t e m p e r a t u r e  i n t e r v a l  i s  l a r g e r  f o r  s a m p l e s  o f  r e s 
t r i c t e d  d i m e n s i o n a l i t y  and  f o r  " d i r t y  m a t e r i a l s " ( i . e .  s m a l l  
mean f r e e  p a t h ) .
* * * The s i t u a t i o n  was c o m p l i c a t e d  b y . t h e  a s s u m p t  i o n  t h a t  a 
mean f i e l d  t h e o r y  l i k e  L a n d a u ' s  was v a l i d  a b o v e  T , W i t h i n  
t h i s  a s s u m p t i o n  t h e  " o r d e r  p a r a m e t e r "  was r e i n t e r p r e t e d  a s  
a  p r o b a b i l i t y  f o r  s u p e r f l u i d  c r e a t i n g  f l u c t u a t i o n s .



(1? )i n t e r p r e t a t i o n  was r e i n f o r c e d  when C o c h r a n  ( 1 9 6 4 )  f a i l e d

t o  s e e  f l u c t u a t i o n  e f f e c t s  i n  t h e  s p e c i f i c  h e a t  a n o m a l y  a t  
*

T . T h e r e  f o l l o w e d  a  number  o f  y e a r s  i n  w h i c h  no f u r t h e r  c ■'

wor k  was c o n e  on f l u c t u a t i o n  e f f e c t s  i n  s u p e r c o n d u c t o r s .

( 19 )
I h e n , p e r h a p s  e n c o u r a g e d  by r e m a r k s  by A n d e r s o n

(20  )( 1 9 6 5 ) 1  S h i e r  a nd  G i n z b u r g  ( 1 9 6 6 )  b e g a n  wor k  on t h i n  

f i l m s  o f  a mo r p h o u s  m a t e r i a l s . A l t h o u g h  i t  i s  n o t  c l e a r  t h a t  

t h e y  we r e  l o o k i n g  f o r  f l u c t u a t i o n  e f f e c t s ,  and t h o u g h  when 

t h e y  saw t hem t h e y  b l a me d  them on i n h o m o g e n i e  t i e s  and . • ' 

s t r a i n s ,  t h e s e  w o r k e r s  w e r e  t h e  f i r s t  t o  s e e  f l u c t u a t i o n  

b r o a d e n i n g  o f  a r e s i s t i v e  t r a n s i t i o n .

( 2 1 )T h i s  wo r k  was t a k e n  up  b- F e r r e l  and S c h m i d t ,  and

( 2 2 )G l o v e r  and o t h e r s , a t  t h e  U n i v e r s i t y  o f  M a r y l a n d . F e r r e l

and S c h m i d t  s u g g e s t e d  t h a t  f l u c t u a t i o n  e f f e c t s  m i g h t  be 

o b s e r v a b l e , i n  r e s i s t a n c e  m e a s u r e m e n t s  s i m i l a r  t o  ; h o s e  o f  

S h i e r  a nd  G i n z b u r g .  The y  p r e d i c t e d  a  C u r i e - l V e i s s  b e h a v i o r  

o f  t h e  " e x t r a  c o n d u c t i v i t y " ,  CV? , f o r  t h i n  f i l m s  a b o v e  Tc :

t r 1 —

c r ' ^ o - - < r „  ( t - t c ) / t c

CT ^ c o n d u c t i v i t y  e n h a n c e d  by s u p e r c o n d u c t i n g  f l u c t u a t i o n s  

(7^ = n o r m a l  s t a t e  c o n o u c  t i v i t y

* No s u c h  f l u c t u a t i o n  e f f e c t s  wer e  t o  be.  e x - e c t e d  f o r  r e a s o n s  
we w i l l  n o t  go i n t o  h e r e .
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Th e y  a l s o  p r e d i c t e d  T b e h a v i o r  c l o s e  t o  Tc . The  d a t a  

o f  G l o v e r  y.as i n  e x c e l l e n t  a g r e e m e n t  w i t h  t n e s e  r e s u l t s .

M e a n w h i l e ,  b u t  i n d e p e n d e n t l y , .  A s l a m a s o v  a nd  L a r k i n ^ ^  

had  a r r i v e d  a t  t h e  s ame  C u r i e - W e i s s  p r e d i c t i o n  f o r  t h e  e x t r a  

c o n d u c t i v i t y  i n  t h i n  f i l m s ,  a s  w e l l  a s  a ' Y  ^  d e p e n d e n c e  

f o r  3D s a m p l e s ' .  T h i s  was d o n e  on  t h e  b a s i s  o f  a  m i c r o s c o p i c  

c a l c u l a t i o n .

^ , 1 2 4 - 3 6 )  'e x p e r i m e n t a l  wo r k  c o n t m u e c  f o r  two y e a r e , m

w h i c h  t h e  c o r r e c t  t e m p e r a t u r e  d e p e n d e n c e  was c o n s i s t e n t l y

v e r i f i e d , w i t h  a n  o c c a s i o n a l  m i s g i v i n g  a b o u t  t h e  n u m e r i c a l

p r e f a c t o r , /T0 , c a l l e d  t h e  w i d t h  p a r a m e t e r ,  t h a t  s h o u l d

a c c o m p a n y  t h e  'Y  * t o  g i v e  t h e  e x p r e s s i o n  f o r  e x t r a  c o n r u c -
*

t i v i t y  i n  t wo  d i m e n s i o n s . The v a l u e s  o f  'To o b t a i n e d  f rom 

f i t s  w i t h  d a t a  v a r i e d  f r o m  k  t o  1 0  t i m e s  t h e  v a l u e  e x p e c t e d  

on t h e  b a s i s  o f  t h e o r y .

( 3 4 )A g r o u p  f ron,  t h e  B e l l  l a b s , f i n d i n g  t h e  u b i q u i t o u s

d i f f i c u l t y  w i t h  t h e  p r e f a c t o r  , f o u n d  a l s o  t h a t  a  f i l m

o f  t h i c k n e s s  s u f f i c i e n t  t o  show 3D b e h a v i o r  d i d  n o t  show i t .

( 2 2  24 25)E x a m i n i n g  d a t a  a l r e a d y  p u b l i s h e d  by G l o v e r  * * a nd  o f

( 2 7 )S t r o n g i n  et .  a l .  . t h e y  f o u n d  s i m i l a r  d i s c r e p a n c i e s  b e 

t w e e n  t h e o r y  a nd  e x p e r i m e n t . T h u s  d o u b t  a r o s e  c o n c e r n i n g  

t h e  a b i l i t y  o f  t h e  A s l a m o s o v - L a r k i n  t h e o r y  t o  a c c o u n t  l o r

t h e  t e m p e r a t u r e  d e p e n d e n c e s  o b s e r v  d i n  t h e s e  s a m p l e s .

( 2 9 )M e a n w h i l e  G i t  t l e m a n , Cohen  a nd  Ha na k  c l a i m e d  t o  s e e

* See  summary o f  A s l a m a s o w - L a r k i n  t h e o r y  b e l o w .
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t h r e e  d i m e n s i o n a l  b e h a v i o r  i n  f i l m s  o f  t i n  and  A l t S i O ^ ,  

w i t h  t h e  e x p e c t e d  t r a n s i t i o n  t o  two d i m e n s i o n a l  b e h a v i o r ;

v a l u e s  o f  t h e  w i d t h  p a r a m e t e r  o b t a i n e d  by a s t e a d i l y  

i n c r e a s i n g  n umbe r  o f  w o r k e r s  s t i l l  f e l l  on  a l l  s i d e s  o f  t h e  

" A s l a m a s o v - L a r k i n  v a l u e 1' . T h e o r e t i c i a n s  w a t c h i n g  t h i s  s c e n e  

b e g a n  t o  c o n s i d e r  c o r r e c t i o n s  t h a t  wou l d  m o d i f y  t he.  p r e f a c t o r  

t o  t h e  A s l a m a s o v - L a r k i n  t e m p e r a t u r e  d e p e n d e n c e . T h i s  s eemed 

o f t e n  t o  make m a t t e r s  w o r s e , f o r  w h e r e  c o r r e c t i o n s  w e r e  

t h o u g h t  t o  be n e c e s s a r y  on t h e o r e t i c a l  g r o u n d s ,  t h e  e x p e r i 

m e n t s  w e r e  a l r e a d y  i n  good  a g r e e m e n t  w i t h  t h e  u n m o d i f i e d  

t h e o r y .

I t  was i n  t h e  m i d s t  o f  t h i s  u n c e r t a i n  p i c t u r e  t h a t  t h i s  

p r e s e n t  wo r k  was  b e g u n .  R e a l  i n t e r e s t  i n  t h e  s a m p l e s  d e 

s c r i b e d  i n  t h i s  t h e s i s  a r o s e  when i t  was f o u n d  t h a t , w i t h  a  

r e a s o n a b l e  a s s u m p t i o n  c o n c e r n i n g  t h e  n o r m a l  r e s i s t a n c e  o f  o u r  

s a m p l e s ,  t h r e e  d i m e n s i o n a l  b e h a v i o r  was  f o u n d . A g a i n ,  how

e v e r ,  t h e r e  was  t r o u b l e  w i t h  t h e  w i d t h  p a r a m e t e r .

S i n c e  t h e  g e n e r a l  t h e o r e t i c a l  a nd  e x p e r i m e n t a l  p i c t u r e  

i s  s t i l l  c l o u d y ,  we w i l l  i n t r o d u c e  o u r  f i n d i n g s  w i t h  a  sum

mar y  o f  t h e  t h e o r e t i c a l  m o d e l s .  S i n c e  a c o m p a r i s o n  w i t h  t h i s  

t h e o r e t i c a l  s i t u a t i o n  r e q u i r e s  a ^ c o m p l e t e  k n o w l e d g e  o f  s a m p l e  

p a r a m e t e r s  a n d  c h a r a c t e r i s t i c s ,  t h i s  m a t t e r  i s  d i s c u s s e d  

i n  a s  much d e t a i l  a s  p o s s i b l e .  T h i s  i s  d o n e  i n  c h a p t e r  two 

T h e o r e t i c a l  S u r v e y

C a l c u l a t i o n s  o f  f l u c t u a t i o n  e f f e c t s  i n  s u p e r c o n d u c t o r s  

a r e  p e r f o r m e d  on two l e v e l s  o f  s o p h i s t i c a t i o n .  T h e s e  a r e



c a l l e d  " mean  f i e l d  t h e o r e t i c a l "  (MFT) and  " m i c r o s c o p i c " .

To s u p p l e m e n t  t h e  d i s c u s s i o n  o f  t h e  f o r m e r  me t hod  g i v e n  

a b o v e , i t  i s  c o n v e n i e n t  t o  make,  s e v e r a l  a d d i t i o n a l  comment s  

h e r e : 1 )  MTT t e c h n i q u e s  a r e  u s e d  t o  a c c o u n t  f o r  f l u c t u a 

t i o n  e f f e c t s  b o t h  a b o v e  a nd  b e l o w  T . The  f o r m a l i s m  i s  t h ec

same i n  e a c h  c a s e ,  b u t  t h e  i n t e r p r e t a t i o n  g i v e n  t o  t h e  e x -
*

p a n s i o n  p a r a m e t e r  f o r  t h e  f r e e  e n e r g y  i s  n o t . The v a l i d i t y  

o f  MFT b e l o w  T£ h a s  b e e n  w e l l  e s t a b l i s h e d  e x p e r i m e n t a l l y .  

C a l c u l a t i o n s  p e r f o r m e d  a b o v e  Tfi a r e  made w i t h  t h e  aBaumiji-  

t i o n  t h a t  t h i s  f o r m a l i s m  c a n  be e x t e n d e d  i n t o  t h i s  r e g i m e  

a l s o . So f a r  a s  c a l c u l a t i o n s  o f  t h e r m o d y n a m i c  q u a n t i t i e s  

i s  c o n c e r n e d , t h e  f e e l i n g  now i s  t h a t  t h i s  e x t e n s i o n  o f  

MFT c a n  be m a d e . 2 )  I t  i s  now u n d e r s t o o d  t h a t  MFT c a l 

c u l a t i o n s  a r e  i n  p r i n c i p l e  v a l i d  up  t o  q u i t e  c l o s e  t o  Tc .

T h i s  i s  d i s c u s s e d  q u a n t i t a t i v e l y  b e l o w . 3 )  W i t h i n  t h e

f r a m e w o r k  o f  MFT i t  i s  i n  p r i n c i p l e  p o s s i b l e  t o  c o n s i d e r  

i n t e r a c t i o n s  o f  a r b i t r a r y  o r d e r , b u t  o n l y  i n  a  s i n g l e

i n t e r n a l  ( me a n )  f i e l d  v a r i a b l e . Above T o n l y  i n t e r -c

a c t i o n s  w i t h  a n  e x t e r n a l  f i e l d  h a v e  b e e n  c o n s i d e r e d .

Be l ow Tc i t  i s  e v i d e n t l y  n e c e s s a r y  t o  i n c l u d e  t h e  s e l f

( 3 7 )i n t e r a c t i o n  o f  t h e  f i e l d . T h i s  h a s  b e e n  done  by  M a r c e l j a  

i n  t h e  H a r t r e e  a p p r o x i m a t i o n . 4 )  The  d i f f i c u l t y  w i t h  t h e

MFT a p p r o a c h  c o n c e r n s  t h e  n e e d  o f  a n  e q u a t i o n  o f  m o t i o n  f o r  

t h e  " o r d e r  p a r a m e t e r " .  One m u s t  know t h e  t i m e  d e p e n d e n c e  t o

* Above T £ t h e  o r d e r  p a r a m e t e r  i s  r e p l a c e d  by an  a v e r a g e  o f  
t h e  c o r r e s p o n d i n g  f l u c t u a t i n g  q u a n t i t y .



c a l c u l a t e  t r a n s p o r t  p r o p e r t i e s  s u c h  as  t h e  c o n d u c t i v i t y .
/ 7 C \

H o w e v e r , t h e  e q u a t i o n  o f  m o t i o n  a s s u m e d  t o  d a t e  h a s

n o t  b e e n  f i r m l y  e s t a b l i s h e d  by e x p e r i m e n t . M i c r o s c o p i c

( 3 9 )c a l c u l a t i o n  h a s  s h o w n ,  i n  f a c t ,  t h a t  t h e  t i m e  d e p e n 

d e n t  g e n e r a l i z a t i o n  o f  t h e  G i n z b u r g - L a n d a u  e q u a t i o n s  h o w  

u s e d  o u g h t  t o  be v a l i d  o n l y  i n  v e r y  s p e c i a l  c i r c u m s t a n c e s ..

I n  c o n t r a s t  t o  t h e  p h e n o m e n o l o g i c a l  a p p r o a c h , w i t h  a 

" m i c r o s c o p i c "  c a l c u l a t i o n  o n e  c a n  t r e a t  s e v e r a l  i n t e r a c t i n g  

f i e l d  v a r i a b l e s . I t  i s  p o s s i b l e  t o  t r e a t  s e l f  c o n s i s 

t e n t l y ,  f o r  e x a m p l e , i n t e r a c t i o n s  b e t w e e n  t h e  s u p e r c o n 

d u c t i n g  f l u c t u a t i o n s  and  t h e  n o r m a l  e l e c t r o n s  o r  " q u a s i -  

p a r t i c l e s " .

We c a n  now p o i n t  o u t  t h a t  a  s i g n i f i c a n c e  o f  t h e  e x 

p e r i m e n t a l  wo r k  i n  t h i s  f i e l d  r e s t s  i n  i t s  a b i l i t y  t o  t e s t  

t h e  v a l i d i t y  o f  t h e  t i m e  d e p e n d e n t  g e n e r a l i z a t i o n s  o f  

MFT. T h i s  p r o b l e m  i s  i n  f a c t  o f  m a j o r  i n t e r e s t  a t  t h i s  

t i m e .  T h e r e  i s  a  t e r m  i n  t h e  e x p r e s s i o n  f o r  t h e  f l u c t u a 

t i o n  c u r r e n t  w h i c h  a p p e a r s  o n l y  i n  m i c r o s c o p i c  c a l c u l a -
( 4 1 )

t i o n s .  T h i s  t e r m , t h e  Maki  t er rg,  i s , t o  f i r s t  o r d e r ,

t h e  i n t e r a c t i o n  o f  f l u c t u a t i o n s  w i t h  t h e  s e a  o f  n o r m a l

e l e c t r o n s . I f  t h i s  t e r m  i s  i m p o r t a n t ,  t h e  e q u a t i o n  f o r

t i m e  e v o l u t i o n  f o r  t h e  o r d e r  p a r a m e t e r  i n  t h e  iMJT i s  no

( 3 9 )l o n g e r  s i m p l e , o r  e v e n  t r a c t a b l e .  The  i m p o r t a n c e  o f

t h e  Maki  t e r m  i s  m e a s u r e d  by t h e  s t r e n g t h  o f  a  d e p a i r i n g

i n t e r a c t i o n ,  i n v o k e d   ̂ t o  r e n o r m a l i z e  a  d i v e r g e n c e

d u e  t o  t h e  Maki  t e r m  i n  one  a nd  t wo  d i m e n s i o n a l  geome

t r i e s .  T h i s  i s  d i s c u s s e d  f u r t h e r  b e l o w .  I t  s e ems
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w o r t h w h i l e  t o  e m p h a s i z e  t h a t  t h e  c o n c e r n  o v e r  t h e  t r e a t 

men t  o f  t h e  d e p a i r i n g  i n t e r a c t i o n ,  a s  i t  a f f e c t s  t h e  

i m p o r t a n c e  o f  t h e  Maki  t e r m , i s  i n t i m a t e l y  r e l a t e d  t o  t h e  

v a l i d i t y  o f  t h e  t i m e  d e p e n d e n t  g e n e r a l i z a t i o n  o f  MFT u s e d  

by m o s t  t h e o r e t i c i a n s .

The  c h o i c e  o f  b o u n d a r y  c o n d i t i o n  u s e d  t c  s o l v e  t h e  MFT

e q u a t i o n  o f  m o t i o n , t h o u g h  now a l s o  s u p p o r t e d  by m i c r o -

( 3 9 )s c c p i c  c a l c u l a t i o n ,  c a n  a l s o  be c o n s i d e r e d  t o  be on

t r i a l  i n  e x p e r i m e n t a l  wo r k  s u c h  a s  t h i s .

I n  c a l c u l a t i o n s  o f  f l u c t u a t i o n  e f f e c t s , a  d i s t i n c t i o n  

i s  m a d e , p r i n c i p l y  t h e  b a s i s  o f  c o m p u t a t i o n a l  e a s e ,  

b e t w e e n  t wo r e g i m e s  o f  b e h a v i o r .  When t h e  e f f e c t s  o f  

s u p e r c o n d u c t i v i t y  c r e a t i n g  f l u c t u a t i o n s  a r e  s m a l l ,  i t  t u r n s  

o u t  t h a t  t h e  l i f e t i m e s  o f  s u p e r c o n d u c t i n g  r e g i o n s  c r e a t e d  by 

t h e s e  f l u c t u a t i o n s  a r e  q u i t e  l o n g .  T h i s  a l l o w s  c a l c u l a t i o n  

o f  t h e i r  e f f e c t s  by  e s s e n t i a l l y  n o n  q u a n t u m  m e c h a n i c a l  means  

Thus  t h e r e  i s  a n  i n t e r v a l  i n  r e d u c e d  t e m p e r a t u r e , T  t g e n e r a l

l y  c h a r a c t e r i z e d  by  t h e  c o n d i t i o n  <T ( «  <T̂  w h i c h  h a s  e a r n e d  

t h e  name ’’c l a s s i c a l  r e g i m e " . Where  i n t e r a c t i o n s  b e t w e e n  

s u p e r c o n d u c t i v i t y  c r e a t i n g  f l u c t u a t i o n s  become i m p o r t a n t , 

t h e  t h e o r e t i c a l  s i t u a t i o n  be c ome s  much more  d i f f i c u l t . Any 

o f  a  l a r g e  number  o f  t e r m s  i n  a p e r t u r b a t i o n  e x p a n s i o n  

f o r  t h e  f l u c t u a t i o n  c u r r e n t  c o u l d  w e l l  c o n t r i b u t e . C l e a r 

l y  t h e  t h e o r e t i c a l  p r o b l e m  i s  t o  e s t i m a t e  t h e  i m p o r t a n c e  

o f  t h e s e  c o n t r i b u t i o n s . T h i s  l a t t e r  r e g i m e  i n  r e d u c e d  

t e m p e r a t u r e  i s  c a l l e d  t h e  c r i t i c a l  o n e .  T h e o r e t i c a l  c o n 
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t r i b u t i o n s  t o  s u p e r c o n d u c t i n g  b e h a v i o r  a t  c r i t i c a l  t e m 

p e r a t u r e s  h a v e  m o s t  o f t e n  b e e n  t r e a t m e n t s  o f  a  " n e x t  

t e r r a "  g i v i n g  i t s  t e m p e r a t u r e  d e p e n d e n c e  b u t  w i t h  no h a r d  

e s t i m a t e s  o f  i t s  i m p o r t a n c e  be yond  a n  a  p o s t e r i o r i  com

p a r i s o n  w i t h  e x i s t i n g  d a t a .

T h i s  d i s t i n c t i o n  b e t w e e n  c l a s s i c a l  and  c r i t i c a l  b e 

h a v i o r  i s  a  s ome wha t  a r t i f i c i a l  o n e . F o r  i n s t a n c e ,  

t h e  Maki  t e r m  i s  g e n e r a l l y  c o n s i d e r e d  o f  i m p o r t a n c e  i n  t h e  

c l a s s i c a l  r e g i o n . The t h e o r e t i c a l  s i t u a t i o n  w i t h  t h i s  

t e r m  i s  c l o u d y .  What  c a n  be  g a t h e r e d  f r o m  t h e  l i t e r a t u r e  

w i l l ,  n e v e r t h e l e s s  be s u m m a r i z e d  b e l o w .

I n  t h e  s e c t i o n  b e l o w ,  we w i l l  b e g i n  t h e  s u r v e y  o f  t h e  

t h e o r e t i c a l  s i t u a t i o n  w i t h  t h e  p i o n e e r i n g  wor k  o f  A s l a m a s o v  

and L a r k i n . We t h e n  m e n t i o n  t h e  c o r r e c t i o n s  t o ,  and e l a b o r a 

t i o n s  on t h a t  m o d e l . The r e s u l t s  o f  s e v e r a l  c a l c u l a t i o n s  

t r e a t i n g  t h e  r e s i s t i v e  b e h a v i o r . i n  t h e  c r i t i c a l  r e g i o n  a r e  

s u m m a r i z e d  n e x t , f o l l o w e d  by a  summary  o f  t h e  wo r k  t h a t  

h a s  b e e n  d o n e  on t h e  r e g i o n  b e l o w  T . A s i m p l e  way t o  t e s t  

f o r  t h e  commonly  p r e d i c t e d  po we r  l a w  d e p e n d e n c e  o f  e x t r a

c *
c o n d u c t i v i t y  on r e d u c e d  t e m p e r a t u r e , due  t o  T e s t a r d i  e_t a l . ,

i s  t h e n  p r e s e n t e d . We c o m p l e t e  t h e  t h e o r e t i c a l  s u r v e y  w i t h

a  d i s c u s s i o n  o f  t h e  e f f e c t s  o f  m a g n e t i c  a nd  e l e c t r o s t a t i c

f i e l d s  on  s u p e r c o n d u c t i n g  f l u c t u a t i o n s .

F l u c t u a t i o n  E f f e c t s  Above T ___________________________________ c

The  f i r s t  s u b s t a n t i a l  t h e o r e t i c a l  c o n t r i b u t i o n  t o  t h e  

e f f e c t s  c f  f l u c t u a t i o n s  on t h e  r e s i s t i v e  t r a n s i t i o n  o f  a



12

s u p e r c o n d u c t o r  was  made by A s l a m a s o v  and L a r k i n  ^ ^  ( AL) . 

Wi t h  a m i c r o s c o p i c  c a l c u l a t i o n  w h i c h  t o o k  i n t o  a c c o u n t  

t h e  f i r s t  o r d e r  c o n t r i b u t i o n s  i n  t h e  p a i r  f l u c t u a t i o n s t t h e y  

f o u n d

f o r  s a m p l e  t h i c k n e s s  d ^ C r )

A l  )  32 ^ 5 / 0) T ( T h r e e  d i m e n s i o n a l  d r  3D l i m i t )

, e*2 for d S°r)
<^ u C^d )   -------------- -

l(e' fctd#t‘y (Two d i m e n s i o n a l  o r  2D l i m i t )

w h e r e  5(®) i s  t h e  t e m p e r a t u r e  i n d e p e n d e n t  p a r t  o f  t h e  

c o h e r e n c e  l e n g t h  ^ S ^ r )  "=• XC o') /  *V ? and

T  (  T  — ~TC. ' ) / Tc  ^  O  ,  T h e s e  r e s u l t s  w e r e  l a t e r  o b 

t a i n e d  w i t h i n  t h e  f r a m e w o r k  o f  t h e  G i n t b u r g - L a n a a u  t h e o r y  

by Ab r a h a ms  a nd  W o d f ^  H.  S c h m i d t  and  A. S c h m i d .

A l t h o u g h  Abr a ha ms  a n d  Woo o b t a i n e d  a  f a c t o r  ( l n 2 )  n o t  

g o t t e n  by  t h e  o t h e r  a u t h o r s ,  t h e y  d i d  p o i n t  o u t  c o r 

r e c t l y  t h a t ,  f a r  f r o m  T , T '  s h o u l d  be r e p l a c e d  by

l n ( T / T  ) .  c
( 3 4 )

T e s t a r d i  e t  a l . h a v e  e v a l u a t e d  t h e  (AL) e x p r e s 

s i o n  f o r  <J~̂  f o r  f i l m s  o f  a r b i t r a r y  t h i c k n e s s .  T h e y  g e t  

< r f  = <rAi_(2-D)  • Q\ CT*)  * w h e r e  G(T)  c a n  oe w r i t t e n

a s

g c t )  -  4  ( 1  +  4. xc i  )
z  v  5 ( t )  l ( r )  /



The c o n d i t i o n s  f o r  v a l i d i t y  o f  t h i s  e x r r e s s i o n  a r e

13

' £ t “  ^

T h e s e  a u t h o r s  n o t e  t h a t  f a i l u r e  o f  t h e  l a s t  c o n d i t i o n  h a s  

t h e  r e s u l t  o f  r e n o r m a l i z i n g  Tc and  o f  c h a n g i n g  t h e  t h e o r e 

t i c a l l y  p r e d i c t e d  v a l u e  o f  R ( T ) .  The r e n o r m a l i z e d  v a l u e s
* * ■ S

be c ome :  T a  T ( 1+ATi  ) and  R (T)  = R ( T ) (1+A X  ) ,  w h e r e  A

i s  t h e  c o e f f i c i e n t  o f  a ^ errn n e g l e c t e d  i n  t h e  (AL)

e x p r e s s i o n  f o r  (T^.

T e s t a r d i  et_ a l . a l s o  f i n d  t h a t  t h e  2D l i m i t  f o r  ( T f  i s  

o b t a i n e d  t o  w i t h i n  a f ew p e r  c e n t  f o r  f d  /  3 0 * a nd t h a t  

t h e  3 D l i m i t  f o r  ( T f  i s  o b t a i n e d  t o  w i t h i n  a f ew p e r  c e n t  f o r  

( d  / ft"")*) ^  m i d d l e  o f  t he .  2D-3D t r a n s i t i o n  i s  a t

d *  XCt )  •
The f o r m  o f  t h e  (AL) r e s u l t  u s e d  i n  c o m p a r i s o n  w i t h  t h e  

d a t a  h e r e  i s :

32- u  i c / r
~  c o h U  A  

IC r) ^CT)

Where  I f T )  -  1 ( 0 ) ,  ( I )  /
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a nd  5(o) ~  0 .6 5  ( j ' S , )  ^  ^

T h i s  c o n t a i n s  t h e  m o d i f i c a t i o n s  s u g g e s t e d  by Abr a ha ms  and 

Woo.

We c o n s i d e r  n e x t  t h e  a t t e m p t s  t o  e x t e n d  t h e  a b o v e

r e s u l t s . T h e s e  t a k e  i n t o  c o n s i d e r a t i o n :  1 )  e f f e c t s  a s -

( 4 7  48 )
s o c i a t e d  w i t h  t h e  s t r o n g  c o u p l i n g  * n a t u r e  o f  some 

s u p e r c o n d u c t i n g  m a t e r i a l s , 2 ) e f f e c t s  a s s o c i a t e d  w i t h  d e -

( 4 2  4 9  4 3  3 6 )
p a i r i n g  * ’ * i n t e r a c t i o n s ,  a nd  3 ) c o r r e c t i o n s  a r i s - '

i n g  f r om c o n t r i b u t i o n s  t o  n e g l e c t e d  by (AL) s u c h  a s  t h e

( 4 1 )"Ma ki  t e r m . "  A l l  o f  t h e s e  c o r r e c t i o n s  a r e  i n  t h e  end

bound t o g e t h e r  i n  a  way y e t  t o  be wor k e d  o u t .  I n  t h e  a b s e n c e

o f  t h i s  c o m p l e t e  t h e o r y , we p r e s e n t  t h e  m o d i f i c a t i o n s  a s  more

o r  l e s s  d i s t i n c t .

M a k i 1 s  c o r r e c t i o n  g a v e  a n  e x t r a  c o n d u c t i v i t y ,  (Tj^ ,

w h i c h  c o u l d  be  s i m p l y  a d d e d  t o  t h e  A . L .  r e s u l t . I n  M a k i 1s

o r i g i n a l  c a l c u l a t i o n ,  h o w e v e r ,  <r^ d i v e r g e d  f o r  t e m p e r a t u r e s

a b o v e  T c f o r  ID and  2D g e o m e t r i e s .

( 4 3 )Somewhat  l a t e r , Thompson  . i n t r o d u c e d  a  c u t o f f  i n t o  

t h e  d i v e r g e n t  momentum i n t e g r a l s  i n  t h e  Maki  e x p r e s s i o n s  f o r  

Q~f i n  two d i m e n s i o n s .  The c u t o f f  was  a s s o c i a t e d  w i t h  a  

d e p a i r i n g  i n t e r a c t i o n ^ ^  i n t r i n s i c  t o  t h e  c o n d u c t i o n  

m e c h a n i s m s  a t  f o r c e  i n  a  s u p e r c o n d u c t o r ,  o r  due t o  mag-

* Si i s  t h e  mean f r e e  p a t h  f o r  n o r m a l  c o n d u c t i o n  e l e c t r o n s ,
So i s  t h e  BCS c o h e r e n c e  l e n g t h .  T h i s  e x p r e s s i o n  c o r r e 

s p o n d s  t o  t h e  " d i r t y  l i m i t " ,  jl < 50 •
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n e t i c  i m p u r i t i e s  o r  a n  e x t e r n a l  m a g n e t i c  f i e l d .  Thompson

e x p r e s s e d  t h e  c u t o f f  i n  t e r m s  o f  a  t r a n s i t i o n  t e m p e r a t u r e ,

T , w h i c h  c o u l o  be t h o u g h t  o f  a s  t h e  t r a n s i t i o n  t e m p e r a t u r e  co ’

i n  t h e  a b s e n c e  o f  t h e  d e p a i r i n g  i n t e r a c t i o n .  The  "M alci- 

Thomps on" ( MT) e x p r e s s i o n s  a r e  g i v e n  b e l o w :

<r' (ZD aMdf 3 D) « <rZ ( z O  £ 3D) + (zD & 3 d )
m t  '  A L  h  x  z

Ux> t  50) =
3a cl

( +- — Co4> £
SCT) €cr)

, ,  \  e '  i  /j **"" c - j <* (^-1% )

% (20 * 5D) ^  w

t(r) ■> d 'W J t  11 + Is
H - Z > ( . i l l

V  'Tc

(T 
M T

S C1

loW t T  >  r c avid r  »  ( T  - Tc )  /  Tc

and rt = £ rCo -  /  ) c
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T h o m p s o n ' s  c a l c u l a t i o n s  w e r e  f o r  wealc d e p a i r i n g :

< r '  f o r  t h e  2D l i m i t

<r/ cc r f o r  t h e  3 D l i m i t ,

a n d  g e n e r a l l y  f o r  <  o . l

I t  i s  n o t  o b v i o u s  t h a t  t h e  ( A L )  c o n t r i b u t i o n s  a r e  u n c h a n g e d ,  

a s  i n d i c a t e d  a b o v e , i n  t h i s  weak d e p a i r i n g  l i - n i t . The 3D 

e x p r e s s i o n  l o o k s  p a r t i c u l a r l y  s u s p i c i o u s  i n  t h i s  r e s p e c t  

s i n c e  i t  i s  i n d e p e n d e n t  o f  t h e  " d e p a i r i n g  p a r a m e t e r "  ^  . , 

H o h e n b e r g ^ ^  h a s  r e c e n t l y  e x t e n d e d  some o f  T h o m p s o n ' s  

C a l c u l a t i o n s  t o  s i t u a t i o n s  . h e r e  t h e r e  i s  s t r o n g  r e p a i r i n g . 

He f i n d s ,  among o t h e r  t h i n g s , t h a t  t h e  (AL) t e r m s  a r e  

c h a n g e d :

1Z » T

I /  \  3 .  . 6 V . T ,
V l H  ~  8 r *
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*2 ( i d )  — > —  • —  - ; t
AL t c > >  j ^ ' Tr <  d-T '

/ -> / -  \ ‘4<r'  ( 3 d)  r — > J£I  , / 2 t + [ !
t o t a l .  y  ^ ( , ) A  (  t r 2  C 1 ~

/ X-7 t ( o )  T 1̂ -  

r  v > r  anf l f  x  ^  I

H o h e h b e r g  a l s o  v e r i f i e s  t h e  Thompson  r e s u l t s ,  l i s t e d  a b o v e ,  

i n  t h e  weak  d e p a i r i n g  l i m i t .

F o r  t h e  i n t e r m e d i a t e  c a s e  o f '  ^  ~  f ) **r  T

t h e  g e n e r a l  b e h a v i o r  o f  i s  n o t  known.  H c h e n b e r gt o t a l  3

g i v e s  o n l y  t h e  e x p r e s s i o n  f o r  ST
f a )  '■

'L '/
Z / ^ X  _  e ' 2- /  "T - %

' r  —  X -

<T ( 3 0 )  «
^  1 6 < t (o )

'c
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I t  s h o u l d  be  e m p h a s i z e d  t h a t  t h e  s t a t u s  o f  t h e s e  

r e s u l t s  i s  u n c e r t a i n .  The m a j o r  q u e s t i o n  c o n c e r n s  t h e  i m p o r 

t a n c e  o f  h i g h e r  o r d e r  t e r m s ,  o f  w h i c h  t h e  Maki  t e r m  i s  t h e  

f i r s t .  An e s t i m a t e  o f  s m a l l n e s s  o f  t h e s e  t e r m s ,  made by

T h o m p s o n ^ " ^  a n d  u s e d  w i t h  h e s i t a t i o n  by H c h e n b e r g ,

( 51 )i s  by no  m e a n s  u n i v e r s a l l y  a c c e p t e d .

We l e a v e  t h i s  t o p i c  t o  d i s c u s s  a  m o d i f i c a t i o n  t o  (AL)

t h a t  f a r e s  o n l y  a  l i t t l e  b e t t e r .

The  A s l a m a s o v - L a r k i n  r e s u l t s  a r e  b a s e d  on  t h e  we a k  

( 5 2 )c o u p l i n g  B . C . S .  t h e o r y  o f  s u p e r c o n d u c t i v i t y .  One m i g h t

(4-7)e x p e c t  d i f f e r e n t  r e s u l t s  f o r  a  s t r o n g  c o u p l i n g  s u p e r 

c o n d u c t o r .  F u l d e  a nd  M a k i ^ ^  h a v e  s hown t h a t  i n  t h e  ab?^ 

s e n c e  o f  a  d e p a i r i n g  i n t e r a c t i o n ,  t h e  e f f e c t s  o f  s t r o n g  

c o u p l i n g  a r e  s i m p l y  a  r e m o r m a l i z a t i o n  o f  t h e  r e l a x a t i o n  

f r e q u e n c y , F C t" )  « o f  s u p e r c o n d u c t i n g  f l u c t u a t i o n s .  

r 't 'T ')  i s  i n c r e a s e d  by  a  f a c t o r ,  oL ^  | , c a l l e d  t h e  s t r o n g

c o u p l i n g  p a r a m e t e r .  oL  =1  f o r  a  B . C . S .  s u p e r c o n d u c t o r .  Th u s  

<rZ i s  r e d u c e d  by l/oC  . When t h e r e  i s  d e p a i r i n g ,  Maki  

a nd  F u l d e  comment  o n l y  t h a t  t h e  s i t u a t i o n  i s  c o m p l i c a t e d .

E i l e n b e r g e r  a n d  A m b e g a o k a r ^ ^ ^  o f f e r  a n  e x p r e s s i o n  w i t h  

w h i c h  t h e  s t r o n g  c o u p l i n g  c o n s t a n t  c a n  be e s t i m a t e d .  B e c a u s e  

o f  t h e  m a t e r i a l  p a r a m e t e r s  w h i c h  e n t e r  t h i s  e x p r e s s i o n ,  t h e  

u s e  o f  i t  i s  a  b i t  m e s s y .  So we make t h i s  e s t i m a t e  i n  t h e  

n e x t  c h a p t e r  ..nd p a s s  o n  t o  a  d i s c u s s i o n  o f  t h e  c r i t i c a l  

r e g i o n .

The  C r i t i c a l  R e g i o n

I n  t h e  c r i t i c a l  r e g i o n ,  a  n u m b e r  o f  d i f f e r e n t  t e r m s
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c o n t r i b u t i n g  t o  <Ty' h a v e  b e e n  t r e a t e d  by d i f f e r e n t  a u t h o r s ,  

e a c h  w i t h  i t s  g e n e r a l l y  d i s t i n c t  t e m p e r a t u r e  d e p e n d e n c e . 

T h e r e  i s  no u n a n i m i t y  a s  t o  w h i c h  i s  t h e  d o m i n a n t  c o n t r i 

b u t i o n  be yond  a s s u r a n c e s  by e a c h  a u t h o r  t h a t  h i s  r e s u l t s

g i v e  t h e  l e a d i n g  c o r r e c t i o n s , o n l y ,  a s  T a p p r o a c h e s  T
( 2 1 )

E a r l y  i n  t h i s  g a m e ( 1 9 6 7 )  F e r r e l  and  S c h m i d t  u s e d

- 3/,
s c a l i n g  l a w  a r g u m e n t s  t o  a r r i v e  a t  a  T  d e p e n d e n c e  f o r  a

( 5 4 )2D s a m p l e .  A y e a r  l a t e r ,  T z u s u k i  a nd  K a w a s a k i  f o u n d

t e r m s  i n  <Tf  g o i n g  l i k e  T  f o r  3 D and l i k e  * f o r  

A 2D.
( 5 5 )

T z u s u k i ,  i n  a  l a t e r  more  d e t a i l e d  c a l c u l a t i o n  o f

* t h e  d y n a mi c  c o n d u c t i v i t y ,  c o n f i r m e e  t h e  *T ^  d e p e n d e n c e

i n  t h r e e  d i m e n s i o n s  i n  t h e  s t a t i c  l i m i t , b u t  f o u n d  t e r m s  

d i v e r g e n t  i n  f r e q u e n c y  i n  b o t h  t h e  c l a s s i c a l  a nd  c r i t i c a l  

r e g i o n s  i n  2D.  The  d i v e r g e n t  t e r m s  a r o s e  f r o m  t h e  iMaki 

'  c o n t r i b u t i o n s  t o  t h e  c o n d u c t i v i t y  m e n t i o n e d  a b o v e .  D i s 

r e g a r d i n g  t h e s e  t e r m s  i n  t h e  2D c a s e  on e x p e r i m e n t a l  

g r o u n d s , T z u s u k i  f o u n d  t h e  same <T ' d e p e n d e n c e  i n  2D 

i n  t h e  c r i t i c a l  r e g i o n  a s  i n  t h e  c l a s s i c a l .  The two 2D 

e x p r e s s i o n s  f o r  d i f f e r  o n l y  i n  t h e i r  p r e f a c t o r :

< r ' ^ o ) e n W  ^    l _

( 1 ^ )  c i  Q3S IcaX  I +  if

w h e r e  he e s t i m a t e s : )( ^  o . i 6
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I f  o n e  w e r e  t o  i n t r o d u c e  a c u t o f f ,  u5c  , i n t o  t h e  

' T z u s u k i  2E e x p r e s s i o n s  , one  f i n d s  c o n t r i b u t i o n s  wn i c h  go 

l i k e :

■' (2 D)
- i !^ IE  £ i < j  t= --1 5 L

2 i t (3 )  -fc u

7 ( 2 . D )
cioss/ea/

8. r  
7T

E s t i m a t e s  o f  t h e  e x t e n t  o f  t he  c r i t i c a l  r e g i o n  a p p e a r  

i n  m o s t  o f ' t h e  p a p e r s  m e n t i o n e d  i n  t h e  a b o v e  p a r a g r a p h s . 

W i t h  t h e  e x c e p t i o n  o f  F e r r e l  and  S c h m i d t ,  t h e y  a g r e e  w i t h  f

t h e  r e s u l t s  w h i c h  we u s e  h e r e , w h i c h  a r e  due  t o  H u r a u l t  

( 5 6 )

- 1
^  D

and M a k i :

- I
IK 2 D

F o r  c o n v e n i e n c e  we p a u s e  h e r e  t o  e s t i m a t e  t h e s e  n u m b e r s :

-  r  )  1
f  ^  \ Pv  3 D

2, *>6K V* 2,0
We h a v e  u s e d  . ( s e e  n e x t  c h a p t e r ) :

<70



H u r a u l t  and  Malci a l s o  e s t i m a t e  t h e  e f f e c t s  o f  c r i 

t i c a l  f l u c t u a t i o n s  on  t h e  c o n d u c t i v i t y  i n  t h e  c l a s s i c a l

r e g i o n .  T h e s e  e f f e c t s  a p p e a r  a s  a  r e n o r m a l i z a t i o n  o f  T ,
c

* r ?
I f  i s  o b t a i n e d  by  f i t t i n g  a  ' ‘c l a s s i c a l ’1 e x p r e s s i o n  t o

d a t a  f r o m  t h e  c l a s s i c a l  r e g i m e ,  a nd  T t h e  " a c t u a l "  T ,°  ’ c c ’

t h e  f i n d :

T= ' - r = ’

*

i n  t h e  2D l i m i t .  U s i n g  t h i s  we e x p e c t  t o  f i n d  Tc =

T -  30m°K f o r  o u r  s a m p l e s .  I n  t h e  3D l i m i t  we a s s u m e  t h e

(to) (3b)
same e x p r e s s i o n  h o l d s  w i t h  t h e  r e p l a c e m e n t  o f  T  u. by T  ..

m t .  v crit.

T h e r e  T* = T -  80m°K.  c c

The C o n d u c t i v i t y  Be l ow T

C o n t r i b u t i o n s  t o  t h e  e x t r a  c o n d u c t i v i t y  b e l o w  TJ c

ha v e  b e e n  c a l c u l a t e d  by M a r c e l j a  ejt a l .  . ^  ^bv S c h m i d ^ ^

and by S c h m i d t .

I n  t h e  M a r c e l j a  p a p e r s  and  e x p l i c i t  r e s u l t  i s  w r i t t e n  

down o n l y  f o r  t h e  2D l i m i t .  An e x p r e s s i o n  i s  g i v e n  f rom 

w h i c h  t h e  3D b e h a v i o r  c o u l d  be o b t a i n e d  n u m e r i c a l l y ,  b u t  

t h i s  c a l c u l a t i o n  h a s  n o t  b e e n  d o n e .  The  2D r e s u l t  h a s  t h e  

l i m i t i n g  f o r m :
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FG t )
2  iM V ( o )

£ r ~
**■(> j 4 |t |

keT

f o r  T T . U n f o r t u n a t e l y  t h i s  c o n d i t i o n  p r o b a b l y  d o e s

n o t  a l l o w  u s  t o  u s e  t h i s  e x p r e s s i o n . More d e t a i l e d  c a l 

c u l a t i o n s  g e n e r a l i z i n g  t h i s  l a s t  e x p r e s s i o n  f o r  u s e  n e a r

( 5 9 )f  c a r e  s t i l l  i n  p r o g r e s s .  The  e x p r e s s i o n  f r om wh i c h

3 D b e h a v i o r  c a n  be c a l c u l a t e d  i s :

' & )  -  ,432.-ti I (o )  X 5 Co)

Where

" f w .

I n  t e r m s  o f  t h e  G i n s b u r g - L a n d a u  p a r a m e t e r s (15 )
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Q i s  a  momentum c u t o f f  ^  I f ' iC o )  • The  a b o v e  a u t h o r s  n o t e

t h a t  a  + b £ 1^1 ^  i s  n o n z e r o  ( a nd  t h u s  ( r 'f e o )  f i n i t e )

o n l y  f o r  t e m p e r a t u r e s  a b o v e  a  " n e w "  c r i t i c a l  t e m p e r a t u r e  

*
T , a n a l o g o u s  t o  t h e  B o s e - E i n s t e i n  c o n d e n s a t i o n  t e m p e r a -

♦  *  

t u r e .  To f i n d  T t h e y  s e t  1 / R  = 0  a n d  T = T i n  (A)  t o

o b t a i n

I + --------- ZL t ( r * )  -  o

W i t h  a n  a s s u m p t i o n  r e g a r d i n g  ^ C t )  f o r  T K. w h i c h  i s
S

d i f f i c u l t  t o  u n d e r s t a n d ,  t h e y  o b t a i n ( c o r r e c t i n g  some 

m i s p r i n t s ) :

2 L : ! *  b ^ xu)
T *  Z v r l V '

*2? ^ 6  ~^G

ivUl, I*to)

e  One m u s t  a s s u m e  e i t h e r  O  o r  T u*

f o r  t h i s  e x p r e s s i o n  t o  h o l d .



M a r c e l j a ' s  c a l c u l a t i o n s  h a v e  r e c e n t l y  b e e n  c r i t i c i z e d  

by M i k e s k a  anc  S c h mi d t , who p o i n t  o u t  t h a t  M a r c e l j a  h a s

t h e  o r d e r  p a r a m e t e r  r e l a x  t o  z e r o  a v e r a g e  v a l u e  be l ow T .
. c

*

T h i s  may be r e l a t e d  t o  M a r c e l j a ' s  s e c o n d  T and  t h e  odd

t e m p e r a t u r e  d e p e n d e n c e  o f  he  mus t  a s s u m e  f o r

T K  T C T . b u t  t h e  c o n n e c t i o n  i s  n o t  c l e a r .  The  c r i -  c

t e r i o n  f o r  2D a nd  3D b e h a v i o r  o u g h t  a l s o  t o  be m e n t i o n e d .

I t  i s  n o t  c l e a r  i n  M a r c e l j a ' s  c a l c u l a t i o n  w h e t h e r  S C O  o r  

t h e  l e n g t h  R ( m e n t i o n e d  a b o v e )  i s  t h e  i m p o r t a n t  p a r a m e t e r  i n  

t h i s  r e g a r d .  M i k e s k a  and S c h m i d t  c l a i m  t h a t  two d i m e n s i o n a l  

b e h a v i o r  o f  ( T f  i s  t o  be e x p e c t e d  f o r  ( ^ / d )  1 f o r  T ^  T (

w h e r e  d = s a m p l e  t h i c k n e s s  a nd  ^  = a n  u n s p e c i f i e d  d i s t a n c e  

i n  t h e  f i l m  p l a n e .

T e s t  F o r  l o w e r  Law D e p e n d e n c e  on.  ('T-T ) /T   — c
( 3 4 )  /T e s t a r d i  e_t a l . h a ve  p o i n t e d  o u t  t h a t  i f  CT h a s

a  p o we r  l a w  d e p e n d e n c e  on T a s o v e  T , t h e n  t h e r e  i s  a  me t hod  

o f  a n a l y s i s  o f  t h e  d a t a  t h a t  t e s t s  f o r  t h i s  t e m p e r a t u r e  d e 

p e n d e n c e ,  g i v e s  t he .  p o we r  o f  iT ’ a nd  i s  i n s e n s i t i v e  t o  t h e

c h o i c e  o f  f  . A s l i g h t  m o d i f i c a t i o n  o f  t h i s  r e s u l t  i s  n e c e s -  c

s a r y  f o r  o u r  u s e ,  w h e r e  t h e  n o r m a l  r e s i s t a n c e  h a s  a  t e m p e r a 

t u r e  d e p e n d e n c e .
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M u l t i p l y i n g

by  t h e  n o r m a l  r e s i s t i v i t y  ^  C T )  , we g e t :

x ,  ' (  r , , w \  R h . 6 - )

*  R fr )  =  — rc

D i f f e r e n t i a t i n g  w i t h  r e s p e c t  t o  T and  m u l t i p l y i n g  by l / R n ( T ) ,  

we g e t :

i  . 45
ft1 dT

A -
- L  * s  - c r ' c u -  —  ^

d r  X U * m " d T

- i _  i ! £ "  _  , i L
a r  “  k i  d r  t « .r „

I
A  * + <

r h )  d -e n s£ )  &

-L / V 4  f

-  +  21— ( S & y ' Q ,  -
PT d r  Tc e , I f ' f i )

* o , w ,  and  x a r e  s a m p l e  t h i c k n e s s , w i d t h  and l e n g t h  r e 
s p e c t i v e l y .  The q u a n t i t y  Rnw /x  =*• (Ph/d  i s  c ' l l e c i  s a m p l e  
r e s i s t a n c e  p e r  s q u a r e .
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I f  t h e  f r a c t i o n a l  c h a n g e  i n  R^CT) i s  s m a l l  i n  t h e  t e m p e r a

t u r e  i n t e r v a l  o v e r  w h i c h  T  b e h a v i o r  e x i s t s ,  t h e n  a p l o t

o f

i o g  v s - ^

i h  ~  JL J L  ^
™ "  a *  d r  d r -

a * d

p r o d u c e s  a  s t r a i g h t  l i n e  o f  s l o p e  ( r + l ) / r .  The . . c o e f f i c i e n t  

/x / k t 1
o f  \3 x  A c a n  be e v a l u a t e d  a t  a c on  v e n t i e n t  p a i r  o f . v a l u e s  

(D,  @ t ) .

The a b o v e  a n a l y s i s  d o e s  n o t  i n d i c a t e  w h e t h e r  one  m i g h t

e x p e c t  o t h e r  t h a n  powe r  l a w  d e p e n d e n c e  on T  f ro m  s t r a i g h t  

l i n e  b e h a v i o r  on l o g - l o g  p l o t s . To a n s w e r  t h i s  q u e s t i o n  

we mus t  i n t e g r a t e  t h e  d i f f e r e n t i a l  e q u a t i o n :

w h e r e  &C i s  t h e  s l o p e  o f  t h e  c a t a  on t h e  l o g - l o g  p l o t .  F o r
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*

s i m p l i c i t y ,  we w i l l  a s s u m e  t h a t  R ( T ) = c o n s t .n

Above Tc • -  H r *i©

l e a d  t o  i /TN

j 4 . - B . - r . f K ?  .

I f  oC = 1 ,  a nd  i f  i s  f i n i t e  a t  Tc ,  t h en

-R H I e r
V ' C r f  *  < r ' ( o )  6  • I f  e t  76 | , t h e n

i /  C

IT '(<) = (r V -  ̂  RJI (i-e*.) r r."*

I f  «/  I , l e t  I r  / I  > 0  . Then

, ’ W  -  r .  *

-A
a

/X \  <r'Co)

* W i t h o u t  t h i s  a s s u m p t i o n ,  t h e  . . s o l u t i o n  t o  t h e  r e s u l t i n g  
B e r n o u l l i  e q u a t i o n  i s  s u b s t a n t i a l l y  more  c o m p l i c a t e d . The 
b e h a v i o r  i s ,  h o w e v e r ,  t h e  same a s  t h a t  o b t a i n e d  a b o v e  t o  a 
v e r y  good a p p r o x i m a t i o n  i n  t h e  t e m p e r a t u r e  r a n g e  o f  i n t e r e s t
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I f  f u r t h e r m o r e ,  T ,( V )d j .v e r g e e  a t  Tc , t h e n

=  r h / —   1 /

i n  a g r e e m e n t  w i t h  t h e  r e s u l t s  o f  T e s t a r d i  e_t a l .

I f  e i  O  , l e t  — =• S >  0  • T h e n

/ z  . /  , ' /s  {$  T  , /
<r M  = ( r'M -   ------------- r„s

S

S ) Here either

C T ^ C O  o r  <T ^  h a s  n o n p h y s i c a l  T* d e p e n d e n c e .

I t  w i l l  be  u s e f u l  t o  l o o k  i n t o  t h e  i n t e r p r e t a t i o n  o f

s t r a i g h t  l i n e  s e g m e n t s  o f  d a t a  b e l o w  a n  a s s u m e d  T on  ac

p l o t  o f  l o g ( D )  v s .  l o g (  . I f  we d e f i n e  a s  1 - ( T / T c ) ,  

s u c h  l i n e a r  p o r t i o n s  o f  d a t a ,  w i t h  s l o p e  cC , a r e  e q u i v a l e n t

to ------  •=• I ^ A (jy. o If  oL •=■ 1 , integration
d  T /  

K n T c ^ '
g i v e s  <r/ ( ' r / )  ~  <rZ( o )  Q  f o r  f i n i t e

0" f( o )  • I f  o L ) , we o b t a i n

r ' ( r ' )  <* (r'Co) + p 0 - O r  ^  j

* O'  ^ d e c r e a s e s  a s  t h e  t e m p e r a t u r e  d e c r e a s e s .
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When | , we c a n  s e t  I /  O  ~ °^  ) ~  ^  >  O  . E i t h e r

(T ' ' ( t ' )  i s  i n f i n i t e  o r  f i n i t e  b e l o w  T . I f  ( T ^ o )  i s  f i n i t e ,  

we f i n d

s

On t n e  o t h e r  h a n d ,  i f  t h e  s l o p e  o f  t h e  d a t a , oL , i s  g r e a t e r  

t h a n  one  , we d e f i n e  \ / ( o L  — \)  = / l  ^  O t o  f i n d

-  n _

f t K ft "T~t, T*

H e r e  a g a i n ,  <t Yt z)  h a s  a  n o n p h y s i c a l  ^   ̂ d e p e n d e n c e , ( 1)

d e c r e a s e s  a s  t h e  t e m p e r a t u r e  d e c r e a s e s ) .

We g a t h e r  f rom t h e  o b s e r v a t i o n s  a b o v e  t h a t  on  p l o t s  o f  

l o g ( C )  v s .  l o g (  ($ c )  t h a t  a  s l o p e  o f  l e s s  t h a n  one  i s  n o t  c o n 

s i s t e n t  w i t h  t h e  a s s u m p t i o n  t h a t  t h e  d a t a  w i t h  t h i s  s l o p e  

l i e s  a b o v e  T . S i m i l a r l y ,  s l o p e s  g r e a t e r  t h a n  o n e  a r e  i n c o n 

s i s t e n t  w i t h  t h e  a s s u m p t i o n s  t h a t  t h e  d a t a  i s  b e l o w  I  .

F o r  l a t e r  c o n v e n i e n c e  we w r i t e  t h e  e x p r e s s i o n  f o r  t h e  

p r e f a c t o r  O') i-n ( tY t  ) =■ /  'Y ^  i n  t e r m s

o f  t h e  c o n s t a n t s  w h i c h  c a n  be  g o t t e n  f r om t h e  d a t a  on  a

l o g - l o g  p l o t  o f

£rL + l ) / /U
f t *

AD - &
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r ' o )  =  «;
ZL X A

r ,

Where t h e  d s t a  on t h e  l o g - l o g  a n a l y s i s  shows s l o c e  one

( D •= p : ^ ( r )  = r 'co j  e

w h e r e  T ,  =  ( /  (  (3 T c .

The  r e s u l t s  o f  t h i s  s e c t i o n  w i l l  be u s e d  i n  t h e  a n a l y s i s  

o f  t h e  c a t a  i n  c . n a t t e r  4 .

F l u c t u a t i o n  E f f e c t s  i n  a M a g n e t i c  F i e l d

B e c a u s e  o f  e x p e r i m e n t a l  d i f f i c u l t i e s  a s s o c i a t e d  w i t h  

m e a s u r e m e n t s  i n  m a g n e t i c  f i e l d s  o r i e n t e d  p a r a l l e l  t o  t h e  

s a m p l e ,  o n l y  r e s u l t s  c o n c e r n i n g  p e r p e n d i c u l a r  f i e l d s  w i l l  

be d i s c u s s e d .

E x p r e s s i o n s  d e s c r i b i n g  t h e  m a g n e t i c  f i e l d  b e h a v i o r  o f

f l u c t u a t i o n s  i n  t h e  c l a s s i c a l  r e g i m e  ha ve  a p p e a r e d  i n  t h e

( 2 3  41 49  6 l )e a r l i e s t  t h e o r e t i c a l  l i t e r a t u r e .  ’ We h e r e

q u o t e  o n l y  t h e  m o s t  r e c e n t  r e s u l t s ,  w h i c h  are c o n s i s t e n t  

w i t h  e a r l i e r  l i t e r a t u r e .

We h a v e  c h o s e n  t o  c o m p a r e  o u r  d a t a  w i t h  t h e  c a l c u l a 

t i o n s  o f  m a g n e t i c  f i e l d  b e h a v i o r  a o o v e  T made bv A b r a h a ms ,c

F r a n g e  an.;  S t e p h e n s .  phe e x p r e s s i o n  w h i c h  t h e y  g i v e

f o r  m e  e f i e c t  o f  m a g n e t i c  f i e l d s  i n  t h e  2 B l i i . i t  o f  t h e  

c l a s s i c a l  r e g i m e  i s :
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^  ~ di^Qmrvia -pvncHoh f ^  /  ( zVi )  ^

k ® H 1 V t o ) / ^  ; 4 o -  -flux <joairl-otM  ̂ -

(-( =  Mfifl^h€+(c - p e l d

T h i s  e x p r e s s i o n  i s  d e r i v e d  w i t h i n  t h e  c o n t e x t  of  t h e  G i n e b u r g -  

L a n d a u  f o r m a l i s m ,  a nd  so  d o e s  n o t  c o n t a i n  t h e  c o n t r i b u t i o n  

due  t o  t h e  i-iaici t e r m .  The c o r r e s p o n d i n g  e x p r e s s i o n  f o r  t h e  

3 D l i m i t  i s  : ^ 3 /

<r'(3D) = £c*'i ^

< ( , )  ,  X x V-  J  ( —  1  -  4  — L  . .. .  _ 2 l _ \

>c d e f i n e d  4 6  at>ovJe .

T h e s e  c a l c u l a t i o n s  h a v e  a l s o  b e e n  made by U s a d e l . ^ ^

T h i s  a u t h o r  o b t a i n s  t h e  same r e s u l t s  e x c e p t  t h a t  J* i s  r e 

p l a c e d  b y

E x p r e s s i o n s  a l s o  e x i s t  f o r  t h e  e x t r a  c o n d u c t i v i t y  i n  

b o t h  j a r a l l e l  and  p e r p e n c i c u l a r  m a g n e t i c  f i e l d s  w h i c h  c o n 

t a i n  t h e  e f f e c t  o f  t h e  M alti t e r m  w i t h  c u t o f f . ) s i n c e

a s s u m p t i o n s  r e - . ; a r d i n g  t h e  d e p a i r i n g  p a r a m e t e r  ma’xe t h e s e  

r e s u l t s  i n a p t . i c a o i e  t o  c u r  s a m p l e s ,  t h e y  w i l l  n o t  be 

r e p r o d u c e d  h e r e .

Mo n o h a i c  B e h a v i o r  o f  t h e  E x t r a  C o n d u c t i v i t y

The c a l c u l a t i o n s  d i s c u s s e d  up t o  t h i s  p o i n t  h a v e  be e n
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made w i t h  t h e  a s s u m p t i o n  t h a t  t h e  e l e c t r i c  f i e l d ,  E , u s e d  

i n  t h e  m e a s u r e m e n t  o f  t h e  r e s i s t a n c e , i s  s m a l l  e n o u g h  n o t  

t o  p e r t u r b  t h e  f l u c t u a t i o n  l i f e t i m e . F o r  E s u f f i c i e n t l y

d a c t i v i t y  c a n  be a c c e l e r a t e d  t o  t h e  c r i t i c a l  v e l o c i t y  b e f o r e  

t h e y  c a n  t r a v e r s e  t h e  s u p e r f l u i d  p o r t i o n  o f  t h e  s a m p l e .

Suc h  e v e n t s  c o n t r i b u t e  t o  t h e  s o - c a l l e d  n o n l i n e a r ,  o r  

n o n o h m i c , b e h a v i o r  o f  t h e  s a m p l e  r e s i s t a n c e  i n  t h e  t r a n 

s i t i o n  r e g i o n .

H u r a u l t  h a s  c a l c u l a t e d  I T " ^ )  due  t o  s u c h  e f f e c t s ,

u s i n g  t h e  t i m e  d e p e n d e n t  G i n z b u r g - L a n d a u  e q u a t i o n . He

f ou n d  f o r  T >  'T , a c r i t i c a l  v a l u e  o f  E:  c

l a r g e ,  e l e c t r o n s  w i t h i n  a r e g i o n  o f  f l u c t u a t i o n  s u p e r c o n -

b e l o w  w h i c h  t h e  A s l a m a s o v - L a r l c i n  v a l u e  o f  <TZ , 0 \ . i s
A L

r e c o v e r e d  . F o r  E E c ( T ) , H u r a u l t  f i n d s  :

tfurauif



I f  we t a k e ,  f o r  o u r  s a m p l e s , a c o h e r e n c e  l e n g t h  o f  35^

and Tc = 11  K, we f i n d  Ec (T)  = ( 7  x 1 0 ^ v o l t s / c m )  - rY

f 7V/cm . f o r  T-T = 0 . 1  K 1 / c

1 7 m V / c m . f o r  T-T = lm K ? c
(6 7  6 8 )T s u z u k i ,  * w i t h  a m i c r o s c o p i c  c a l c u l a t i o n  wh i c h  

d i s r e g a r d s  t h e  Maki  t e r m ( a nd  i s  v a l i d  o n l y  a b o v e  t h e  c r i t i 

c a l  r e g i o n ) ,  f ou n d  t h e  more  g e n e r a l  e x p r e s s i o n s :

' ' < « • ) - < m ( h  5

OO

l\ XI

f o r  E ^  E ( T ) ,  and

J

r ' (*v) = 1 +

* 3  v  * !  C2-1'141)  r  ( 7/ ^  <

< " ^ 0 )  *  1 +

f o r  E 2  E ( T ) .  The q u a n t i t i e s  E . ( f )  and  (T.f , ,  a r e  
c c Uu/ t ivlT

t h o s e  w h i c h  a p p e a r  i n  t h e  H u r a u l t  r e s u l t s ,  a b o v e .

G o r ’k o v , ^ 0 "^ a l s o  w i t h  a  m i c r o s c o r i c  c a l c u l a t i o n  ( no
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M aki t e r m ) ,  p r e s e n t s  e x p l i c i t  r e s u l t s  o n l y  f o r  2D b e h a v i o r .

T h e s e  a g r e e  w i t h  t h e  e x p r e s s i o n s  g o t t e n  by H u r a u l t  f o r  2D

a nd  T ^  T . G o r ' k o v ,  h o w e v e r , a p p e a r s  t o  c l a i m  v a l i d i t y  o f

t h e  r e s u l t s  f o r  t e m p e r a t u r e s  b e l o w  T a s  w e l l .  He a l s o  o b -c

t a i n s  a  weak  f i e l d  ( ? )  e x p r e s s i o n :

ir7 c tCr)

We p r o c e e d  now t o  t h e  i m p o r t a n t  d i s c u s s i o n  o f  t h e  

s a m p l e  p a r a m e t e r s  w h i c h  a p p e a r  i n  a l l  t h e  t h e o r i e s  o u t l i n e d  

a b o v e ,  and  w h i c h  m u s t  be known t o  t h e  a c c u r a c y  w i t h  w h i c h  we 

w a n t  t o  make c o m p a r i s o n  w i t h  t h e  m o d e l s .

Sa m c l e  P a r a m e t e r  A s s u m p t i o n s

C e r t a i n  s a m p l e  p a r a m e t e r s  a p p e a r  i n  a l l  e x p r e s s i o n s  f o r  

t h e  e x t r a  c o n d u c t i v i t y  due  t o  f l u c t u a t i o n s . I t  w i l l  be n e c e s 

s a r y  t o  make a s s u m p t i o n s  a b o u t  t h e s e  p a r a m e t e r s  i n  o r d e r  t o  

c o mp a r e  t h e  a b o v e  m o d e l s  w i t h  o u r  d a t a . .  A s i d e  f ro m  t h e  f a i r 

l y  t r i v i a l  m a t t e r s  o f  g e o m e t r y ,  t h e  i m p o r t a n t  n u m b e r s  a r e  

t h e  n o r m a l  r e s i s t a n c e , R ^ C f ) ,  t h e  c o h e r e n c e  l e n g t h ,  ^C O j , 

t h e  d e p a i r i n g  p a r a m e t e r  and  t h e  s t r o n g  c o u p l i n g  c o n 

s t a n t  . The m o s t  s e r i o u s  p r o b l e m  i s  a s s o c i a t e d  w i t h  t h e  

n o r m a l  r e s i s t a n c e .

F o r  m o s t  m a t e r i a l s  on w h i c h  e x p e r i m e n t a l  wor k  h a s  

b e e n  d o n e ,  t h e  n o r m a l  r e s i s t a n c e  h a s  b e e n  d i r e c t l y  m e a s -
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u n a b l e . E a s i l y  o b t a i n a b l e  m a g n e t i c  f i e l d s  ha ve  be e n  s u f 

f i c i e n t  t o  q u e n c h  t h e  s u p e r c o n d u c t i n g  f l u c t u a t i o n s  i n  

t h e s e  m a t e r i a l s . We do n o t  h a v e  t h i s  a d v a n t a g e .  A t t e m p t s  

h a v e  b e e n  made t o  r e a l i z e  t h e  n o r m a l  r e s i s t a n c e  i n  o u r

s a m p l e s  i n  f i e l d s  up  t o  100  fcOe, b u t  t h e s e  we r e  u n s u c 

c e s s f u l .  R e c e n t  w o r k ^ 0 )  h a s  shown t h a t  t h e  c r i t i c a l

f i e l d  H _ f o r  o u r  m a t e r i a l  i s  a t  l e a s t  ISO k O e . O t h e rc d.

m e a s u r e m e n t s ^ ^  on v e r y  h i g h  r e s i s t i v i t y  f i l m s  s u c h  a s  

o u r s  s u g g e s t  i n  f a c t  t h a t  e v e n  t h e s e  f i e l d s  m i g h t  n o t  be 

e n o u g h  t o  q u e n c h  t h e  f l u c t u a t i o n  c o n d u c t i v i t y  n e a r  t h e  

z e r o  f i e l d  t r a n s i t i o n  t e m p e r a t u r e .

We h a v e  l i t t l e  a l t e r n a t i v e  b u t  t o  e x t r a p o l a t e  t h e  

n o r m a l  r e s i s t a n c e  f r o m  h i g h  t e m p e r a t u r e s . As d i s c u s s e d  

i n  t h e  n e x t  c h a p t e r ,  o u r  s a m p l e s  h a v e  a n e g a t i v e  t e m p e r a 

t u r e  c o e f f i c i e n t  o f  r e s i s t a n c e  a t  h i g h  t e m p e r a t u r e s . Ev e n  • 

t h o u g h  t h e  r e l a t i v e  c h a n g e  i n  r e s i s t a n c e  w i t h  t e m p e r a t u r e  i s  

a b o u t  0 .1 % /  K,  t h e  e x t r a p o l a t i o n  l e a d s  t o  a n  i n e v i t a b l e  

a m b i g u i t y . So we c h o o s e  a s  a  f i r s t  a p p r o x i m a t i o n  t h a t  

e x t r a p o l a t e d  Rfi( T ) w h i c h  p r o d u c e s  t h e  l a r g e s t  r e g i o n  o f  

" c o r r e c t "  t e m p e r a t u r e  d e p e n d e n c e  ( some powe r  l a w i n  T* ) 

i n  t h e  " l o g - l o g "  a n a l y s i s  and  which ,  i s  r e a s o n a b l e  a s  an

e x t r a p o l a t i o n .  Beyond t h i s  we t r e a t  R (T)  a s  a  f r e en

p a r a m e t e r .

A l t h o u g h  t h e  p r e s e n t  i n a b i l i t y  t o  m e a s u r e  S^CT)
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d i r e c t l y  i s  c e r t a i n l y  u n s a t i s f a c t o r y ,  a f u n d a m e n t a l  q u e s t i o n  

wou l d  s t i l l  r e m a i n  e v e n  i f  i t  w e r e  m e a s u r a b l e . T h a t  i s ,  

woul d  t h e  m e a s u r e d  n o r m a l  c o n d u c t i v i t y ,  be t h e

same a s  t h e  w h i c h  a p p e a r s  i n  <r^ ?
*

Our  m a t e r i a l  i s  p o l y c r y s t a l l i n e , n o t  a m o r p h o u s . A 

c r y s t a l l i t e  w i l l  h a v e  some c h a r a c t e r i s t i c  r e s i s t i v i t y  

One c o u l d  a s s o c i a t e  a  d i f f e r e n t  ^ ("*") t o  a g r a i n  b o u n d a r y  

b e t w e e n  twc c r y s t a l l i t e s  s i n c e  t h i s  a t  l e a s t  a c t s  a s  a 

s c a t t e r e r . I t  c o u l d  be t h a t  i n  a  n o r m a l  c o n d u c t i o n  p r o 

c e s s  t h e s e  two c o n t r i b u t i o n s  t o  s a m p l e  r e s i s t i v i t y  a r e  a v e r 

a ge d  o v e r  i n  a  way d i f f e r e n t  f rom t h a t  i n  f o r c e  i n  t h e  s u p e r 

c o n d u c t i n g  s t a t e .

The a v e r a g i n g  p r o c e s s  i n  t h e  s u p e r c o n d u c t i n g  s t a t e  

i t s e l f  r e q u i r e s  c l o s e r  e x a m i n a t i o n .  I t  may be ( a l t h o u g h  

i t  s e e m s  u n l i k e l y ) t h a t  t h e  r e s i s t i v i t y  c o n t r i b u t i o n s  o f  

c r y s t a l l i t e s  and g r a i n  b o u n d a r i e s  a r e  a v e r a g e d  o v e r  d i f 

f e r e n t l y  d e p e n d i n g  on w h e t h e r  ^ C r )  i s  g r e a t e r  t h a n  o r  l e s s  

t h a n  a n  a v e r a g e  c r y s t a l l i t e  s i z e .  I t  s ee ms  mos t  l i k e l y  

t h a t  t h i s  s o r t  o f  c o n s i d e r a t i o n  wo u l d  r e a l l y  become i m p o r 

t a n t  o n l y  i n  t h e  e v e n t  t h e  c o h e r e n c e  l e n g t h  w e r e  l e s s  t h a n  

some e f f e c t i v e  w i d t h  o f  a g r a i n  b o u n d a r y .

T h e s e  p r o o l e m s  h a v e  be e n  d i s c u s s e d  by A b e l e s ,  Cohen 

ano  S t o w e l l . ^ ^  The  r e s u l t s  o f  t h e i r  a n a l y s i s  s u g g e s t

*See  d i s c u s s i o n  i n  n e x t  c h a p t e r .
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t h a t ,  s o  l o n g  a s  ^(T*^ >  g r a i n  s i r e ,  i t  i s  p o s s i b l e  t o  a s s i g n  

a  s i n g l e  e f f e c t i v e  mean f r e e  p a t h  t o  p r o c e s s e s  i n v o l v i n g  

f l u c t u a t i o n  c o n d u c t i v i t y .  We w i l l  a s s u m e , on t h e  b a s i s  o f  

t h e i r  r e s u l t s , t h a t  we a r e  j u s t i f i e d  i n  i n c o r p o r a t i n g  t h e  

g r a n u l a r  n a t u r e  o f  o u r  s a m p l e s  i n t o  o u r  e x p r e s s i o n  f o r  ,

s o  l o n g  a s  >  g r a i n  s i r e .

To s u m m a r i z e , we m u s t  make t h e  f o l l o w i n g  a s s u m p t i o n s  

a b o u t  t h e  n o r m a l  r e s i s t a n c e : 1 )  I t  i s  o b t a i n a b l e  a s  a rea*- 

s o n a b l e  l i n e a r  e x t r a p o l a t i o n  f r o m  h i g h  t e m p e r a t u r e s . 2 )  The

a v e r a g i n g  p r o c e s s  w h i c h  y i e l d s  t h e  n o r m a l  r e s i s t a n c e  a t  h i g h  

t e m p e r a t u r e s  i s  t h e  same a s  t h e  one  w h i c h  wou l d  g i v e  t h e  

n o r m a l  c o n d u c t i v i t y  i n  t h e  t h e o r e t i c a l  e x p r e s s i o n s  f o r  .

T h e r e  i s  a  s i m i l a r  p r o b l e m  w i t h  t h e  v a l u e  o f  t h e  c o 

h e r e n c e  l e n g t h  i t s e l f . I n  t h i s  a n a l y s i s , we w i l l  a s s u m e  

t h a t  i s  g i v e n  by t h e  e x p r e s s i o n  e

w h i c h  i s  e s s e n t i a l l y  a  mean f i e l d  ( G i n z b u r g - L a n d a u )  r e s u l t .

A m e a s u r e m e n t  o f  ^ ( o ' j  i s  t a n t a m o u n t  t o  a  m e a s u r e m e n t  

o f  t h e  mean f r e e  p a t h .  A g a in  t h e  i m p o r t a n t  q u e s t i o n  i s :

Are  t h e  p r o c e s s e s  w h i c h  l i m i t  c o n d u c t i o n  t h e  same w h e r e  

f l u c t u a t i o n  e f f e c t s  a r e  s m a l l  a s  t h e y  a r e  n e a r  o r  b e l o w  Tc 

w h e r e , p r e s u m a b l y , i s  m e a s u r e d  ? We s h a l l  t e n t a t i v e l y

a s s u m e  t h a t  t h e y  a r e .

A l m o s t  n o t h i n g  i s  k n o w n , a  p r i o r i , a b o u t  t h e  c e p a i r i n g

p a r a m e t e r .  I t  i s  known t h a t  Tc f o r  b u l k  NbN i s  a b o u t  18 K.

So we m i g h t  n o t  be s u r p r i s e d  i f  T w e r e  n e a r  t h i s  n u m b e r .■ co

On l y  q u a l i t a t i v e  i n f o r m a t i o n  i s  known a b o u t  t h e  s o u r c e



o f  t h e  d e p a i r i n g  i n t e r a c t i o n  i n  o u r  s a m p l e s .  So T c w 

be t r e a t e d  e s s e n t i a l l y  a s  a f r e e  p a r a m e t e r .

T h e r e  a r e  many a s s u m p t i o n s  n e c e s s a r y  t o  e s t i m a t e  

s t r o n g  c o u p l i n g  p a r a m e t e r .  I t  i s  m o s t  a p p r o p r i a t e  t o  

t h e s e  i n  t h e  n e x t  c h a p t e r .

* T h i s  i s  d i s c u s s e d  i n  some d e t a i l  i n  t h e  n e x t  c h a p t e r
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CHAPTER TWO: SAMPLE DESCRIPTION

C o n s i d e r i n g  t h e  d i f f i c u l t y  i n  p r e p a r i n g  a nd  c h a r a c t e r 

i z i n g  d i s o r d e r e d  t h i n  m e t a l l i c  f i l m s , i t  i s  i m p o r t a n t  t o  

d e s c r i b e  o u r  s a m p l e s  i n  some d e t a i l . We w i l l  d i s c u s s  b e lo w  

t h e  f o l l o w i n g  t o p i c s : s a m p l e  p r e p a r a t i o n  a nd  c h e m i s t r y ,  

s a m p le  s e l e c t i o n ,  m o u n t i n g  a nd  g e o m e t r y ,  s a m p le  h i s t o r i e s , 

a nd  f i n a l l y ,  m i c r o s c o p i c  a nd  g e n e r a l  e x p e r i m e n t a l  c h a r a c t e r 

i s t i c s  . T h i s  w i l l  be  f o l l o w e d  by s e v e r a l  s e c t i o n s  d e v o t e d  

t o  s a m p le  p a r a m e t e r s  t h a t  m u s t  be know n o r  e s t i m a t e d  b e f o r e  

a  c o m p a r i s o n  w i t h  t h e o r y  c a n  be m a d e . T h i s  w i l l  i n c l u d e  a  

d i s c u s s i o n  o f  t h e  s t r o n g  c o u p l i n g  n a t u r e  o f  o u r  m a t e r i a l  

and  a  d e s c r i p t i o n  o f  m e a s u r e m e n t s  l e a d i n g  t o  a  n u m b e r  f o r  

t h e  c o h e r e n c e  l e n g t h . T h i s  c h a p t e r  e n d s  w i t h  a  t a b l e  o f  

c h a r a c t e r i s t i c s  o f  o u r  s a m p l e s .

S am p le  P r e p a r a t i o n  a nd  C h e m i s t r y

The s a m p l e s  u s e d  i n  t h i s  s t u d y  w e r e  t h i n  f i l m s  o f

Nb o o T i  A l l  s a m p l e s  we r e  f a b r i c a t e d  by  Y.  M. Shy o f
• 0 0  . I d

t h e  M e t a l l u r g y  D e p a r t m e n t  o f  t h e  U n i v e r s i t y  o f  M i n n e s o t a .

The f i l m s  w e r e  p r e p a r e d  by a  r e a c t i v e  s p u t t e r i n g  t e c h n i q u e  

u s i n g  s e p a r a t e  t a r g e t s  oif Nb a nd  T i  i n  a n  a t m o s p h e r e  o f  

n i t r o g e n  and  a r g o n . D e t a i l s  o f  t h e  s p u t t e r i n g  p r o c e s s  by

w h i c h  t h e s e  a n d  o t h e r  s i m i l a r  s a m p l e s  w e r e  p r e p a r e d  a r e

( 7 3 )  ( 7 4 )d e s c r i b e d  i n  S h y ' s  t h e s i s  a nd  e l s e w h e r e .

The c h e m i c a l  c o m p o s i t i o n  o f  t h e  s a m p le s  w as d e t e r m i n e d

by c h o i c e  o f  p a r a m e t e r s  i n v o l v e d  i n  t h e i r  p r e p a r a t i o n
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and oy a u g e r  s p e c t r o g r a p h i c  a n a l y s i s .

Shy h a s  made e s t i m a t e s  t h a t  i n d i c a t e  t h e  N b : T i  r a t i o

c a n  v a r y  a s  much a s  1% a c r o s s  t h e  w i d t h  o f  o u r  s a m p l e s .

T h i s  i s  due  t o  a s y m m e t r i c a l  p o s i t i o n i n g  o f  s u b s t r a t e s  w i t h

( 7 5 )r e s p e c t  t o  t h e  s p u t t e r i n g  s o u r c e . 3 u t  t h e  v a r i a t i o n  o f

T w i t h  c o n c e n t r a t i o n  o f  NbN v s T i N  i s  n e a r l y  minimum a t  c

t h e  c o m r o s i t i o n  o f  t h e s e  s a m i l e s  ( s e e  f i g u r e  l ;  . So t h e  

e s t i m a t e d  s p r e a d  i n  due  t o  t h e s e  n c n h c m o g e n i e t i e s  c a n  be

e s t i m a t e d  t o  be o n l y  a f ew m i l l i d e g r e e s .

Sa mp l e  S e l e c t i o n

I n  p r e l i m i n a r y  s t u d i e s ,  i n  w h i c h  a n o t h e r  w o r k e r ,  J o n  

Z b a s n i k ,  p l a y e d  a s u b s t a n t i a l  and  m o s t  h e l p f u l  r o l e , l a r g e  

c l a s s e s  o f  s a m p l e s  p r e p a r e d  by Shy we r e  e l i u i n a t e c  f rom c a n d i 

d a c y  f o r  c a r e f u l  s t u d y . The s e  s a m p l e s ,  and t he  r e a s o n s  f o r  

n e t  e x a m i n i n g  them i n  d e t a i l ,  d e s e r v e  some c o m m e n t . Some o f

t h e  d i s c a r d e d  f i l m s  w e r e  m e c h a n i c a l l y  s o f t ,  a d h e r e d  p o o r l y  t o

t h e  s u b s t r a t e s  and s howed  m e c h a n i c a l  damage  on m i c r o s c o p i c  

e x a m i n a t i o n .  A n o t h e r  g r o u p  o f  f i l m s ,  a l l  t h o s e  d e p o s i t i e d  on 

s i n g l e  c r y s t a l  MgO, showed a  b r o a d  r e s i s t a n c e  t a i l  a t  low 

t e m p e r a t u r e s . Shy e s t a o l i s h e d  t h a t  t h e s e  f i l m s  were  n e a r l y  

d i s c o n t i n u o u s  a t  c l e a v a g e  s t e p s , w h i c h  wer e  a b o u t  lO O y * .a p a r t , 

on t h i s  s u b s t r a t e . A n o t h e r  g r o u p  o f  s a m p l e s  l a c k e d  a c h a r a c 

t e r i s t i c  n e g a t i v e  t e m p e r a t u r e  c o e f f i c i e n t  o f  r e s i s t a n c e  a b o v e  

l i q u i d  n i t r o g e n  t e m p e r a t u r e s . T h e s e  had b e e n  d e p o s i t e d  on 

s u b s t r a t e s  a t  e l e v a t e d  t e m p e r a t u r e s  ( a b o u t  .600  K) ,  o r  had 

b e e n  a n n e a l e d  a t  t h a t  t e m p e r a t u r e . S a m p l e s  e x a m i n e e  w i t h
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F i g u r e  1 .  T r a n s i t i o n  T e m p e r a t u r e s  o f  S p u t t e r e d  T h i n  F i l m s  o f

( 7 3 )Nb T i.. N v s .  Nb : T i  R a t i o . From, f . S h y ' s  T h e s i s ,  x 1 - x  •7
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t h e s e  c h a r a c t e r i s t i c s  had  r e s i s t i v e  t r a n s i t i o n s  w i t h  a s t a i r 

s t e p  s h a p e  i n d i c a t i n g  r e g i o n s  o f  d i f f e r e n t  t r a n s i t i o n  t e m p e r a 

t u r e .  Wi t n  t h i s  p r o c e s s  o f  e l i m i n a t i o n ,  we we r e  l e f t  w i t h  two 

s a m p l e s  w h i c h  we f e l t  w o r t h  e x t e n s i v e  s t u d y .  I t  i s  i n t e r 

e s t i n g  t o  n o t e  t h a t  t h e s e  two s a m p l e s  had a r e s i s t i v i t y  w e l l  

i n  e x c e s s  o f  t h o s e  e l i m i n a t e d .  T h i s  c a n  be n o t e d  i f  one com

p a r e s  o u r  r e s i s t i v i t i e s  ( a b o u t  1 4 0 0  mi c r o o h m c m. )  w i t h  t h a t  

o f  t h e  s a m p l e s  o f  s i m i l a r  c o m p o s i t i o n  w h i c h  Z b a s n i k  e t  a l . ^ ^  

u s e d  i n  t h e i r  c r i t i c a l  f i e l d  s t u d i e s  ( a b o u t  2 Os mi c r oohm c m . ) .  

The  two s a m p l e s  f o r  w h i c h  we p r e s e n t  d a t a  h e r e  we r e  numbered  

"92A"  and "92D " by S h y .  One o f  t h e s e  s a m r l e s ,  " 9 2 D , " was 

h e a t e d  e x c e s s i v e l y  i n  t h e  p r o c e s s  o f  p r e p a r i n g  i t  f o r  h i g h  

m a g n e t i c  f i e l d  m e a s u r e m e n t s  i n  a s p e c i a l  c r y o s t a t .  T h i s  p r o 

d u c e d  a s m a l l  b u t  n o t i c e a b l e  c h a n g e  i n  t h e  s h a p e  o f  i t s  t r a n 

s i t i o n .  D a t a  t a k e n  on  t h i s  s a m p l e  a f t e r  t h i s  m i s t r e a t m e n t  

i s  t r e a t e d  s e p a r a t e l y  h e r e  and  i s  i d e n t i f i e d  by means  o f  a n 

o t h e r  l a b e l :  " 9 2 X " .

C h a r a c t e r i s t i c s  o f  S a m p l e s  S e l e c t e d  f o r  S t u d y

'The f i l m s  u s e d  i n  t h i s  s t u d y  w e r e  g e n e r a l l y  q u i t e  h a r d  

and b r i t t l e , a d h e r e d  t o  t h e  s u b s t r a t e  r e m a r k a b l y  w e l l ,  were  

v i s i b l y  o f  u n i f o r m  a p p e a r a n c e  down t o  t h e  s c a l e  o f  l e n g t h  

a c c e s s a b l e  t o  a n  o p t i c a l  m i c r o s c o p e , and had a n o t a b l y  h i g h  

r e s i s t i v i t y . I n  s i m p l e  t e r m s ,  a s t a i n l e s s  s t e e l  r a z o r  

wou l d  n o t  s c r a t c h  t h e  f i l m s  u n t i l  damage  was done  t o  t h e  

s u b s t r a t e  b e n e a t h  t h e  f i l m .  The r e s i s t i v i t y  o f  t h e  f i l m s  

was t h e  o r d e r  o f  1 0  ̂ m i c r o o h m  cm.
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I n  a d d i t i o n ,  t h e  f  o l  - ov; ing g e n e r a l  b e h a v i o r  was n o t e d

d u r i n g  r e s i s t a n c e  m e a s u r e m e n t s  on t h e  s a m p l e s  s e l e c t e d  f o r

s t u d y :  1)  A l l  had a n e g a t i v e  t e m p e r a t u r e  c o e f f i c i e n t  o f

r e s i s t a n c e  a t  h i g h  t e m p e r a t u r e s . Th e y  e x h i b i t e d  a d e f i n i t e

maximum i n  r e s i s t a n c e  a t  a b o u t  20  K, a b o u t  t e n  d e g r e e s  a o o v e

t h e i r  a p p r o x i m a t e  t r a n s i t i o n  t e m p e r a t u r e .  T h i s  b e h a v i o r  i s

i l l u s t r a t e d  i n  f i g u r e s  2 t h r o u g h  4 .  2 )  A l l  s a m p l e s  e x h i b i t e d

a g e n e r a l l y  s m a l l  and  c o m p l i c a t e d  n o n o h mi c  b e h a v i o r  a t  a l l

t e m p e r a t u r e s  a nd  e v i d e n t l y  a t  a l l  c u r r e n t  d e n s i t i e s .  T h i s

i s  d i s c u s s e d  i n  g r e a t e r  d e t a i l  i n  C h a p t e r  5•  3)  A m o n o t o n i -

c a l l y  downward s h i f t  i n  t r a n s i t i o n  t e m p e r a t u r e  w i t h  t i m e  and

r e p e a t e d  t h e r m a l  c y c l i n g  w h i c h  a c c u m u l a t e d  t o  a b o u t  a m i l l i -

d e g r e e  was a l s o  n o t e d .  4 )  The s a m p l e s  a p p e a r  t o  show a

n e g a t i v e  m a c n e t o r e s i s t a n c e  a b o v e  5 0  K.

( 7 3 )F i n a l l y ,  S h y ' s  wor k  cn  s a m p l e s  s i m i l a r  t o  t h e s e  i n d i 

c a t e s  t h e y  c a n  be c h a r a c t e r i z e d  m i c r o s c o p i c a l l y  a s  g r a n u l a r  

on t h e  s c a l e  o f  200%,  w i t h  i n s u l a t i n g  g r a i n  b o u n d a r i e s  p r o b a 

b l y  c o n t a i n i n g  p a r a m a g n e t i c  o x y g e n  i m p u r i t i e s .  T h e s e  g e n e r a l  

c h a r a c t e r i s t i c s  w i l l  new be d i s c u s s e d  i n  mor e  d e t a i l .

The phenome non  o f  n e g a t i v e  t e m p e r a t u r e  c o e f f i c i e n t s  o f

r e s i s t a n c e  i n  t h i n  f i l m s  i s  w e l l  known and h a s  b e e n  a s s o c i -

( 76 )a t e d  w i t h  f i l m s  o f  g r a n u l a r  s t r u c t u r e . E l e c t r o n  m i c r o -

( 7 3 )s c o p e  e x a m i n a t i o n  o f  f i l m s  s i m i l a r  t o  t h e  o n e s  s t u d i e d

h e r e  show o u r s  t o  be s i m i l a r l y  g r a n u l a r  i n  s t r u c t u r e  w i t h  

an  a v e r a g e  g r a i n  s i z e  o f  2 0 o S .  A t y p i c a l  e l e c t r o n  m i c r o 

g r a p h  i s  shown i n  f i g u r e  5 •  P r e s u m a b l y  t h i s  m i c r o s c o p i c



k k

F i g u r e s  2 t h r o u g h  k .

Hi g h  T e m p e r a t u r e  B e h a v i o r  o f  S a m p l e s  S howi ng  L i n e a r  

E x t r a p o l a t i o n s  t o  A p p r o x i m a t e  t h e  Nor ma l  R e s i s t a n c e  i n  

t h e  T r a n s i t i o n  R e g i o n .
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s t r u c t u r e  i s  a v e r a g e d  o v e r  i n  t h e  s u p e r c o n d u c t i n g  t r a n s i t i o n  

r e g i o n  a s  d i s c u s s e d  i n  C h a p t e r  1 ( p a g e s  36  a nd  3 7 ) •  We h e r e  

w a n t  t o  r e l a t e  t h i s  g r a n u l a r  s t r u c t u r e  t o  t h e  n e g a t i v e  t e m 

p e r a t u r e  c o e f f i c i e n t  o f  r e s i s t a n c e  a nd  t o  a n  i m p u r i t y  t o  be 

d i s c u s s e d  i n  t h e  n e x t  p a r a g r a p h .

Auge r  s p e c t r o g r a p h i c  s t u d i e s  on f i l m s  s p u t t e r e d  i n  

a t m o s p h e r e s  i d e n t i c a l  t o  t h o s e  u s e d  f o r  o u r  s a m p l e s  h a v e  i n 

d i c a t e d  o x y g e n  i m p u r i t i e s  i n  t h e s e  f i l m s .  A t y p i c a l  Au g e r

( 7 3 )s p e c t r u m  i s  s hown i n  f i g u r e  6 .  Shy h a s  made t h e  f o l l o w i n g

o b s e r v a t i o n s  w h i c h  r e l a t e  t h i s  i m p u r i t y  t o  t h e  m i c r o s c o p i c  

g r a n u l a r  s t r u c t u r e .  * i l rna  s p u t t e r e d  i u  a n  a t m o s p h e r e  f r om 

w h i c h  o x y g e n  ha d  b e e n  p r e f e r e n t i a l l y  r emove d  by p r e s p u t t e r i n g  

w i t h  T i  d i d  n o t  h a v e  t h e  n e g a t i v e  t e m p e r a t u r e  c o e f f i c i e n t  o f  

r e s i s t a n c e  a t  h i g h  t e m p e r a t u r e s . T h e i r  r e s i s t i v e  t r a n s i t i o n s  

we r e  q u i t e  n a r r o w . On t h e  o t h e r  h a n d ,  f i l m s  d e p o s i t e d ,  a s  

o u r s  w e r e , w h e r e  o x y g e n  c o n t a m i n a t i o n  was a l l o w e d . a l l  showed 

a  n e g a t i v e  t e m p e r a t u r e  c o e f f i c i e n t  o f  r e s i s t a n c e . They  

a l s o  had  a t  l e a s t  a n  o r d e r  o f  m a g n i t u d e  h i g h e r  r e s i s t i v i t y  

a nd  a  r o u n d e d  r e s i s t i v e  t r a n s i t i o n  d e p r e s s e d  by a  f ew d e g r e e s . 

A n n e a l i n g  o f  t h e s e  f i l m s  a t  t e m p e r a t u r e s  a b o v e  800°C g e n e r a l l y  

r e s u l t e d  i n  t h e s e  f i l m s  a s s u m i n g  t h e  p r o p e r t i e s  o f  t h o s e  

d e p o s i t e d  i n  t h e  a b s e n c e  o f  o x y g e n .  T h e s e  o b s e r v a t i o n s  l e d  

Shy t o  a s s o c i a t e  t h e  o x y g e n  c o n t e n t  o f  t h e  f i l m s  w i t h  t h e  

g r a i n  b o u n d a r i e s  and  t h e  g r a i n  b o u n d a r i e s  w i t h  t h e  n e g a t i v e  

t e m p e r a t u r e  c o e f f i c i e n t  o f  r e s i s t a n c e .  T h i s  a u t h o r  c o n c u r s  i n



F ig u r e  5 .

E l e c t r o n  D i f f r a c t i o n  P a t t e r n  and  E l e c t r o n  M i c r o g r a p h  o f  

Nb g T i  on  MgO S u b s t r a t e . A f t e r  Sh y .
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(b)
Electron diffraction pattern and corresponding electron 
micrographs for a sputter deposited Nb qTi .N film 
(Substrate -  MgO, thickness-1500 A) X
(a) NaCl pattern on (100) plane; traces of the diffractions 
from precipita tes are shown.
(b) Electron micrographs corresponding to (a). The 
dislocation structure is obscure.
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Figure 6. Auger Spectrue Showing Oxygen Content Typical of
(75)the Sputtered Filwa Used in This Study. After Shy.
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t h i s  i n t e r p r e t a t i o n .  The a d d i t i o n a l  a s s u m p t i o n  i n h e r e n t  i n  

t h i s  s t u d y  i s  t h a t  t h i s  g r a i n  s t r u c t u r e  i s  a v e r a g e d  o v e r  so  

l o n g  a s  (T)  i s  l a r g e r  t h a n  t h i s  g r a i n  s t r u c t u r e  ( C h a p t e r  1 ,  

p a g e s  36  a nd  3 7 ) •

We now d i s c u s s  t h e  m a g n e t o r e s i s t a n c e . T h i s  was  n o t i c e d  

d u r i n g  a n  a t t e m p t  t o  q u e n c h  c o n j e c t u r e d  h i g h  t e m p e r a t u r e  

s u p e r c o n d u c t i n g  e f f e c t s  w i t h  h i g h  m a g n e t i c  f i e l d s . D u r i n g  

t h e s e  m e a s u r e m e n t s , i n c r e a s e s  i n  r e s i s t a n c e  a t  f i x e d  t e m p e r a 

t u r e s  up t o  30 X we r e  n o t i c e d  i n  100  kOe f i e l d s .  The 

i n c r e a s e s  w e r e  s m a l l  e n o u g h ,  h o w e v e r , t o  be a m a g n e t o r e s  i s  t i v e  

e f f e c t  i n  t h e  n o r m a l  s a m p l e . M e a s u r e m e n t s  a t  e v e n  h i g h e r  

t e m p e r a t u r e s  showed i n  f a c t  a c h a n g e  i n  r e s i s t a n c e  i n  t h e  

o p p o s i t e  d i r e c t i o n  i n  h i g h  f i e l d s .  T h i s  i s  t h e  n e g a t i v e  mag-  

n e t o r e s i s t  mc e  s p o k e n  o f  a b o v e . A l t h o u g h  m a g n e t o r e s i s t a n c e  

i n  t h e  t e m p e r a  c u r e  c o n t r o l l i n g  t h e r m o m e t e r  a s  a  c a u s e  o f  t h i s  

o b s e r v e d  b e h a v i o r  c a n n o t  be r u l e d  o u t  e n t i r e l y , i t  i s  h i g h l y

r v e d  t h e r m o m e t e r  m a g n e t o r e s i s t a n c e  a t  4 . 2  K 

a p t e r  3 ) •  A l s o  c h a n g e s  i n  h e a t e r  q u i e s c e n t  

i o u s l y  u n n e c e s s a r y  i f  t h i s  w e r e  t o  ha ve  

g n e t o r e s i s t a n c e .  I t  h a s  b e e n  p o i n t e d  

t i v e  m a g n e t o r e s i s t a n c e , a s i d e  f rom b e i n g

* S u p p o s e  a t h e r m o m e t e r  w i t h  f i n i t e  m a g n e t o r e s i s t a n c e  i s  
u s e d  t o  c o n t r o l  s a m p l e  t e m r e r a t u r e . ■Lf  a m a g n e t i c  f i e l d  i s  
t u r n e d  on a nd  i f  one  w a i t s  f o r  e f f e c t s  o f  e d d y  c u r r e n t  h e a t 
i n g  t o  d i s a p p e a r ,  t h e  t e m p e r a t u r e  a t  w h i c h  t h e  t h e r m o m e t e r  
h o l d s  t h e  s a m p l e  w i l l  c h a n g e .  A new v a l u e  o f  s : m - l e  h e a t e r  
q u i e s c e n t  c u r r e n t  w i l l  be n e c e s s a r y  t o  m a i n t a i n  t h e  s a m p l e  
a t  t h i s  new t e m p e r a t u r e .  M a g n e t o r e s i s t a n c e  i n  t h e  h e a t e r  
w i l l  h a v e  no e f f e c t  s o  l o n g  a s  t h e  d y n a mi c  r a n g e  o f  h e a t e r  
c u r r e n t  a b o v e  q u i e s c e n t  v a l u e  i s  s u f f i c i e n t  t o  o f f s e t  t h e  
r e s i s t i v e  c h a n g e  i n  h e a t e r  r o w e r .

u n l i k e l y . The o b s e

i s  t o o  s m a l l ( s e e  Ch

c u r r e n t  we r e  s u s p i c

b e e n  t h e r m o m e t e r  ma 

( 7 7 )o u t  t h a t  a ne ga
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u n u s u a l ,  h a s  o e e n  a s s o c i a t e d  v-' ith m a g n e t i c  i m p u r i t i e s  s u c h  

a s  p a r a m a g n e t i c  o x y g e n ,  when i t  h a s  b e e n  o b s e r v e d .

T h i s  a l l  l e a d s  t o  t h e  c o n c l u s i o n  t h a t  t h e  200 a  g r a i n s  

o f  w h i c h  o u r  s a m p l e s  a r e  c ompos ed  a r e  s e p a r a t e d  by t h i n  i n 

s u l a t i n g  g r a i n  b o u n d a r i e s  c ompos ed  p r o b a b l y  o f  n o n s t o c h i o -  

m e t r i c  T i O .  Thus  e l e c t r i c a l  c o n d u c t i o n  a t  h i g h  t e m p e r a t u r e  

i s  v i ew e d  a s  a  t h e r m a l  a c t i v a t i o n  p r o c e s s  w i t h  t h e  g r a i n  

o o u n d a r i e s  d o m i n a t i n g  t h e  n o r m a l  r e s i s t a n c e  a t  t e m p e r a t u r e s  

b e l o w  100  K.

The e x i s t e n c e  o f  t h e  u n p a i r e d  e l e c t r o n s  o f  t h e  o x y g e n

( 4 2 )a t o m s  i n  she  g r a i n  b o u n d a r y  w i l l  h a v e  a d e p a i r i n g  e f f e c t  

on  t h e  s u p e r c o n d u c t i v i t y  o f  t h e  g r a i n s  o r  o f  t h e  s a m p l e  a s  a 

w h o l e .  Tne n e t  e f f e c t  o f  t h e  r a r a m a g n e t i c  i m p u r i t y  on t h e  

s u p e r c o n d u c t i n g  b e h a v i o r  o f  t h e  s a m p l e s  would  be a r e d u c 

t i o n  o f  t h e  t r a n s i t i o n  t e m p e r a t u r e .  The o b s e r v a t i o n  by o t h e r

( 78 )w o r k e r s  t h a t  a n  i n c r e a s e d  o x y g e n  c o n t e n t  o f  f i l m s  o f

NbN and NbTiN r e s u l t s  i n  d r a s t i c  d e c r e a s e s  i n  t r a n s i t i o n  

t e m p e r a t u r e  s u p p o r t s  t h i s  h y p o t h e s i s .

Sampl e  O e o m e t r v  and  M o u n t i n g

Sa mpl e  t h i c k f i e s s  was d e t e r m i n e d  by s r u t t e r i n g  r a t e s  

a nd  t i m e s .  T h i c k n e s s  d e t e r m i n a t i o n s  we r e  c h e c k e d  a nd  c a l i 

b r a t e d  w i t h  a q u a r t z  c r y s t a l  o s c i l l a t o r  t h i c k n e s s  m o n i t o r  

and  w i t h  m u l t i p l e  beam i n t e r f e r o m e t r i c  m e a s u r e m e n t s .

* V a r i a n  2 - s c o p e  m u l t i p l e  beam i n t e r f e r o m e t e r ,  mo d e l  
9 80 - 4 0 0 0 .
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Sampl e  t h i e  k n e e s  i s  p r e s u m e d  known t o  -2%.

I n d i u m  was  u s e d  t o  s o l d e r  t h e  e l e c t r i c a l  l e a d s  t o  t h e  

s a m p l e s .  W i t h  some p a t i e n c e  and c l e a n l i n e s s ,  c o n t a c t s  

c o u l d  be made w h i c h  w i t h s t o o d  i n d e f i n i t e  n u m b e r s  o f  t h e r m a l  

c y c l i n g s .  I n  t h e  h i g h  f i e l d  " m e a s u r e m e n t s , i n  f a c t ,  wh e r e  

a b r u p t  t h e r m a l  c y c l i n g  was n e c e s s a r y ,  t h e  l e a d s  f a i l e d  i n  an  

e p o x y  f e e d  t h r o u g h  w h i l e  t h e  c o n t a c t s  r e m a i n e d  i n t a c t .  The 

c a r e  n e c e s s a r y  t o  g e t  t h e  i n d i u m  t o  w e t  t h e  s a m p l e s  p r e c l u d 

ed t h e  u s e  o f  n a r r o w  c o n t a c t s .  Thus  t h e  s a m p l e  l e n g t h ,  X, 

i s  o n l y  a p p r o x i m a t e l y  known.  I n  t h e  c l a s s i c a l  A s l a m a s o v -  

L a r k i n  r e g i m e ,  w n e r e  r e s i s t i v i t y  o f  t h e  s a m p l e  e x c e e d s  t h a t  

o f  t h e  c o n t a c t s ,  X i s  t h e  minimum d i s t a n c e  b e t w e e n  t h e  c o n 

t a c t s .  Where  t h e  r e s i s t i v i t y  o f  t h e  s a m p l e  i s  l e s s  t h a n  t h a t  

o f  t h e  i n d i u m ,  X i s  t a k e n  t o  be t h e  d i s t a n c e  b e t w e e n  t h e  

p o i n t s  w h e r e  t h e  v o l t a g e  l e a d  w i r e s  made c o n t a c t  w i t h  t h e  

i n d i u m .  The u n c e r t a i n t y  i n  X i s  -5% .

S a m p l e s  wer e  t r i mm e d  a l o n g  t h e i r  e d g e s  w i t h  a  d i amond  

s c r i o e  t o  a v o i d  e d g e  e f f e c t s .  The  u n a v o i d a b l e  r o u g h n e s s  

o f  t h e  t r i m m e d  e d g e s  p r o d u c e d  a n  u n c e r t a i n t y  i n  s a m p l e  w i d t h  

o f  ±5%.

Sa mpl e  H i s t o r i e s

Sa mpl e  h i s t o r y ,  p a r t i c u l a r l y  b e t w e e n  r u n s  was  e v i d e n t l y  

o f  i m p o r t a n c e .  The m o s t  i m p o r t a n t  i t e m  o f  s a m p l e  t r e a t m e n t  

was p r o b a b l y  t h e  h e a t i n g  n e c e s s a r y  t o  make t h e  i n d i u m  c o n 

t a c t s  t o  t h e  s a m p l e .  The t e m p e r a t u r e  u s e d  f o r  t h i s  p u r p o s e  

g e n e r a l l y  d i d  n o t  e x c e e d  2 0 0 ° C .  T h i s  h e a t i n g ,  h o w e v e r  was
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done  i n  a i r .  S i n c e  t h e  s a r n i e s  u s e d  i n  t h i s  s t u d y  we r e  

h e a t e d  a t  l e a s t  a s  s e v e r e l y  a s  t h i s  i n  a i r  p r i o r  t o  o u r  

a c q u i r i n g  t h e m , no c a r e  b e y o n d  t h a t  m e n t i o n e d  a b o v e  was 

t a k e n  i n  m a k i n g  c o n t a c t s .

The h i g h  m a g n e t i c  f i e l d  m e a s u r e m e n t s  r e q u i r e d  s a m p l e s  

o f  s m a l l e r  l e n g t h  t h a n  t h a t  u s e d  i n  t h e  z e r o  f i e l d  m e a s u r e 

m e n t s .  The a l u m i n a  s u b s t r a t e s  c o u l d  n o t  be s c r i b e d  and  

b r o k e n  w i s h o u t  d a n g e r  o f  c o m p l e t e l y  s h a t t e r i n g  t h e m .  The 

s a m | l e s  w e r e  i n s t e a d  s h o r t e n e d  by a b r a d i n g  t hem m a n u a l l y  

a g a i n s t  c o a r s e  e me r y  p a p e r . Eve n  when t h i s  was done  s l o w l y ,  

q u i t e  a b i t  o f  h e a t  was g e n e r a t e d . To a v o i d  t h i s  i t  was 

n e c e s s a r y  t o  do t h e  g r i n d i n g  u n d e r  w a t e r .  The s a m p l e s  

we r e  c o v e r e d  w i t h  s i l i c o n e  g r e a s e  when i n  c o n t a c t  w i t h  t h e  

w a t e r .

Sampl e  P a r a m e t e r s  
*

The E n e r g y  Gap

Q u a s i p a r t i c l e  t u n n e l i n g  j u n c t i o n s  w e r e  made w i t h  s a mp l e

" 9 2 A" . The j u n c t i o n  b a r r i e r  was g r own  on t h e  iib gg'Ti

f i l m  by h e a t i n g  i t  i n  a i r  t o  2 50°C f o r  2 h o u r s .  The  f i l m

e d g e s  w e r e  c o v e r e d  wi oh  a t h i n  l a y e r  o f  3 . E . 7031 v a r n i s h .

A lOOoX l a y e r  o f  a l u m i n u m  was e v a p o r a t e d  o v e r  t h i s  t o  p r o -
2

duc e  a  j u n c t i o n  o f  1 ( mm) a r e a .  The  mos t  d i s t i n c t  c u r r e n t  

v o l t a g e  c h a r a c t e r i s t i c  o b t a i n e d  f ro m  s u c h  a j u n c t i o n  i s  

shown on f i g u r e  7•  A l l  j u n c t i o n s  showed  t h e  e x c e s s i v e

* The e x p e r i m e n t a l  v o r k  r e p o r t e d  i n  t h i s  p a r a g r a p h  was done  
by J a me s  S o l i n s k y .



FIGrURL 7

QUASIPARTICLE TUNNELING CURRENT -  VOLTAGE CHARACTERISTIC OF 

JUNCTION FORMED* WITH SAMPLE 92A & (NORMAL) ALUMINUM FILM

T = 4 . 2  K 

VERTICAL SCALE IS 10 A/cm.

HORIZONTAL SCALE IS 1 mV/cm.
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A

* The j u n c t i o n  was f a b r i c a t e d  and I - V  c h a r a c t e r i s t i c  o b t a i n e d  
by James Sol  i nsky.
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l e a k a g e  c u r r e n t  anc  r o u n d e d  f e a t u r e s  e x n i b i t e d  i n  t h e  a b o v e  

p h o t o g r a p h .  T h e s e  made e s t i m a t e s  o f  t h e  e n e r g y  g a p  d i f f i c u l t .  

However  a l l  I - V  c h a r a c t e r i s t i c s  o b t a i n e d  w e r e  c o n s i s t e n t  w i t h

2 - A  = 4 . 2  meV. T h i s  c o r r e s p o n d s  t o  £ A  /  (  ka T ^ ' )  =  4^. I

The S t r o n g  C o u p l i n g  P a r a m e t e r

I n  v i e w  o f  t h e  i m v o r t a n c e  o f  t h e  p o s s i b l e  s t r o n g  c o u p l 

i n g  n a t u r e  o f  Nb g g T i  t o  a n y  c o m p a r i s o n  b e t w e e n  t h e o r y

and e x p e r i m e n t ,  some e s t i m a t e s  o f  t h i s  q u a n t i t y  m u s t  be made .  

M e a s u r e m e n t s ,  p h e n o m e n o l o g i c a l  e s t i m a t e s ,  and t h e o r e t i c a l  

c a l c u l a t i o n s  s u g g e s t ,  b u t  n o t  c o n s i s t e n t l y ,  t h a t  Nb g g T i  ^ N

i s  a  s t r o n g  c o u p l i n g  s u p e r c o n d u c t o r .  The m e a s u r e m e n t s  a r e
2, A

t h o s e  o f  t h e  r a t i o  — » a nd  o f  C f o r  NbN. A p h e n o m e n o l o g i c a l
Vc,TS p ■

2 Ae s t i m a t e  o f  —. f o r  Nb oc, T i  , _ N  c a n  be o b t a i n e d  f r o m  an
H , r c  *88 -12

e m p i r i c a l  r e l a t i o n s h i p  b e t w e e n  t h i s  r a t i o  and  0 p  n o t e d  by

( 7 9 )L a i b o w i t z ,  S a d a g o p a n ,  a nd  S e i d e n .  A d i r e c t  e s t i m a t e  o f

t h e  s t r o n g  c o u p l i n g  p a r a m e t e r ,  oC , c a n  a l s o  be made .

Komenou,  f a m a s h i t a  and  O n o d e r a ^ ^  o x i d i z e d  a  t h i n  f i l m  

o f  NbN o f  u n c e r t a i n  s t o c h i o m e t r y  a n c  c v e r c o a t e d  i t  w i t h  a 

l a y e r  o f  Pb  t o  f o r m a  q u a s i p a r t i c l e  t u n n e l i n g  j u n c t i o n .  E s 

t i m a t i n g  che  e n e r g y  g a p  f o r  t h e i r  NbN f r om c u r r e n t - v o l t a g e  

c h a r a c t e r i s t i c s ,  t h e y  a r r i v e  a t  2 A  = 4 . 50meV a nd  4 ^  = 4 . 0 8 .
^B*e.

They p o i n t  o u t  t h a t  t h i s  . i s  v e r y  c l o s e  t o  t h e  c o r r e s p o n d i n g  

v a l u e  f o r  l e a d .

( Rl )G e b a l l e  e t  a l . r e p o r t  m e a s u r e m e n t s  o f  s p e c i f i c
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h e a t  on  b u l k  NbN and NbN e wh i c h  show t h e  same d e v i a t i o n s  

f r o m  weak  c o u p l i n g  B . C . S .  b e h a v i o r  t h a t  l e a d  d o e s .  T h e i r  o b 

s e r v a t i o n s  l e d  t hem t o  t h e i r  o c c a s i o n a l l y  q u o t e d  s t a t e m e n t  

t h a t  NbN b e h a v e s  l i k e  " s t i f f  l e a d " .  D i f f e r e n c e s  i n  c o m p o s i 

t i o n  a s i d e , i n  c o n t r a s t  t o  o u r  s a m p l e s . t h e  wor k  a b o v e  was

d one  on b u l k  NbN ; and n e e d  n e t  r e f l e c t  t h i n  f i l m  b e h a v i o r .

( 8 2 )Ho we v e r  o t h e r  s p e c i f i c  h e a t  m e a s u r e m e n t s  on b o t h  m i c r o n

t h i c k  f i l m s  a nd  b u l k  NbN i n d i c a t e  t h e r e  may be no g r e a t

d i f f e r e n c e  i n  t h e  b e h a v i o r  o f  t h e s e  two g e o m e t r i e s  so  f a r

a s  d e v i a t i o n s  f r om B . C . S .  b e h a v i o r  i s  c o n c e r n e d .

( 7 9 )L a i b o w i t z ,  S a d a g o p a n  and  S e i d e n  p r o p o s e  t h e  e m p i r i c a l

r e l a t i o n s h i p : 2 A / | i ^ T c = 3 . 5 ( l + b  e x p ( c T c / 9 d ) )  w h e r e  b a nd  c 

a r e  d e t e r m i n e d  by f i t t i n g  t h i s  e x p r e s s i o n  t o  t h e i r  t u n n e l 

i n g  d a t a  on Nb N, and  t o  some d a t a  on  o t h e r  ( e l e m e n t a l )3 x 1 —x

s u p e r c o n d u c t o r s .  U s i n g  t h e  v a l u e s  f o r  9 ^  f o r  NbN o b t a i n e d  

by G e b a l l e ,  e t  a l . . and  t h e  T c ' s  o f  o u r  s a m p l e s , we o b 

t a i n  2 ^ / kgTc b e t w e e n  3•  6 a nd  3*7» n o t  a t  a l l  l i k e  l e a d .

I t  s h o u l d  oe no t e a  h o w e v e r  ; c h a t  t h e  d a t a  o f  Komenou e_t a l  ♦ ^

d o e s  n o t  f a l l  on t h e  a b o v e  e m p i r i c a l  c u r v e . i

The m o s t  d i r e c t  e x p r e s s i o n  r e l a t i n g  t h e  s t r o n g  c o u p l i n g

c o n s t a n t  t o  m a t e r i a l  p r o p e r t i e s  i s  due  t o  E i l e n b e r g e r  and 

( 5 3 )Ambe goa ka r  ( E A ) :

c< ~  ~
T ^ T C
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EA o b s e r v e  t h a t  i f  / ^ ( T )  h a s  B . S . C .  b e h a v i o r , t h e n

A o l a s .  \

A r c  s i x  -^>0

Komenou f i n d s  t h a t  £ k ( T ) f o r  h i s  f i l m s  f o l l o w s  t h e  B . C . S .  

c u r v e  c l o s e l y . A s s u m i n g  t h a t  o u r  f i l m s  b e h a v e  i n  t h e  same 

w a y , we c u n  u s e  t h e  a b o v e  e x p r e s s i o n  w i t h  t h e  o b s e r v e d  

q u a n t i t i e s  2 A  = 4 . 2 m e V , Tc = 1 0 . 5 ° K  f o r  s a m p l e  " 92A"  t o

The a b o v e  r e l a t i o n s  become e q u a l i t i e s  a s  T T . We r e c a l lc

t h a t  G e b a l l e  f c u n c  t h e  same d e v i a t i o n s  f r om B . C . S .  i n  t h e  s p e 

c i f i c  h e a t  o f  b u l k  NbN a s  i n  l e a d .  Ve r e c a l l  a i ^ o  t h a t  t h e  

' W e s t i n g h o u s e  g r o u p  n o t e d  t h e  same s p e c i f i c  h e a t  b e h a v i o r  i n  

b u l k  and  m i c r o n  f i l m  NbN. I f  we a s s u m e  ' . h a t  o u r  m a t e r i a l  

b e h a v e s  l i k e  NbN i n  t h i s  r e s p e c t ,  a nd  i f  we a s s u m e  t h a t  t h e r e

o b t a i n :

4 A s  C ° )
( 1-76) kBTc

1.3

T h i s  n u m b e r , f o r  l e a d , t u r n s  o u t  t o  be 1 . 3 2

To e s t i m a t e  t h e  r a t i o r we o b s e r v e

t h a t :



6°

i s  l i t t l e  c h a n g e  i n  g o i n g  f r om b u l k  t o  t h i n  f i l m s ,  t h e n  we 

c a n  a p p r o x i m a t e  t h e  r a t i o  ( f ° r  o u r  f i l m s  by 

t h a t  o f  l e a d .  ; £A f i n d  t h i s  r a t i o  t o  be 1 . 3& f o r  l e a d .

When we p u t  t h e s e  n u m b e r s  t o g e t h e r ,  we f i n d  f o r  o u r  f i l m s  

o*- — I • I .

gA o b t a i n  a. 1,2. f o r  l e a d .  T h i s  l a t t e r  num

b e r  , h o w e v e r  i s  i n c o n s i s t e n t  w i t h  o t h e r  e x p e r i m e n t a l l y  d e -

• - «.• x* -i j  ( 5 3 )t e r m i n e a  p r o p e r t i e s  o f  l e a d .

The C o h e r e n c e  L e n g t h

The q u a n t i t y  ^ ( 0 )  = . 8 5  ( ' 5 ^  ) p l a y s  a  c e n t r a l

r o l e  i n  a n y  mo d e l  o f  f l u c t u a t i o n s  i n  s u p e r c o n d u c t o r s  a s  t h e  

c h a r a c t e r i s t i c  d i s t a n c e  o v e r  w h i c h  n o n h o m o g e n i e t i e s  a r e  a v e r 

a g e d  i n  a  s a m p l e .  We made e a r l y  a t t e m p t s  t o  o b t a i n  t h i s  

q u a n t i t y  u s i n g  t h e  mean f i e l d  e x p r e s s i o n

i n  t h e  f o r mI 1 Or)

S’ W  - +• /  IsfItJ .
T was a s s o c i a t e d  w i t h  seme f i x e d  s a m p l e  r e s i s t a n c e  and  t h e  c

s l o p e  ( d H / d T ) ^  was m e a s u r e d  up t o  f i e l d s  o f  lOKOe. The  i n i t i a l  

r e s u l t s  we r e  c o n f u s i n g  b e c a u s e  t h i s  s l o p e  d e p e n d e d  on  t h e  

m a g n i t u d e  o f  f i e l d  e x c e p t  f o r  one  p a r t i c u l a r  v a l u e  o f

* i s  a n  e f f e c t i v e  mean f r e e  p a t h  ( s e e  d i s c u s s i o n  a t
e nd  o f  c h a p t e r  1 ) .  i s  t h e  3 . C . S .  c o h e r e n c e  l e n g t h .
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f i x e d  s a m p l e  r e s i s t a n c e . F u r t h e r m o r e , n e a r  H=0,  i t  d e p e n d e d  

on t h e  v a l u e  c h o s e n  f o r  s a m p l e  r e s i s t a n c e .  T h i s  b e h a v i o r

r e s i s t i v e  t r a n s i t i o n  i n  t h e  r e l a t i v e l y  s m a l l  f i e l d s  u s e d .

The n e c e s s i t y  o f  o b t a i n i n g  a  v a l u e  f o r  t h e  n o r m a l  r e s i s 

t a n c e  o f  o u r  s a m p l e s  i n  t h e  z e r o  f i e l d  t r a n s i t i o n  r e g i o n  l e d  

us  t o  u s e  t h e  100  KOe m a g n e t  a v a i l a b l e  a t  t h e  U . S . A . E . G .  

l a b o r a t o r y  a t  t h e  U n i v e r s i t y  o f  I owa  a t  Ames.  T o g e t h e r  w i t h  

t h e  a t t e m p t e d  m e a s u r e m e n t s  o f  n o r m a l  r e s i s t a n c e ,  d e s c r i b e d  

i n  a n o c h e r  c h a p t e r ,  m e a s u r e m e n t s  w e r e  made o f  ( d H / d ‘T ) ^  a t  

R = h a l f  t h e  maximum s a m p l e  r e s i s t a n c e .  U n l i k e  t h e  r e l a t i v e l y  

l o w e r  f i e l d  m e a s u r e m e n t s ,  t h e s e  h i g h e r  f i e l d  m e a s u r e m e n t s  

g a v e  a  s l o p e  i n d e p e n d e n t  o f  m a g n e t i c  f i e l d  a t  

I t  i s  i n t e r e s t i n g  t h a t  t h e  s l o p e  o b t a i n e d  i n  h i g h e r  f i e l d s ,  

e v i d e n t l y  u n c o m p l i c a t e d  by f l u c t u a t i o n  e f f e c t s ,  c o i n c i d e d  

w i t h  t h e  s l o p e  o b t a i n e d  i n  l o w e r  f i e l d s  a t  t h e  one  f i x e d  

v a l u e  o f  s a m p l e  r e s i s t a n c e  w h i c h  p r o d e c e d  t h e  l i n e a r  b e h a v i o r

was a s s u m e d  due  t o  f l u c t u a t i o n  e f f e c t s  on t h e  s h a p e  o f  t h e

o f  ( dH/ dT) R *

The d a t a  o b t a i n e d  f o r  ( d K / d T ) ^  v s .  H a r e  s hown i n  f i g u r e

6 .  The c o r r e s p o n d i n g  v a l u e s a r e :

Sa mpl e

max ( a s s u m e d )

Tc

92D
(92DX)

2 . 4 o £ . 0 5 x l 0 4
Oe / ° K

1 1 . 5 5 t . 0 5 ° K

92 A 2 . 6 S ± . 0 5 x l 0 4 3 4 . 4 t . 4 8 1 0 . 4 2 t . 0 2 ° K
O e / ° K

A m e a s u r e m e n t  o f  c a n  be i n t e r p r e t e d  a s  a m e a s u r e m e n t

( 72)o f  t h e  e f f e c t i v e  mean f r e e - p a t h  i f  one  knows  t h e
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B . C . S .  v a l u e  o f  t h e  c o h e r e n c e  l e n g t h ,  . I f  o n e  t a k e s  a s

5 e t h e  v a l u e  s u g g e s t e d  by Haake; f o r  NbN, X> = 5 6 o 2 ,

t h e n  Jl'Q  «= 3 2 .



64

We end t h i s  c h a p t e r  w i t h  a  t a b l e  o f  p r o p e r t i e s  o f  o u r

s a m p l e s  w h i c h  a r e  u s e f u l  i n  i n t e r p r e t i n g  a n a  a n a l y z i n g  .

t h e  d a t a  t o  oe p r e s e n t e d .  I n  t h i s  t a b l e .  R i s  t h e  r e s i s -max

t a n c e  a t  t h e  r e s i s t a n c e  maximum ( a t  1 9 - 2 1  K ) .  R e s i s t i v i t i e s  

h a ve  be e n  c a l c u l a t e d  u s i n g  Rmax
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TABLE ONE 

GENERAL SAMPLE PROPERTIES

SAMPLE . ' SAMPLE 3A1PLE
9 2 D 92A 92DX

Geomet ry:
l e n g t h ( c m . )  0 . 9  ( l . l ) *  0 . 7  ( 0 . 9 ) *  0 . 7  ( 0 . 9 ) *
wi d t h (  cm.) 0 . 2  0 . 2  0 . 2
t h i c k n e s s ( ? )  1 5 0 0  1500  1^00

R e s i s t a n c e s :
Rm. Temp.** 515 . 5 5  2 2 9 . 57  2 4 3 . 55

(ohms)
Rm x * * ( ohEB'> ^ 2 2 .5 2 0  525 . 865  559 .060
r e s i s t i v i t y  1400.  l400. .  1400.

( c i c r o o h m  cm.)

T e m p e r a t u r e s :
' [ ' ( Rs ^Rj uax)  11 . 471  1 0 . 5 7 4  11 . 518

( K)
T(R= .7Rraax)  H * 5 6 4  1 0 . 42 0  1 1 . 4 9 5

( °K)
T(R -  R ) 2 0 . 9  1 8 . 9  2 0 . 8
( K) m X

(dH/ dT) R= 2 4 . 0 j t  . 5  2 6 . 8 — . 5  - . 2 4 . o ± . 5
1 max

( k O /  K)

$(A (?) 54. 5± .4  54. 4 ± .4  54. 5± .4

* Bee d i s c u s s i o n  o f  s ampl e  ge ome t r y  i n  c h a p t e r  two.

** Thi s  i s  a  t y p i c a l  p a i r  o f  r e s i s t a n c e s  a t  t h e s e  two 
t e m p e r a t u r e s  f o r  a  g i v e n  r u n .  These r e s i s t a n c e s  o c c a s i o n a l l y  
changed p r o p o r t i o n a t e l y  by a b o u t  1 : 1 0 ^  on c y c l i n g .  Thi s  i s  
t h o u g h t  t o  ha ve  been c a use d  by s ma l l  changes  i n  sample 
e l e c t r i c a l  c o n t a c t s .
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Ciiiil-'i’iri 3 z M61H0D.

Our p r i m a r y  i n t e r e s t ,  e x p e r i m e n t a l l y  s p e a k i n g ,  i s  i n  

r e s i s t a n c e  m e a s u r e m e n t s . S i n c e  t h e s e  m e a s u r e m e n t s  a r e  t o  be 

p r o b e s  o f  f l u c t u a t i o n  e f f e c t s , we w a n t  t h e  d e p a i r i n g  e f f e c t s  

o f  c u r r e n t , a m b i e n t  m a g n e t i c  a nd  R . F .  f i e l d s  k e p t  a t  a  m i n i 

mum. R e s i s t a n c e  m e a s u r e m e n t s  i n  m a g n e t i c  f i e l d s  a r e  o f  a d d i 

t i o n a l  i n t e r e s t . T h e s e  l a t t e r  m e a s u r e m e n t s  r e q u i r e  some 

c a r e  i n  t h e  t h e r m o m e t r y .

The  a p p a r a t u s  a nd  m e t h o d s  u s e d  i n  t a k i n g  t h e s e  m e a s u r e 

m e n t s  w i l l  now be d i s c u s s e d  i n  some d e t a i l .

S t r a y  M a g n e t i c  a nd  R . F .  E l e c t r o m a g n e t i c  F i e l d s

E f f o r t s  w e r e  made t o  m i n i m i z e  e f f e c t s  o f  s t r a y  r a d i o  

f r e q u e n c y  s i g n a l s  a nd  t o  s h i e l d  t h e  s a m p l e s  f r o m  t h e  e a r t h ' s  

m a g n e t i c  f i e l d .

A l l  m e a s u r e m e n t s  e x c e p t  t h o s e  p e r f o r m e d  a t  t h e  Ames
*

l a b o r a t o r y  we r e  done  i n  a n  R . F . I .  s h i e l d e d  e n v i r o n m e n t . 

E l e c t r i c a l  s i g n a l s  b e t w e e n  14kHz a nd  ICOOMHz we r e  a t t e n u a t e d  

bv a t  l e a s t  1 0 0  d e c i b e l s .  S e v e r a l  t e s t s  we r e  made f o r  s e n 

s i t i v i t y  o f  s a m p l e  r e s i s t a n c e  t o  t h e  i m p r o b a b l e  c o u p l i n g  

o f  r a d i o  f r e q u e n c y  s i g n a l s  t o  t h e  s a m p l e . No s u c h  e f f e c t s  

w e r e  d e t e c t e d .

M e a s u r e m e n t s  done  b e f o r e  t h e  d a t e  1 / 1 0 / 7 0  w e r e  p e r f o r m 

ed w i t h  t h e  c r y o s t a t  s h i e l d e d  f ro m  t h e  e a r t h ' s  m a g n e t i c

* An " R . F .  I .  S o l i d  M e t a l  S n i e l c e d  E n c l o s u r e 1' m a n u f a c t u r e d  
by Ace E n g i n e e r i n g  a nd  M a c h i n e  C o . ,  I n c . ,  H u n t i n g t o n ,  P a .
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*

f i e l d  w i t h  a  s i n g l e  mu m e t a l  s h i e l d . A maximum f i e l d  o f

10 mCe c o u l c  be m e a s u r e d  a t  t h e  p o s i t i o n  o f  t h e  s a m p l e  w i t h
* +

a f l u x  g a t e  m a g n e t o m e t e r . A p a i r  o f  m a g n e t i c  s h i e l d s  o f  

*  *  •
Moly P e r m a l l o y  w e r e  u s e d  d u r i n g  t h e  m e a s u r e m e n t s  o n  and 

a f t e r  t h e  d a t e  1 / 1 0 / 7 0 .  T h i s  s h i e l d  p a i r  r e d u c e d  s t r a y  

f i e l d s  t o  l e s s  t h a n  QiJmOe.  No m a g n e t i c  s h i e l d i n g  was  a v a i l 

a b l e  a t  t h e  Ames l a b o r a t o r y ,  w h e r e  t h e  l a r g e  m a g n e t i c  f i e l d  

wor k  was  d o n e .

C r y o s t a t  f o r  " Z e r o  F i e l d "  and  S m a l l  M a g n e t i c  F i e l d  M e a s u r e m e n t s  

The c r y o s t a t  u s e d  f o r  m o s t  m e a s u r e m e n t s  o f  t h e  r e s i s t i v e  

t r a n s i t i o n s  o f  t h e  s a m p l e s  i s  shown i n  f i g u r e s  9 t h r o u g h  1 2 .

The  c o p p e r  s a m p l e  b l o c k  was p r o v i d e d  w i t h  s l o t s  f o r  s am

p l e s  and  a h o l e  f o r  t h e  C r y o C a l  t h e r m o m e t e r . A 150  ohm h e a t 

e r  was  wouhd n o n i n d u c t i v e l y  a r o u n d  t h e  b o t t o m  o f  t h e  s a m p l e  

b l o c k .  The e l e m e n t s  m o u n t e d  i n  t h e  s a m p l e  b l o c k  w e r e  g r e a s e d  

t o  p r o v i d e  o p t i m u m  t h e r m a l  c o n t a c t . E l e c t r i c a l  l e a d s  wer e  

wound n o n i n d u c t i v e l y  a r o u n d  t h e  s a m p l e  b l o c k  t o  a v o i d  h e a t  

l e a k s  f r om t h e  e l e m e n t s  i n  t h e  b l o c k .

The s a m p l e  b l o c k  was e n c l o s e d  i n  a n  i n n e r  p o t  c a l l e d  

t h e  e x c h a n g e  g a s  c a n . T h i s  p o t  was  f u r n i s h e d  w i t h  i t s  own

* M a g n e t i c  R a d i a t i o n  Lab I n c . ,  C h i c a g o ,  1 1 1 .
** M a g n e t o m e t e r  F r o b e  Model  3529A u s e d  w i t h  M i l l i a m m e t e r  
Model  4 2 6 3 ,  H e w l e t t  P a c k a r d  C o . ,  L o v e l a n d ,  C o l o r a d o
*** W i l l i a m s  M a n u f a c t u r i n g  C o r p . ,  San  J o s e ,  C a l i f .
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F i g u r e  9•  C r o s s - s e c t i o n  o f  t h e  " B u s i n e s s  End"  o f  t h e  C r y o s t a t  

Used f o r  " Z e r o ” and  S m a l l  M a g n e t i c  F i e l d  M e a s u r e m e n t s

TRANSFER TUBE 
GUIDE

EXCHANGE GAS CAN 
PUMPING LINE-^_

VACUUM CAN 
PUMPING LINE

EXCHANGE GAS CAN 
SUPPORTS-------- OUTER POT 

ASSEMBLYHOLE FOR
FEED THROUGH

j *.

SAMPLE BLOCK 
SUPPORT INNER POT 

ASSEMBLY

SAMPLE BLOCK

MAGNET COLLAR

BOTTOM OF CRYOSTAT 
ASSEMBLED EXCEPT FOR MAGNET



F igure 10

BOTTOM OF CRYOSTAT FOR MEASUREMENTS IN SMALL MAGNETIC FIELDS WITH 

VACUUM CAN AND EXCHANGE GAS CAN REMOVED 

(The le a d s  and c r y o g e n ic  c a p a c i t o r s  a r e  h e ld  in  p la c e  ab ove th e  

sam ple b lo c k  w ith  n y lo n  tw in e  and m ask ing t a p e . )
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Figure  11

BOTTOM OF CRYOSTAT FOR MEASUREMENTS IN SMALL MAGNETIC FIELDS WITH

VACUUM CAN REMOVED



F i g u r e  12 

C iilO M A r M B  BOB'f GUASB
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1 5 0  ohm h e a t e r ,  c a r b o n  r e s i s t o r  t h e r m o m e t e r  an d  t e m p e r a t u r e

r e g u l a t o r .  1 0 0  m i c r o n s  o f  h e l i u m  i n  t h e  e x c h a n g e  g a s  c a n

was f o u n d  t o  p r o v i d e  o p t i m a l  t h e r m a l  t i m e  c o n s t a n t  ( 1  s e c . )

f o r  s m o o t h  t e m p e r a t u r e  r e g u l a t i o n  o f  t h e  s a m p l e  b l o c k .  The

s a m p l e  b l o c k  was  s u p p o r t e d  m e c h a n i c a l l y  i n s i d e  t h e  e x c h a n g e

g a s  c a n  by a  n y l o n  member o f  m i n i m a l  c r o s s - s e c t i o n a l  a r e a ,

a t t a c h e d  t o  t h e  t o p  o f  t h e  c a n .

A vacuum  f e e d - t h r o u g h  f o r  t h e  e l e c t r i c a l  l e a d s  i n t o  t h e

e x c h a n g e  g a s  c a n  was o f  c o p p e r  a n d  a  on e  i n c h  l e n g t h  o f  1 / 8
*

i n c h  d i a m e t e r  s t a i n l e s s  s t e e l .  A s t y c a s t  2 8 5 0  GT e p o x y

s e a l  f o r  t h e  w i r e s  w as  made a t  o n e  en d  o f  t h e  s t a i n l e s s  s t e e l

t u b e .  The a s s e m b l y  c o u l d  be s o l d e r e d  i n t o  p l a c e  w i t h  low
* *

t e m p e r a t u r e  m e l t i n g  s o l d e r  by m e a n s  o f  a  c o p p e r  b u s h i n g

a t  t h e  end  o p p o s i t e  t h e  e p o x y  s e a l .

The  e . l e c t r i c a l  l e a d s  o u t s i d e  t h e  i n n e r  p o t  w e r e  w r a p p e d

a r o u n d  t h e  p o t  i n  a  m a n n e r  t o  c o m p e n s a t e  f o r  m a g n e t i c  p i c k u p  
n

f o r  some 10  o f  l e n g t h .  M i n i a t u r e  e l e c t r i c a l  c o n n e c t o r s  

a l l o w e d  t h e  p o t  t o  b e  r e m o v e d  c o m p l e t e l y  f r o m  t h e  c r y o s t a t  

d u r i n g  s a m p l e  m o u n t i n g .  The  c o n h e c t o r s  w e r e  h e a t  s u n k  t o  

t h e  o u t e r  s h i e l d  by  m e a n s  o f  s i l i c o n e  g r e a s e .

The i n n e r  p o t  was  h o u s e d  i n  a  vacuum c a n  w i t h  t h e  i n t e n 

t i o n  o f  k e e p i n g  t h e  i n n e r  p o t  a s  c l o s e  i n  t e m p e r a t u r e  a s  

p o s s i b l e  t o  t h e  s a m p l e  b l o c k .  M e c h a n i c a l  s u p p o r t  f o r  t h e  

i n n e r  p o t  was p r o v i d e d  by  f o u r  l e n g t h s  o f  1 2  m i l  w a l l  by

* E m e r s o n  & C u m in g ,  I n c . ,  G a r d e n a ,  C a l i f .
** I n d a l l o y  # 1 3  M .P .  1 2 5  d e g r e e s  C.
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3 / 8 "  d i a m e t e r  by 2 . 7  cm l e n g t h  s t a i n l e s s  s t e e l  t u b e s . I t  

was f o u n d  t h a t  t h i s  a l s o  f u r n i s h e d  a t h e r m a l  c o n n e c t i o n  t o  

t h e  4 . 2  K b a t h  o f  s u c h  a  s i z e  t h a t  no a d d i t i o n a l  e x c h a n g e  

g a s  was n e c e s s a r y  i n  t h e  " v ac u u m  c a n " .

A c c e s s  t o  t h e  i n n e r  p o t  was p r o v i d e d  by a  l e n g t h  o f  

1 / 8 " d i a m e t e r  s t a i n l e s s  s t e e l  t u b e  b e t w e e n  i n n e r  p o t  and  .. 

o u t e r  p o t ,  and  by 3 / 8 "  d i a m e t e r  s t a i n l e s s  s t e e l  t u b e  f ro m  

o u t e r  p o t  t o  a  m a n i f o l d  on t h e  c r y o s t a t  t o p .  The m a n i f o l d  

a l l o w e d  s i m u l t a n e o u s  m e a s u r e m e n t  o f ,  and  c h a n g e  o f ,  e x c h a n g e  

g a s  p r e s s u r e  d u r i n g  a r u n .

A c c e s s  t o  t h e  vacuum c a n  was p r o v i d e d  by a  1 / 2 "  s t a i n 

l e s s  s t e e l  t u b e  s e a l e d  a t  t h e  c r y o s t a t  t o p  by a  1 / 2 "  C i r c l e

S e a l  v a l v e .  A s o l e n o i d  c a p a b l e  o f  p r o d u c i n g  10  KOe, f i t

o v e r  t h e  vacuum c a n .  The w h o l e  c r y o s t a t  was s o  d e s i g n e d

t h a t  i t  f i t  i n t o  a  2 "  d e w a r .

F e e d  t h r o u g h s  b e t w e e n  t o p  o f  t h e  c r y o s t a t  and  vacuum . 

c a n  w e r e  o f  a  d e s i g n  d u e  t o  S t e p h e n  K r a i . T he y  a m o u n t e d  t o  

l e n g t h s  o f  1 / 8 " s t a i n l e s s  s t e e l  t u b e  w i t h  1 / 4 "  c y l i n d e r s  

o f  Hughes  # 2 2  e p o x y  a t  e a c h  e n d . A f r a c t i o n  o f  t h e  t u b e  

vo lu m e  was f i l l e d  w i t h  o i l .  B u s h i n g s  w e r e  p r o v i d e d  a l o n g  t h e  

t u b i n g  l e n g t h  f o r  s o l d e r  o r  o - r i n g  s e a l s  a t  t h e  vacuum c a n  

t o p  and  c r y o s t a t  t o p .

Sam ple  ano  T h e r m o m e t e r  R e s i s t a n c e  M e a s u r e m e n t s

The r e s i s t a n c e  o f  b o t h  t h e  t h e r m o m e t e r  anc  s a m p l e  

w e r e  m e a s u r e d  w i t h  a  f o u r  t e r m i n a l  m e t h o d .  A .C .  b r i d g e s  o f

( 8 k )b a s i c  d e s i g n  cue  t o  K i e r s t e a d '  w e r e  u s e d .  T h e s e  b r i d g e s
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u s e d  r a t i o  t r a n s f o r m e r s  t o  c o m p a r e  t h e  unknown r e s i s t a n c e s  

w i t h  r e s i s t a n c e  s t a n d a r d s . The s t a n d a r d  r e s i s t e r s  w e r e  5 ppm 

G e n e r a l  R e s i s t a n c e  C o r p .  " E c o n i s t e r s " . The  b r i d g e  c i r c u i t  

d i a g r a m s  a r e  shown i n  f i g u r e s  13  and  1 4 .

The c h a r a c t e r i s t i c s  o f  t h e  1 : 1  t r a n s f o r m e r s  u s e d  t o  

c o u p l e  t h e  s a m p l e  v o l t a g e  t o  t h e  d e t e c t o r  made e c e s s a r y  t h e  

u s e  o f  a d e t e c t o r  p r e a m p l i f i e r  o f  1 0  megohm i n p u t  r e s i s t a n c e  

and  r e q u i r e d  t h e  u s e  o f  f r e q u e n c i e s  a b o v e  1 0 ^  Hz.  A f r e 

q u e n c y  o f  1 . 5 x 1 0 ^  Hz.  was  c h o s e n  f o r  t h e  s a m p l e  b r i d g e . The 

t h e r m o m e t e r  b r i d g e  was o p e r a t e d  a t  1 . 0 x 1 0 ^  Hz.

A l o c k - i n  a m p l i f i e r  was u s e d  f o r  t h e  d e t e c t o r  t o  o b t a i n  

t h e  n a n o v o l t  s e n s i t i v i t y  n e c e s s a r y  t o  r e s o l v e  a  few m i l l i o h m s  

a t  a  s a m p l e  c u r r e n t  o f  a  m i c r o a m p . The n o i s e  f i g u r e  o f  t h e  

l o c k - i n  a m p l i f i e r  p l u s  p r e a m p l i f i e r ,  a t  t h e  f r e q u e n c i e s  u s e d ,  

l e a d s  t o  a  minimum d e t e c t a b l e  s i g n a l  o f  5 n a n o v o l t s  a t  6 db 

r o l l o f f  f o r  t h e  l a r g e s t  s a m p l e  r e s i s t a n c e s  m e a s u r e d .

When w o r k i n g  w i t h  t h e s e  n a n o v o l t  l e v e l  s i g n a l s  i t  was 

f o u n d  n e c e s s a r y  t o  make t h e  g r o u n d  c o n n e c t i o n s  shown w i t h  

c a r e , and  t o  make a l l  c o n n e c t i o n s  t o  t h e  b r i d g e  i n  s u c h  a  

way t h a t  g r o u n d  l o o p s  w e re  a v o i d e d .  P i c k u p  was r e d u c e d  t o  a  

p o i n t  w h e r e  a  1 s e c  . i n t e g r a t i o n  t i m e  f o r  1 0  m ic r o a m p  s a m p l e  

c u r r e n t , ( o r  1 0  s e c .  f o r  1 m i c r o a m p )  s u f f i c e d  t o  r e s o l v e  t h e  

minimum d e t e c t a b l e  s i g n a l  m e n t i o n e d  a b o v e .

S i n c e  m a n g a n i n  l e a d s  w e r e  u s e d , l e a d  r e s i s t a n c e  p r e -
I

*

The l o c k - i n  a m p l i f i e r  was t h e  m o d e l  HR6 ( w i t h  t y p e  C p r e 
amp) o f  P r i n c e t o n  A p p l i e d  R e s e a r c h  C o r p . , P r i n c e t o n ,  N . J .
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Figure 13• Sample A. C. R e s i s ta n c e  Bridge

r

T 2

cv

/ / / / / / IImi a

D=PHASE SENSITIVE DETECTOR: PRINCETON APPLIED RESEARCH HRS 
LOCKIN AMPLIFIER WITH TYPE A 10 Meg ft INPUT IMPEDANCE PREAMP

T|= RATIO TRANSFORMER .* GERTSCH MODEL 1011

Tz = i:i TRANSFORMER: TYPE NAI ll7 -2 .0 0 0 -3 0  3027  
t3=g : i transformer: TRIAD TYPE G -59 TF IOX 16 yy  

AO = audio oscillator: internal  oscillator  OF HRS
Rx« SAMPLE RESISTANCE 

R8 = STANDARD RESISTOR
Rl = LEAD RESISTANCE : 68 U/LEAD AT CRYOGENIC TEMPERATURES 

Rj “RESISTANCE OF SAMPLE BETWEEN CURRENT 8  VOLTAGE 
CONTACTS : <  20 a  

C> CAPACITANCE ACROSS SAMPLE IN CRYOSTAT! .0105/xf SILVER 
MICA

CV-DECADE CAPACITOR
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Figure 14 .  Thermometer A. Cv R e s i s t a n c e  Bridge

- O , ,

AO

T2

CV

/7T7777 Z77777

D = PHASE SENSITIVE DETECTOR .* PRINCETON APPLIED RESEARCH HR8 
LOCKIN AMPLIFIER WITH TYPE A 10 Meg INPUT IMPEDANCE PREAMP
7j= RATIO TRANSFORMER : DEKATRON TYPE DT72A

T2=i:l TRANSFORMER NORTH ATLANTIC T-109

T3= 6.1 TRANSFORMER: JANES 8314

AO = AUDIO OSCILLATOR : INTERNAL OSCILLATOR HR8 
Rx= THERMOMETER RESISTANCE
Rs = STANDARD RESISTOR
Rl = LEAD RESISTANCE 168 A/LEAD AT CRYOGENIC TEMPERATURES 

Rx = RESISTANCE OF THERMOMETER BETWEEN CURRENT AND VOLTAGE 
LEADS

C= CAPACITANCE ACROSS THERMOMETER IN CRYOSTAT! TRW .01/uf 
MYLAR

CV = DECADE CAPACITOR
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s e n t e d  a  p r o b l e m  i n  t h e  u s e  o f  t h e  b r i d g e s . The c a p a c i t a n c e  

o f  t n e  1 : 1  t r a n s f o r m e r  was a b o u t  1 0 0 0  p f .  T h i s  r e a c t a n c e  

c o u l d  d r a w  e n o u g h  c u r r e n t  t h r o u g h  t h e  s a m p l e  v o l t a g e  l e a d s  

t o  p r o c u c e  a n  e r r o r  s i g n a l  o f  E R ^ w C ^ ^ s  1 0 - ^ .  I n  a d d i t i o n ,  

a t  f r e q u e n c i e s  a b o v e  a b o u t  4 0 0  h e r t z ,  a d d i t i o n a l  c a p a c i t a n c e  

m u s t  be p l a c e d  a c r o s s  t h e  s a m p l e  t o  r e a c t i v e l y  b a l a n c e  t h e  

r a t i o  t r a n s f o r m e r  i n t e r w i n d i n g  c a p a c i t a n c e .  T h i s  would  make 

m a t t e r s  e v e n  w o r s e . I t  was t h e r e f o r e  n e c e s s a r y  t o  p u t  s u b 

s t a n t i a l  c a p a c i t a n c e  a c r o s s  t h e  v o l t a g e  l e a d s  o f  t h e  r e s i s -  

t a n c e  unknown i n  t h e  c r y o s t a t . H a v i n g  d o n e  t h i s ,  i t  was 

p o s s i b l e  t o  p u t  a c r o s s  t h e  s t a n d a r d  r e s i s t o r  a  d e c a d e  c a p a c i 

t o r  w i t h  w h i c h  a- r e a c t i v e  b a l a n c e  c o u l d  be made a t  e a c h  r e 

s i s t a n c e  m e a s u r e m e n t .

The m e th o d  f o r  a c h i e v i n g  b r i d g e  b a l a n c e  n e e d s  some d i s 

c u s s i o n .  F o r  r e a s o n s  o f  s i m p l i c i t y ,  t h e  " i n - p h a s e "  b a l a n c e  

was  made a t  t h a t  r e l a t i v e  p h a s e  s e t t i n g  ( v i a  t h e  p h a s e  s h i f t 

e r  i n  t h e  HR8 ) a t  w h i c h  n u l l  was l e a s t  s e n s i t i v e  t o  c h a n g e s  

i n  c a p a c i t a n c e  p l a c e d  a c r o s s  t h e  s t a n d a r d  r e s i s t o r . A n a l y s i s  

o f  t h e  b r i d g e  e q u a t i o n s  show t h a t  w i t h  t h i s  c r i t e r i o n  f o r .  

b a l a n c e , r e a c t i v e  t e r m s  e n t e r  i n t o  t h e  " i n  p h a s e "  b a l a n c e  

e q u a t i o n s .  T hus  a  c a l i b r a t i o n  o f  t h e  b r i d g e  was f o u n d  t o  be 

n e c e s s a r y  l e a d i n g  t o  a  " b r i d g e  f a c t o r "  t h a t  c o u l d  be u s e d ,  

t o  s u i t a b l e  a c c u r a c y ,  t o  a d j u s t  t h e  v a l u e  o f  t h e  s t a n d a r d  

so  c h a t  t h e  r a t i o  r e a d  on  t h e  r a t i o  t r a n s f o r m e r  g a v e  t h e  

c o r r e c t  r e s i s t a n c e .

The b r i d g e s  w e r e  c a l i b r a t e d  by a s u b s t i t u t i o n  m e t h o d .
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A s m a l l  box was  made r e p r o d u c i n g  t h e  l e a d  r e s i s t a n c e s ,  

s a m p l e  r e s i s t a n c e  an d  c r y o s t a t  c a p a c i t o r .  S t a n d a r d  r e s i s 

t o r s  w e r e  p u t  i n  p l a c e  o f  t h e  s a m p l e  r e s i s t a n c e .  F o r  f i x e d  

b r i d g e  s t a n d a r d  r e s i s t a n c e , c o r r e c t i o n s  t o  t h e  r a t i o  t r a n s 

f o r m e r  r e a d i n g  w e re  n o t e d  f o r  v a r i o u s  v a l u e s  o f  s a m p l e  r e 

s i s t a n c e  . The e r r o r  i n  r a t i o  t r a n s f o r m e r  r e a d i n g  was l i n e a r

4 - 1
i n  t r a n s f o r m e r  r a t i o  t o  3 : 1 0  . T h i s  c o r r e s p o n d s  t o  1 x lO

ohm f o r  l a r g e s t  s a m p l e  r e s i s t a n c e s  and  t o  1 .: m i l l i d e g r e e  

e r r o r  a t  10 K . A l t h o u g h  t h e s e  n u m b e r s  a r e  r e l a t i v e l y  l a r g e , 

t h e y  r e p r e s e n t  a c c u m u l a t e d  e r r o r s  o v e r  a  s u b s t a n t i a l  p a r t  o f  

t h e  r e s i s t i v e  t r a n s i t i o n , e . g .  0 . 1 , ohm ovei* * a  3 0 0  ohm i n t e r 

v a l  o r  0 . 0 0 1  d e g r e e  o v e r  a 1 0  d e g r e e  i n t e r v a l .

M e a s u r e m e n t  o f  s m a l l  r e s i s t a n c e s  p r e s e n t e d  some d i f 

f i c u l t y  . F o r  s a m p l e  r e s i s t a n c e s  a b o u t  10 ohms o r  l e s s ,  t h e  

b a l a n c e  i s  s o  i n s e n s i t i v e  t o  r e a c t i v e  c o m p o n e n t s  t h a t  a 

p h a s e  s e t t i n g  f o r  minimum s e n s i t i v i t y  t o  c h a n g e s  i n  them  i s  

i m p o s s i o l e  t o  d e t e r m i n e . I t  was f o u n d , h o w e v e r , u s i n g  a 

s u o s t  i  c u t  i o n  c i r c u i t  f o r  t h e  c r y o s t a t  e n v i r o n m e n t  o f  t h e  

s a m p l e , t h a t  f o r  a l l  but .  one  r e l a t i v e  p h a s e  s e t t i n g ,  a  f i n i t e  

r a t i o  t r a n s f o r m e r  s e t t i n g  was n e c e s s a r y  t o  p r o d u c e  a n u l l  

s i g n a l  f o r  0 Ct?5 m i l i i o h m )  r e s i s t a n c e  i n  t h e  s u b s t i t u t i o n  

c i r c u i t .  T n a t  p h a s e  s e t t i n g  was c h o s e n  f o r  t h e s e  low  r e 

s i s t a n c e  m e a s u r e m e n t s  w h ic h  a l l o w e d  z e r o  r a t i o  t r a n s f o r m e r  

s e t t i n g  t o  p r o d u c e  a  n u l l  s i g n a l .  T h i s  r e s u l t s  i n  a  z e r o  

( r e s i s t a n c e ) e r r o r  o f  5 m i l l i o h m s .  T hus  a  r e s i d u a l  r e 

s i s t a n c e  o f  1 0  m i l i i o h m  c o u l d  h a v e  p e r s i s t e d  be lo w  t h e  t r a n 
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s i t i o n  u n d e t e c t e d .

T e m p e r a t u r e  C o n t r o l

The o f f - n u l l  s i g n a l  f ro m  t h e  t h e r m o m e t e r  r e s i s t a n c e

m e a s u r e m e n t  was  u s u a l l y  u s e d  t o  c o n t r o l  t h e  t e m p e r a t u r e  o f

1 dRt h e  sami- l e  b l o c k .  When s a m p l e  e x c e e d e d  t h a t  o f

t h e  t h e r m o m e t e r ,  t h e  s a m p l e  r e s i s t a n c e  t h e n  s e r v o e d  t h e  t e m 

p e r a t u r e .  W i t h  t h e  t h e r m o m e t e r  c u r r e n t s  u s e d  ( s e e  b e lo w )  

t e m p e r a t u r e  c h a n g e s  o f  1 0  m i c r o d e g r e e s  c o u l d  be r e s o l v e d  i n  

t h e  v i c i n i t y  o f  t h e  s a m p l e s '  r e s i s t i v e  t r a n s i t i o n .

The e r r o r  s i g n a l  f ro m  t h e  d e t e c t o r  o f  t h e  t h e r m o m e t e r  

b r i d g e  was f e d  t o  two o p e r a t i o n a l  a m p l i f i e r s  i n  a  b u f f e r  

and  summing c o n f i g u r a t i o n  shown i n  f i g u r e  1 5 .  T h i s  c i r c u i t  

and  t h e  t h e r m o m e t e r  b r i d g e  was b u i l t  by J o h n  T .  A n d e r s o n .

The t e m p e r a t u r e  r e g u l a t o r  f o r  t h e  e x c h a n g e  g a s  c a n  

was a  V . 'h e a t s to n e  b r i d g e  w i t h  a p h a s e  s e n s i t i v e ,  d e t e c 

t o r .  T h i s  t e m p e r a t u r e  r e g u l a t o r  was  c a p a b l e  o f  r e s o l v i n g  a 

100  m i c r o d e g r e e  t e m p e r a t u r e  c h a n g e .  A s i m p l e  c a l c u l a t i o n  

shows h o w e v e r  t h a t  t h e r e  i s  a  10  m i l l i d e . g r e e  t e m p e r a t u r e  

d r o p  a c r o s s  t h e  e x c h a n g e  g a s  c a n  i n  a t y p i c a l  r u n n i n g  s i t u a 

t i o n .  T h i s  i s  du e  t o  h e a t e r  p o w e r  n e c e s s a r y  t o  make i t  f u n c 

t i o n  a s  a h e a t  s h i e l d .  The f u n c t i o n  o f  a h e a t  s h i e l d  i n  

t h i s  c a s e  i s ,  o f  c o u r s e ,  t o  p r e v e n t  s u c h  a t e m p e r a t u r e  

d r o p  a c r o s s  a  s a m p l e  b l o c k .

The o u t p u t  o f  t h e  p h a s e  s e n s i t i v e  d e t e c t o r  f o r  t h e
*

W h e a t s t o n e  b r i d g e  w e n t  t o  a p a i r  o f  Kepco  o p e r a t i o n a l  amp-

* T h e s e  w e r e  " O p e r a t i o n  Pow er  S u p p l i e s  OPS 4 0 - 0 . 5 ( 0 )  and 
PBX 4 0 - 0 . 5 ( C )  o f  Kep o ,  I n c . ,  F l u s h i n g ,  N.Y.
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l i f i e r s  i n  a  summing c o n f i g u r a t i o n . T h e s e  p r o v i d e d  s u f f i c i e n t  

c u r r e n t  t o  b r i n g  t h e  t e m p e r a t u r e  o f  t h e  e x c h a n g e  g a s  c a n  f rom  

k . 2  K t o  90 K w i t h i n  a  h a l f  h o u r . T y p i c a l  h e a t e r  c u r r e n t s  a t  

1 0  K w e r e  5 t o  6 m i l l i a m p s .  The W h e a t s t o n e  b r i d g e  was o p e r a t 

ed a t  1 x l O ^ h e r t z .

E l e c t r i c a l  l e a d s  t o  t h e  e x c h a n g e  g a s  c a n  w e r e  i s o l a t e d  

f rom  t h o s e  t o  t h e  s a m p l e  b l o c k .  S e v e r a l  t e s t s  showed t h e r e  

was no c r o s s  t a l k  b e t w e e n  t h e s e  two s e t s  o f  l e a d s .

C r v o s t a t  P e r f o r m a n c e

D u r i n g  p r e l i m i n a r y  r u n s , a  s a m p l e  was u s e d  a s  a t h e r m o 

m e t e r  t o  d e t e r m i n e  o p t im u m  v a l u e s  f o r  h e a t e r  c u r r e n t s , e x 

c h a n g e  g a s  p r e s s u r e s  a n d  w a i t  t i m e s  f o r  t h e r m a l  e q u i l i b r i u m .

A p o i n t  was c h o s e n  on t h e  s a m p l e  r e s i s t a n c e  v s .  t e m p e r a t u r e  

c u r v e  w h e re  t h e  s l o p e  a m o u n t e d  t o  1 .3®  K / f l *  C h a n g e s  i n  

pow er  f e d  t o  t h e  v a r i o u s  e l e m e n t s  i n  t h e  c r y o s t a t  p r o d u c e d  

t h e  f o l l o w i n g  c h a n g e s  i n  t e m p e r a t u r e  d i f f e r e n c e  b e t w e e n  

s a m p l e  and  t h e r m o m e t e r :

E l e m e n t  C u r r e n t  i n d u c e d  c h a n g e  i n
s a m p l e - t h e r m o m e t e r  t e m p e r a 
t u r e  s e p a r a t i o n

S a m p l e ( R = 2 0 0 i l )  0 . 3 yfcK/( J * k ) Z

T h e r m o m e t e r  (R = 1 0 0 . f l )  0 . 2 y i f K / ( j j i A ) ^

S a m p le  H e a t e r ( R = 1 5 0 . f L )  1 mX/(mA)^

A c h o i c e  o f  a p p r o p r i a t e  s a m p l e  c u r r e n t  was c o m p l i c a t e d

by n o n o h m ic  b e h a v i o r  o f  s a m p l e s .  D e s p i t e  t h i s  d i f f i c u l t y ,

s a m p l e  c u r r e n t s  o f  g e n e r a l l y  ^-yU.A RMS w e r e  u s e d ,  s i n c e

t h i s  p e r m i t t e d  r e s o l u t i o n  o f  s a m p l e  r e s i s t a n c e  c h a n g e s  o f  a
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few m i l i i o h m s  i n  r e a s o n a b l e  t i m e s . Nonohmic b e h a v i o r  p r o d u c 

ed r e s i s t a n c e  c h a n g e s  o f  u p t o  s e v e r a l  t e n s  o f  m i l i i o h m s .

T h i s  e f f e c t  was  n o t e d  i n  s u c h  a  way t h a t  c o r r e c t i o n s  c a n  be 

made f o r  i t  i f  n e c e s s a r y .  The s t a b i l i t y  o f  t h e  s a m p l e  c u r 

r e n t  s o u r c e  was b e t t e r  t h a n  0 . 1%.

The C r y o G a l  t h e r m o m e t e r  was u s e d  a t  c o n s t a n t  p o w e r . The 

v a l u e  o f  l ^ i  w a t t  i s  t h a t  r ecom m ended  by t h e  m a n u f a c t u r e r  and  

u s e d  h e r e .  O ve r  t h e  p o r t i o n  o f  t h e  s a m p l e s '  r e s i s t i v e  t r a n s i 

t i o n  w h e r e  r e s i s t a n c e  c h a n g e s  m o s t  r a p i d l y  ( a  few t e n t h s  o f  

a  d e g r e e  w i d e ) c o n s t a n t  c u r r e n t  was u s e d  f o r  t h e  t h e r m o m e t e r . 

At  t h i s  t e m p e r a t u r e  t h e  t h e r m o m e t e r  i s  a b o u t  100  o h m s . The 

1 0 0  m ic r o a m p  t h e r m o m e t e r  c u r r e n t  u s e d  h e r e  p r o d u c e s  a  m i l i i -  

d e g r e e  t e m p e r a t u r e  d i f f e r e n c e  b e t w e e n  i t s e l f  and  t h e  s a m p l e .

T h u s  i t  was n e c e s s a r y  t o  u s e  a 0 .1%  power  s u p p l y  f o r  t h e

t h e r m o m e t e r  c u r r e n t  a l s o .

!* A s a m p l e  b l o c k  h e a t e r  c u r r e n t  o f  3 0 0  m i c r o a m p s  was t h e

s m a l l e s t  c u r r e n t  c o n s i s t e n t  w i t h  r e a s o n a b l e  t i m e  b e t w e e n  

d a t a  p o i n t s .  E nough  r e s i s t a n c e  was  p u t  i n  s e r i e s  w i t h  t h e  

s a m p l e  b l o c k  s e r v o  s i g n a l  s o u r c e  t o  l i m i t  t h e  h e a t e r  c u r r e n t  

e x c u r s i o n s  t o  t e n  m i c r o a m p s . M o n i t o r i n g  and  h o l d i n g  t h i s  

h e a t e r  c u r r e n t  t o  t h e  n o m i n a l  3 0 0  m ic r o a m p s  a t  e a c h  d a t a  

p o i n t  i n s u r e d  t h a t  r e l a t i v e  t e m p e r a t u r e  e r r o r s  w e r e  a t  

m o s t  a m i c r o d e g r e e  due  t o  t h i s  c a u s e .
i*!.

'yff Method o f  T a k i n g  D a t a

F o r  e a c h  d a t a  p o i n t ,  t h e  t e m p e r a t u r e  c o n t r o l l i n g  b r i d g e

-  was  s e t  t o  t u e  c e s i r e d  r e s i s t a n c e . The e x c h a n g e  g a s  c a n
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h e a t e r  c u r r e n t  ano  o t h e r  b r i d g e  was  a d j u s t e d  t c  b r i n g  t h e  

s a m p l e  h e a t e r  c u r r e n t  t o  3 0 0  m i c r o a m p s .

The  t i m e  n e c e s s a r y  f o r  t h e r m a l  e q u i l i b r i u m  f o r  t e m p e r a 

t u r e  s t e p s  o f  3 m i l l i d e g r e e s  was a few m i n u t e s . T h i s  was 

a b o u t  t h e  t i m e  n e c e s s a r y . t o  c h e c k  r e a c t i v e  b a l a n c e  and e s 

t i m a t e  c h a n g e s  i n  q u i e s c e n t  c u r r e n t s  and  b r i d g e  s e t t i n g s  f o r  

t h e  n e x t  d a t a  p o i n t .  T h e r m a l  e q u i l i b r i u m  w a s ' j u d g e d  t o  h a v e  

b e e n  e s t a b l i s h e d  when no f u r t h e r  c h a n g e s  i n  b r i c g e  s e t t i n g s  

w e r e  n e c e s s a r y  f o r  f i x e d  v a l u e s  o f  q u i e s c e n t  c u r r e n t .

F o r  t e m p e r a t u r e  c h a n g e s  l a r g e r  t h a n  5 m i l l i d e g r e e s ,  

c o r r e s p o n d i n g l y  l o n g e r  w a i t s  w e re  n e c e s s a r y .  I n  f a c t ,  a f t e r  

t h e  i n i t i a l  t r a n s f e r  o f  l i q u i d  h e l i u m ,  a  t h r e e  h o u r  w a i t  was 

n e c e s s a r y  f o r  t h e r m a l  e q u i l i b r i u m  e v e n  w i t h  q u i e s c e n t  c u r 

r e n t s  p r e s e t  t o  d e s i r e d  v a l u e s .

W i t h  t h i s  s o r t  o f  c a r e , r e p r o d u c i b i l i t y  w i t h i n  a  g i v e n  

r u n ,  c y c l i n g  b e t w e e n  4 . 2  K and  90 K, was  b e t t e r  t h a n  0 . 0 1  ohm 

o r  10  m i c r o d e g r e e s  on  t h e  m o s t  s e n s i t i v e  p a r t  o f  t h e  t r a n s i 

t i o n .

T h e r m o m e t r y
*

A p r e c a l i b r a t e d  C r y o C a l  g e r m a n iu m  r e s i s t a n c e  t h e r m o m e t e r  

was  u s e d  t o  d e t e r m i n e  t h e  t e m p e r a t u r e  o f  t h e  s a m p l e .  The 

c a l i b r a t i o n  i s  t r a c e a b l e  t o  t h e  N a t i o n a l  B u r e a u  o f  S t a n d a r d s  

P r o v i s i o n a l  S c a l e  o f  19t>5 w i t h  a n  a c c u r a c y  o f  0 . 0 1  K i n  t h e  

t e m p e r a t u r e  r a n g e  5 K t o  20 K. I n  t h e  r a n g e  f ro m  20  K t o

• C r y o C a l ,  I n c . ,  R i v i e r a  B e a c h , F l a ,  u n i t  # 8 2 5 .



90 K t h e  c a l i b r a t i o n  i s  t r a c e a b l e  t o  t h e  B u r e a u  o f  S t a n d a r d s  

P r o v i s i o n a l  S c a l e  o f  1 9 5 5  w i t h  a n  a c c u r a c y  o f  0 . 0 4  K f rom
*

20  K t o  4 0  K ?and  o f  0 . 1  K fo rm  4 0  K t o  90 K. I n t e r p o l a t i o n  

was d o n e  w i t h  t h e  e x p r e s s i o n

T ^ R =  5  A ,  ( A x R ) *
M t O

I t  was f o u n d  t h a t  a  r e a s o n a b l e  f i t  t o  t h e  c a l i b r a t i o n  p o i n t s  

c o u l d  o n l y  be made i n  s e c t i o n s  o f  t h e  t h e r m o m e t e r  r e s i s t a n c e  

v s .  t e m p e r a t u r e  c u r v e  and  u s i n g  f o u r  t e r m s  i n  t h e  a b o v e  

s e r i e s . T h e s e  f i t t e d  s e c t i o n s  o f  c u r v e s  f a i l e d  t o  c o i n c i d e  

by a t  m o s t  3 m i l l i d e g r e e s  a t  t h e  h i g h  t e m p e r a t u r e  e n d . T h i s  

d i s c r e p a n c y  i s  n o t  s i g n i f i c a n t  i n  t h i s  w o r k  s i n c e  i t  o c c u r s  

a t  t e m p e r a t u r e s  w h e r e  t h e  s a m p l e  r e s i s t a n c e  i s  o n l y  w e a k l y  

t e m p e r a t u r e  d e p e n d e n t .

The C r y o C a l  t h e r m o m e t e r  was u s e d  f o r  m e a s u r e m e n t s  i n  

m a g n e t i c  f i e l d s  up  t o  10  kOe e x c e p t  f o r  t h o s e  m e a s u r e m e n t s  

d a t e d  1 / 1 0 / 7 0 .  When t h e  C r y o C a l  was  u s e d ,  a d j u s t m e n t s  w e re  

made f o r  i t s  m a g n e t o r e s i s t a n c e  u s i n g  d a t a  f u r n i s h e d  by C r y o 

C a l  , I n c .  A c h e c k  o f  t h i s  m a g n e t o r e s i s t a n c e  d a t a  u s i n g  t h e  

N a t i o n a l  C a r b o n  Co.  t h e r m i s t o r  ( d i s c u s s e d  b e l o w ) l a t e r  

showed t h e  c o r r e c t i o n s  t o  be  i n  e r r o r  by +11 %. T h i s  a m o u n t s  

t o  a n  e s s e n t i a l l y  c o n s t a n t  e r r o r  i n  t h e  d a t a  p r e s e n t e d , o f  

11 m K f o r  t h e  10  kOe d a t a  p r e s e n t e d  i n  t h e  f o u r t h  c h a p t e r  

and  a n  e s s e n t i a l l y  c o n s t a n t  e r r o r  o f  0 .4 m  K f o r  t h e  2 kOe

* The c o e f f i c i e n t s  i n  t h i s  e x p r e s s i o n  a p p e a r  i n  t h e  s u b r o u t i n e  
f o r  c a l c u l a t i o n  o f  t e m p e r a t u r e s  f r o m  t h e r m o m e t e r  r e s i s t a n c e s  
l i s t e d  i n  a p p e n d i x  I .
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d a t a .  The l i s t e d  t e m p e r a t u r e s  f o r  t h e  a b o v e  m e n t i o n e d  d a t a  

a r e  t o o  h i g h  by t h e  s t a t e d  a m o u n t s .  M a g n e t i c  f i e l d  d a t a  

t a k e n  on  1 / 1 0 / 7 0  w e r e  t a k e n  w i t h  a  t h e r m i s t o r .

A N a t i o n a l  C a r b o n  C o . ,  I n c .  t h e r m i s t o r  was u s e d  a s  a

t h e r m o m e t e r  i n  t h e  m e a s u r e m e n t s  t h a t  i n v o l v e d  f i e l d s  up

t o  lOOkOe.  Use o f  t h i s  t h e r m i s t o r  f o r  t h e s e  m e a s u r e m e n t s

( )
was s u g g e s t e d  by S c h l o s s e r  and  M u n n in g s  , who r e p o r t e d  

a t  m o s t  a  0 .2%  c h a n g e  i n  i t s  r e s i s t a n c e  a t  4 . 2  K i n  a  f i e l d  

o f  1 9 k 0 e .  We c h e c k e d  t h i s  m e a s u r e m e n t  w i t h  o u r  own u n i t  

i n  f i e l d s  up  t o  lOkOe an d  f o u n d  no c h a n g e  i n  a r e s i s t a n c e  

o f  8 l  k i l o h m s  a t  4 . 2  K w i t h i n  50  m i l i i o h m s .  T h i s  a m o u n t s  

t o  a  t e m p e r a t u r e  e r r o r  o f  l e s s  t h a n  10 m i c r o d e g r e e s .  T h i s  

was t a k e n  a s  e v i d e n c e  t h a t  t h e  t h e r m i s t o r  was a d e p e n d a b l e  

t h e r m o m e t e r  i n  h i g h  m a g n e t i c  f i e l d s  s o  l o n g  a s  t h e  C r y o C a l  

was u s e d  a s  a  t r a n s f e r  s t a n d a r d  i n  l e r o  f i e l d .

I n  some o f  t h e  h i g h  f i e l o  m e a s u r e m e n t s  i t  was n o t  p o s 

s i b l e  t o  m oun t  t h e  C r y o C a l  i n  t h e  s a m p l e  b l o c k  w i t h  t h e  

t h e r m i s t o r .  Thus  t e s t s  had t o  be made t o  d e t e r m i n e  t h e  

c y c l a b i l i t y  o f  t h e  t h e r m i s t o r .  C o m p a r i s o n  o f  t h e  t h e r m i s t o r  

w i t h  t h e  C r y o C a l  o v e r  f i v e  c y c l i n g s  b e t w e e n  room and l i q u i d  

h e l i u m  t e m p e r a t u r e s  o v e r  a  f i v e  m o n th  p e r i o d  showed a  s h i f t  

i n  t h e  t h e r m i s t o r ' s  r e s i s t a n c e  v s .  t e m p e r a t u r e  c u r v e  o f  1 . 2  

m i l l i d e g r e e  t o w a r d  l o w e r  t e m p e r a t u r e s .

The t n e r m i s t o r  was  c a l i b r a t e d  i n  z e r o  f i e l d  w i t h  t h e  

C r y o C a l  a s  t r a n s f e r  s t a n d a r d .  The c a l i b r a t i o n  i s  shown i n  

a p p e n d i x  I I .  I n t e r p o l a t i o n  was d one  w i t h  t h e  same f i t t i n g  

p r o g r a m  u s e d  f o r  t h e  C r y o C a l .
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M a g n e t i c  F i e l d  M e a s u r e m e n t s

M a g n e t i c  f i e l d s  up  t o  lCkOe w e r e  a v a i l a b l e  w i t h  t h e

c r y o s t a t  d e s c r i b e d  a b o v e . T h e y  w e r e  p r o d u c e d  by a  s o l e n o i d
*

wound w i t h  3 m i l  c o r e  S u p e r c o n  T48B c o p p e r  c l a d  and  f o r m v a r  

c o a t e d  w i r e . S o l e n o i d  g e o m e t r y  w a s : mean w i n d i n g  d i a m e t e r s

1 . 8 3 5 " ;  w i n c i n g  l e n g t h s  3 • 6 5 " •  W i t h  9218  t u r n s ,  t h e  s o l e n o i d  

f o r m u l a  g i v e s  1 . 1 1 7  k O e / a m p e r e .  T h i s  n u m b er  was r o u g h l y  

v e r i f i e d  w i t h  room t e m p e r a t u r e  m e a s u r e m e n t s  u s i n g  a  f l u x -  

g a t e  m a g n e t o m e t e r . The s o l e n o i d  was  wound by Bob R i e s s .

The s a m p l e s  w e r e  c e n t e r e d  g e o m e t r i c a l l y  w i t h  r e s p e c t  

t o  : h e  s o l e n o i d  t o  w i t h i n  a  few m i l l i m e t e r s . U n i f o r m i t y  

o f  t h e  m a g n e t i c  f i e l d  o v e r  t h e  s a m p l e s  i s  e s t i m a t e d  t o  h a v e  

b e e n  1%. B e c a u s e  t h e  s a m p l e  b l o c k  s u p p o r t  was n o t  r i g i d , 

s a m p l e  a l i g n m e n t s  w e r e  t o  w i t h i n  a  few d e g r e e s  o f  a r c .

B e c a u s e  o f  t h i s  a l i g n m e n t  p r o b l e m ,  m a g n e t i c  f i . e l c s  w e re  o n l y  

a p p l i e d  p e r p e n d i c u l a r  t o  t h e  s a m p l e s .

A s e c o n d  c r y o s t a t  ( f i g u r e  1 6 )  was n e c e s s a r y  f o r  t h e  mea

s u r e m e n t s  made i n  c o n j u n c t i o n  w i t h  t h e  100  kOe m a g n e t  a t  

U n i v e r s i t y  o f  Iowa a t  Ames,  I o w a .  The i n n e r  d i a m e t e r  o f  t h e  

100  kOe m a g n e t  d i d  n o t  a l l o w  room f o r  a  t e m p e r a t u r e  s h i e l d  

b e t w e e n  t h e  vacuum c a n  an d  s a m p l e  b l o c k .  The e l e c t r i c a l  

l e a d s  t o  t h e  s a m p l e  b l o c k  i n  t h i s  c a s e  p a s s e d  t h r o u g h  t h e

4 . 2  d e g r e e  b a t h  and  w e r e  wound a r o u n d  t h e  s a m p l e  b l o c k .

S a m p le  an d  t h e r m o m e t e r  r e s i s t a n c e s  w e re  m e a s u r e d  a s  d e s -

* S u p e r c o n  d i v i s i o n  o f  N a t i o n a l  R e s e a r c h  C o r p o r a t i o n ,  
N a t i c k ,  M a s s .
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Figure 16

BOTTOM OF CRYOSTAT FOR MEASUREMENTS IN lOOKOe FIELDS WITH VACUUM

CAN REMOVED

(The sam p le b lo c k  i s  su p p o rted  w ith  a th re a d e d  n y lo n  r o d . C o n n ecto rs  

a r e  h e a t  sunk t o  co p p er  h o ld e r s  n ear  th e  f l a n g e .)



c r i b e d  a b o v e . Sam p le  r e s i s t a n c e  m e a s u r e m e n t s  w e r e  o f  t h e  

same a c c u r a c y  a s  t h o s e  g o t t e n  w i t h  t h e  s m a l l  f i e l d  c r y o s t a t .  

T h e r m o m e t r y  was l e s s  p r e c i s e .  I t  i s  e s t i m a t e d  t h a t  a  0 . 1  K 

e r r o r  c o u l d  h a v e  a c c u m u l a t e d  o v e r  t h e  t e . - p e r a t u r e  r a n g e  

c o v e r e d  i n  t h e s e  m e a s u r e m e n t s ^ . 2 K t o  60  K ) .

H ig h  f i e l d  m e a s u r e m e n t s  w e r e  made a t  t h e  U . S . A . E . G .  

L a b o r a t o r y ,  U n i v e r s i t y  o f  I o w a ,  Ames,  I o w a .  The 100  kOe 

m a g n e t  t h e r e  was made a v a i l a b l e  t o  u s  t h r o u g h  t h e  c o u r t e s y  

o f  F r o f s .  S a m u e l  L e g v o l d  an d  D o u g l a s  F e n n e m o r e  o f  t h a t  

l a b o r a t o r y .

The m a g n e t  was  a  1 "  b o r e  Nb^Sn r i b b o n - w o u n d  1 0 0  kOe 

s o l e n o i d  m a n u f a c t u r e d  by RCA w i t h  s e r i a l  #SM28o4 .  S o l e n o i d s  

wound w i t h  Nb^Sn r i b b o n  show c o n s i d e r a b l e  h y s t e r i s i s  and  I o n  

t e r m  r e l a x a t i o n  e f f e c t s  i n  t h e i r  m a g n e t i c  f i e l d  v s .  m a g n e t  

c u r r e n t  c h a r a c t e r i s t i c s .  I t  was t h e r e f o r e  n e c e s s a r y  t o  

m e a s u r e  m a g n e t i c  f i e l d  d i r e c t l y .  T h i s  was done  w i t h  a  . 

m a g n e t o r e s i s t a n c e  p r o b e ,  a s t a t i c a l l y  w ound ,  o f  # 3 6  t h e r m o 

c o u p l e  g r a d e  Cu w i r e .  The p r o b e  was  s e c u r e d  r i g i d l y  t o  t h e  

b o r e  o f  t h e  s o l e n o i d  an d  c o m m u n i c a t e d  d i r e c t l y  w i t h  t h e

4 . 2  K b a t h .  C a l i b r a t i o n  o f  t h e  p r o b e  was done  a g a i n s t  a  

s m a l l e r  p r o b e  o f  9 9 » 9 9 9 % p u re C u  w i r e  c a l i b r a t e d  w i t h  a n  NMR 

G a u s s m e t e r  i n  a h i g h  h o m o g e n i e t y  6 0  k i l o g a u s s  f i e l d .

The w r i t e r  w ou ld  l i k e  t o  e x p r e s s  s i n c e r e  g r a t i t u d e  t o  

P r o f e s s o r s  D o u g l a s  F t n n e m o r e ,  H e lm u t  G a r t n e r  and  t o  A l b e r t  

H a r v e y  f o r  t h e i r  h e l p  i n  t h e  u s e  o f  t h i s  m a g n e t .



89

CHAPTER 4 :  DATA

We p r e s e n t  i n  t h i s  c h a p t e r  t h e  d a t a  t a k e n  on  t h e  t h r e e  

s a m p l e s  d e s c r i b e d  i n  t h e  p r e v i o u s  c h a p t e r . At  t h e  h e a d i n g  

o f  e a c h  p a g e  a r e  t h e  s a m p l e  nam e ,  d a t e  o f  r u n ,  s a m p l e  m e a s u r 

i n g  c u r r e n t  ( I g , m e a s u r e d  p e a k  t o  p e a k ) ,  and t y p e  o f  m e a s u r e 

m en t  (R ( T )  m eans  r e s i s t a n c e  v s .  t e m p e r a t u r e  a t  c o n s t a n t  

m a g n e t i c  f i e l d  and  R(H) m eans  r e s i s t a n c e  v s .  m a g n e t i c  f i e l d  

a t  c o n s t a n t  t e m p e r a t u r e ) .

P r i n t e d  a b o v e  l i s t i n g s  o f  r e s i s t a n c e  v s .  t e m p e r a t u r e  a r e  

i n  a d d i t i o n ^  t h e  m a g n e t i c  f i e l d  and  maximum s a m p l e  r e s i s t a n c e .  

The  d a t a  l i s t e d  i n  t h i s  c a s e  i s  t h e  C r y o C a l  t h e r m o m e t e r  r e s i s  

t a n c e  i n  ohms ( c o r r e c t e d  f o r  t h e  b r i d g e  f a c t o r  and f o r  a n y  

m a g n e t i c  f i e l d ) ,  s a m p l e  r e s i s t a n c e  i n  ohms ( c o r r e c t e d  f o r  

b r i d g e  f a c t o r , b u t  n o t  a d j u s t e d  f o r  a n y  n o n o h m ic  e f f e c t s ) , 

s a m p l e  r e s i s t a n c e  n o r m a l i z e d  t o  maximum s a m p l e  r e s i s t a n c e ,  

and  t e m p e r a t u r e .

The maximum s a m p l e  r e s i s t a n c e  was f o u n d  t o  d i f f e r  by a 

few t e n t h s  o f  a n  ohm f ro m  r u n  t o  r u n  f o r  e a c h  s a m p l e .  ho 

s u c h  c h a n g e s  w e r e  n o t e d  s o  l o n g  a s  t h e  s a m p l e  was k e p t  a t  

l i q u i d  n i t r o g e n  t e m p e r a t u r e s . So t h i s  i s  t h o u g h t  t o  be due  

t o  s m a l l  c h a n g e s  i n  t h e  c o n t a c t s  on c y c l i n g .

M a g n e t i c  f i e l d  d a t a  a t  c o n s t a n t  t e m p e r a t u r e  on  s a m p l e  

9 2 D was t a k e n  a t  e q u a l l y  s p a c e d  i n t e r v a l s  o f  s a m p l e  r e s i s 

t a n c e :  R /R -b_x = 0 . 3 ,  0 . 4 , . . . . ,  0 . 8 .  The d a t a  on 92A was t a k e n  

a t  s e v e r a l  f i x e d  t e m p e r a t u r e s  i n  t h e  r e g i o n  v,here  A s l a m a s o v
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L a r k i n  b e h a v i o r  was o b s e r v e d . The i n i t i a l  v a l u e  o f  m a g n e t i c  

f i e l d  l i s t e d  f o r  e a c h  t e m p e r a t u r e  i s  a  " f a k e "  v a l u e  f o r  compu 

t a t i o n a l  p u r p o s e s . T h i s  n u m b er  i s  s u p p o s e d  t o  c o r r e s p o n d  t o  

s e r o  a p p l i e d  m a g n e t i c  f i e l d  ( s e e  f i r s t  p a r t  o f  c h a p t e r  t h r e e )
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L a r k i n  b e h a v i o r  was  o b s e r v e d . The  i n i t i a l  v a l u e  o f  m a g n e t i c  

f i e l d  l i s t e d  f o r  e a c h  t e m p e r a t u r e  i s  a " f a k e "  v a l u e  f o r  c o a p u  

t a t i o n a l  p u r p o s e s .  T h i s  num ber  i s  s u p p o s e d  t o  c o r r e s p o n d  t o  

z e r o  a p p l i e d  m a g n e t i c  f i e l d  ( s e e  f i r s t  p a r t  o f  c h a p t e r  t h r e e )



SAMPLE 92D 1 0 /2 9 /6 9  I g = 14 microamps P.

R(T) H = 0 Rmax = 4 2 2 . 3 2 0  ohms

HIGH TEMPERATURE DATA* ABOVE RESISTANCE MAXIMUM 

(PART 1)

THFRMOM.R
20.1)999
19.5974
I.9 . 0 949 
15.4919 
17,8989
17.4869 
17.0849 
I6.h8?9 
1 6 . 2 8 0 9  
15.8789 
15.4769 
18.0749 
14.6729 
14.2709 
13,9689 
13.4669 
13.0649 
12.6629 
] 2 . 2 6 0 9
II .6579  
11.3564
11.0549 
10.7534 
10.4-519 
10.0 499
9.7485  
9.4470 
9.2460 
9.0450 
8.644n
8.6430
8.4 420 
8.2410

SAMPLE » 
421.4000 
421 .2794 
421.1637 
420 .992«
420.8219
420.6862 
420.5454 
420.3745 
420.2186 
42t) .0626 
41 9 .BH1 6 
419.6857 
419.4696 
419,2433 
418 ,9 8 7 'i 
418.7155 
418.4289 
4 18.1122 
417.7855
417.2224 
416.9;)57 
416.5538 
416.1667 
4l5,779o  
415,20 65 
414.7339
41 4 ,  2 0 6 1
413.8290 
413.4319 
413,0046 
412.5572 
412 .0746 
41 1 .546 r

SamPR/Rm 
.997822 
.997536 
.997262 
.996857 
.996453 
.996131 
.995798 
.995393 
.995024 
.994685 
.99422 7 
.99376? 
.993251 
.992715 
.992108 
.991465 
. 9 9 0 7 8 6  
.990037 
.989263 
.987930 
.987180 
.986346 
.985430 
.984513 
.983156 
.982037 
.980787 
.979895 
.978954 
.977942 
.976883 
.975740 
.974490

T E M P .
29.7484
30.2838
30.844 2
31.5523
32.3033
32.8299
33.3790
33.9524
34.5518
35.1794
35.8372
36.5^78
37.2539
38.0184
38.3246
39.6759
4 0.5763
41.6299
42.5173
44.1629
45.0527
45.9919
4 6.9847
48.0361
49.5386
50.7499
52.042?
52.9635 
53.9084 
5 4 . 9 1 0 4
55.9636
57.0 732 
58.2440

* This data was taken during i n i t i a l  cooldown whil
temperature was d r i f t in g  slowly downward.



SAMPLE 92D 1 0 /2 9 /6 9  I g = 14 microamps P.

R(T) H = 0 Rmax  =•" 422 .320  ohms

HIGH TEMPERATURE DATA* ABOVE RESISTANCE MAXIMUM 

(PART 2)

THERMOM.R 
S . 0 4 0 0  
7.8390 
7 . 6 3AQ
7.4 37 Q 
7.?36o 
7 . 1 3 8 5
7.0 350
6.9 345
6.834 0
6.7335 
6.6330 
6.5325 
6.4320 
6.3315 
6.2310 
6.1305
6.0 30 0 
5.9295
5.8290 
5,7285 
5 . 62 An 
5.5275
5.4 37 0 
5.3466 
5.2260 
5.1355  
5 , 1)451 
4.9245
4.834 0
4.7335
4.6431
4.6431

SAMPLE R
400.9937
410.3804
4 q9 . 7 4 1 9
409.1487
408.3393
407.9925
407.5903
407.1529
406,7005
406.2128
405,7252
41.5.2175
4 04,6795
4 0 4 .0b63
4 03.5082
402.8796
402.2112
401.50 74
400.7838
399.9791
399.1597
398.1392
397.2493
396.369b
395.0876
394.0319
392.9008
391.2670
369.9599
388.4015
386.5917
366.5917

SAMPR/RM 
.973161 
.971729 
• 97q2I 7 
.968612 
.966696 
.966074 
.965122 
.964036 
.963015 
.961860 
,96o7n6 
.95950 3 
.958230 
.956825 
.955456 
.953966 
.952365 
.950718
.949004 
.947100 
.945159 
.942743 
.940636 
.938553 
.935517 
.9330 3 7 
.930339 
.926470 
.923375 
.919665 
.915400 
.915400

TEMP. 
59.4623 
60.795)  
6 2 . 19oS 
63.6776
65.>672
66. 1.0 4 3 
66.97]9
6 7.8719 
6 8 , 8 0  63 
69.7774 
70.7875 
71.3394
72.9 359 
74,0801 
75.2756 
76.5259
7 7.3353 
79.2083 
30.6497 
82.1652 
83.7608 
35.4430 
87.0373 
88.7137 
91.0882 
92.9830 
94,9845 
97.8353

1 00.1.232 
102.83)5
105.4330
105.4330

* This data was taken during i n i t i a l  cooldown whil
temperature was d r i f t in g  slowly downward.



SAMPLE 92D 1 1 / 3 / 6 9  I s = 14 microamps

R(T) H = 0 = 4 2 2 .5 8 6  ohms

HIGH TEMPERATURE DATA* NEAR RESISTANCE MAXIMUM 

(PART 1)

Thepmqm. r
19.5974 
20.0999 
20.6024 
21,1049 
21.6074 
22.1099 
22.6124 
23.1149 
24.1199 
25.1249 
25.6274 
26.1299 
27.1349 
27.6374 
26.1399 
28.6424 
29,144 9 
29.6474 
30.1499 
30.6523 
31.1546 
31.6573
32.1596
32.6623 
33.1646 
33.6673 
34.1696 
34.6723 
35.1746 
35.6773 
36.1796 
36.6023 
37.1040 
37.6«73 
30.1098 
38.69?3 
39.1948 
39.6973 
40.1998

s a m p l e  b
421.3397 
421.4503 
421,5559 
421.6514 
421.7469 
421.8374 
421.9178 
421.9882 
422.1139 
422.2245 
422.2647 
422.3099 
422.3853
422.4205
422.445 7 
422.4756 
422.4959 
422.5161 
422.5311
422.5462 
422.5613 
422.5663
422.5764 
422.5014 
422.5864 
422.5814 
422.5064
422.5764
422.5764 
422.5714 
422.5563
422.5462 
422.5362 
422.5211 
422.5060 
422.4904 
422.4708 
422.4507
422.4205

SAMPR/PM
.997051
.997312
.997562
.997708
.998014
.998228
.998419
,998585
.998883
.999144
.999240
.999347
.999525
.999608
.999666
.999739
.999787
.999834
.999870
.999906
.999942
.999953
.999977
.999989

1 . 0 0 0 0 0 1
.999989

1 . 0 0 0 0 0 1  
.999977 
.999977 
.999965 
.999930 
.999906 
.999882 
.999846 
.999811 
.999775 
.999727 
.999680 
.9996.10

TEMP.
30 , 2h3h
29.7484 
29.2362 
26.7456 
28.2751 
27.0235 
27.3890 
26.9728 
26.1058 
25.4565 
25.1119 
24.7030 
24.1620  
23.8536 
23.5642 
23.204?
23.0131 
22. 7505 
22.4960.
22.2493 
2 2 . 0 1 0 0  
21.7777
21.5523 
21*3333 
21.1206 
20.9)30  
2 0 • 7 1 2  7 
20.5172 
20.3269 
20. 1417 
19.9613 
19.7857 
19.6146 
19.4479 
19.2053 
19.1267 
18.9721 
10.0213 
10.6741

* T h i s  d a t a  was t a k e n  d u r i n g  i n i t i a l  cooldown w h i l e  
t e m p e r a t u r e  was d r i f t i n g  s l o w l y  downward.
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SAMPLE 92D 1 1 / 3 / 6 9  I s = 14 , microamps

R(T) H = 0 Rmax = 4 2 2 .5 8 6  ohms

HIGH TEMPERATURE DATA* NEAR RESISTANCE MAXIMUM 

(PART 2)

THERMOM.R SAMPLE R SAMPR/RM TEMP.
4 0 7 7 9  2 3 4 2 2 • 4 n 5 5 . 9 9 9 5 7 3 1 8 . 3 3 0 4
> 1 . 2 0 4 8 4 2 2 . 3 6 0 3 . 9 9 9 5 1 3 1 8 . 3 9 0 1
4 2 . 2 0 9 8 4 2 2 . 3 1 5 0 . 9 9 9 3 5 9 1 8 . 1 1 9 3
4 3 . 2 1 4 8 4 2 2 . 2 5 4 6 . 9 9 9 2 1 6 1 7 . 8 6 0 6
4 4 . 2 1 9 8 4 2 2 . 2 5 4 6 . 9 9 9 2 1 6 1 7 . 6 1 3 9
4 6 . 2 2 4 8 4 2 2 . 1 1 3 9 , 9 9 6 8 8 3 1 7 . 3 7 7 8
4 6 . 2 2 9 8 4 2 2 . 0 3 3 4 . 9 9 6 6 9 2 1 7 . 1 5 1 8
4 7 . 2 3 4 8 4 2 1 . 9 4 3 0 . 9 9 8 4 7 8 1 6 . 9 3 5 5
4 8 . 2 3 9 8 4 2 1 . 8 5 7 5 . 9 9 6 2 7 6 1 6 . 7 2 8 1
4 9 . 2 4 4 8 4 2 1 . 7 5 6 9 . 9 9 8 0 3 8 1 6 . 5 3 1 0
8 0 . 2 4 9 7 4 2 1 . 6 4 6 3 . 9 9 7 7 7 6 1 6 . 3 3 8 7
5 1 . 2 5 4 7 4 2 1 . 5 4 5 8 . 9 9 7 5 3 8 1 6 . 1 5 3 9
5 2 . 2 5 9 7 4 2  1 . 4 3 0 2 . 9 9 7 2 6 5 1 5 . 9 7 6 0
5 3 . 2 6 4 7 4 2 1 , 3 u 9 S . 9 9 6 9 7 9 1 8 . 8 0 4 7
5 4 . 2 6 9 7 4 2 1 . 1 7 8 6 . 9 9 6 6 7 0 1 5 . 6 3 9 6
5 6 . 2 7 4 7 4 2 1 . 0 4 3 1 . 9 9 6 3 4 9 1 5 , 4 8 0 4
5 6 . 2 7 9 7 4 2 0 . 9 0 2 3 . 9 9 6 0 1 6 1 5 .  3 2 6 7
5 7 . 2 8 4 7 4 2 0 . 7 5 1 6 . 9 9 5 6 5 9 1 5 .  1 7 8 3
5 8 . 2 8 9 7 4 2 0 . 6 0 0 7 . 9 9 5 3 0 2 1 5 . 0 3 4 9
5 9 . 2 9 4 7 4 2 0 . 4 4 9 9 . 9 9 4 9 4 5 1 4 . 8 9 6 1
6 0 . 2 9 9 7 4 2 0 . 2 7 3 9 . 9 9 4 5 2 9 1 4 . 7 6 1 9
6 1 . 3 0 4 7 4 2 0  . 0 9 8 (i . 9 9 4 1 1 2 1 4 . 6 3 1 9
6 2 . 3 0  9 7 4 1 9 . 9 0 6 9 . 9 9 3 6 8 0 1 4 . 5 0 5 9
6 3 . 3 1 4 7 4 1 9 . 7 1 5 9 .‘9 9 3 2 0 8 1 4 . 3 6 3 6
6 4 . 3 1 9 7 4 1 9 , 5 0  4 8 . 9 9 2 7 0 9 14 , 2 6 8 3
6 5 . 3 2 4 7 4 ) 9 . 3 0 8 7 . 9 9 2 2 4 5 1 4 .  1 5 0 4
6 6 . 3 2 9 7 4 1 9 . 0 6 7 4 . 9 9 1 6 7 4 1 4 . 0 3 8 7
6 7 . 3 3 4 7 4 16  .  8 3 1 ) . 9 9 1 1 1 5 1 3 . 9 3 0 3
6 8 . 3  3 9 7 4 1 8 . 5 8 9 m . 9 9 0 5 4 3 1 . 3 . 8 2 4 8
6 9 . 3 4 4 7 4 1 8 . 3 2 3 4 . 9 8 9 9 1 3 1 3 . 7 2 2 3
7 0 . 3 4 9 6 4 1 8 . 0 4 1 H . 9 8 9 2 4 7 1 3 . 6 2 2 6
7 1 . 3 5 4 6 4 1 7 . 7 5 5 3 . 9 8 8 5 6 9 1 3 . 5 2 5 5

* This data was taken during i n i t i a l  cooldown while
temperature was d r i f t in g  slowly downward.



SAMPLE 92D 1 0 / 2 2 /6 9  Rmax = 4 2 2 -320  ohms

R(T) H = 0 I s = 14 microamps P . P .

UPPER HALF OF RESISTIVE TRANSITION 

(PART 1)

THF.RMOM.l-? s a m p l e  r S A M P R / R M TElM P .

1 0 2 . 3 5 9 7 1 6 6 , 9 9 3 5 . 3 9 5 4 1 9 1 1 . 4 0 8 3
1 0 2 . 1 0 7 5 1 7 5 . 6 2 5 2 . 4 1 5 8 5 8 1 1 . 4 2 0 8
1 o l . 9 5 6 7 1 8 0 . 6 9 7 7 . 4 2 7 8 6 9 1 I . 4 2 8 3
1 0 1 * 7 0 5 5 1 8 9 . 4 1 4 8 . 4 4 8 5 1 0 1 1 . 4 4  0 9
1 0 1 . 5 5 4 7 1 9 4 . 9 2 4 7 . 4 6 1 5 5 7 1 1 . 4 * 8 4
1 0 1 . 4 0 4 0 2 0 0 . 4 6 4 7 . 4 7 4 7 2 2 1 1 . 4 5 6 0
101  . 2 5 3 2 2 0 6 . 0 6 4 9 . 4 8 7 9 3 6 1 1 . 4 6 3 6
1 0 1 . 1 0 2 5 2 1 1 . 7 5 5 7 . 5 0 1 4 1 1 1 1 . 4 7 1 2
1 0 0 . 9 5 1 7 2 1 7 * 6 3 7 5 . 5 1 5 3 3 8 1 1 . 4 7 8 9
10  0 * 5 0 1 0 2 2 3 . 3 9 8 7 . 5 2 8 9 8 0 1 1 . 4 8 6 5
1 0 0 . 6 5 0 2 2 2 9 . 1 6 9 9 . 5 4 2 6 4 5 1 1 . 4 9 4 ?
1 0 0 . 4 9 9 5 2 3 5 . 4 7 4 0 . 5 5 7 5 7 3 1 1 , 5 0 1 9
1 0 0 . 3 4 9 8 2 4 1 . 9 2 3 9 . 5 7 2 8 4 5 1 1 . 5 0 9 6
1,00 .  1 9 8 0 2 4 8 . 7 2 0 7 . 5 8 8 9 3 9 1 1 . 5 1 7 4
1 0 0 .  n 4 7 3 2 5 5 . 6  o 3 0 . 6 0 5 2 3 5 1 1 . 5 2 5 1

9 9 . 8 9 8 5 2 6 2 * 5 4 5 5 . 6 2 1 6 7 4 1 1 . 5 3 2 9
9 9 . 7 4 5 8 2 6 9 . 6 0 8 7 , 6 3 8 3 9 9 1 1 . 5 * 0 7

9 9 . 5 9 5 0 2 7 7 . 5 2 1 6 . 6 5 7 1 3 6 1 1 . 5 4 8 5
9 9 . 4 4 4 3 2 8 4 , 5 9 9 6 . 6 7 3 8 9 6 1 1 . 5 5 6 4
9 9 . ? 9 3 5 2 9 4 . 3 0 7 * . 6 9 6 8 8 2 1 1 , 5 6 4 ?
9 9 . 1 4 2 8 3 0 4 . 2 1 6 o . 7 2 0 3 4 5 1 1 . 5 7 2 1
9 8 . 9 9 2 0 3 1 4 . 3 2 0 7 . 7 4 4 2 7  1 1 1 . 5 8 0 0
9 8 . 9 4 1 3 3 2 3 . 4 6 5 1 . 7 6 5 9 2 * 1 1 . 5 6 8 0
9 8 . 6 9 0 5 3 3 1 . 3 H 8 o . 7 8 4 6 8 5 1 1 . 8 9 5 9
9 8 . 5 3 9 3 3 3 6 . 9 9 9 2 . 8 0 2 7 0  7 1 1 . 6 0 3 9
9 8 . 3 8 9 0 3 4 5 . 3 1 6 4 . 8 1 7 6 7 0 1 1 . 6 1 1 9
9 8 . 2 3 8 3 3 5 0 . 9 ] 3 6 . 8 3 0 9 1 9 1 1 . 6 1 9 9
9 8 . 0 8 7 5 3 5 5 . 8 6 0 * . 9 4 2 6 0 8 l i . 6 ? 7 9
9 7 . 9 3 6 8 3 6 0 . 2 0 8 9 . 8 5 2 9 2 9 1 1 . 6 3 6 0
9 7 . 7 8 6 0 3 6 3 . 9 4 4 1 , 8 6 1 7 7 3 1 1 . 6 4 4 0
9 7 . 6 3 5 3 3 6 7 , 2 6 2 1 . 8 6 9 6 3 0 1 1 . 6 5 2 1
9 7 , 4 8 4 5 3 7 0 . 1 9 8 ' : . 8 7 6 5 8 2 1 1 . 6 6 0 3
9 7 . 3 3 3 8 3 7 2 . 9 1 7 7 . 8 8 3 0 2 2 1 1 . 6 6 8 4



SAMPLE 92D 1 0 /2 2 /6 9  I  = 14 ■ microamps P.

R(T) H = 0 Rmax = 422 .320  ohms

UPPER HALF OF RESISTIVE TRANSITION 

(PART 2)

ERMOM.R SAMPLE R SAMPR/RM TEMP.
9 7 . 1 3 2 * 3 7 6 .  0547 .K 9045  0 1 1 . 6 7 9 3
9 6 . 9 3 1 8 3 7 8 . 7 4 9 2 . 8 9 6 8 3 0 1 1 . 6 9 0 2
9 6 . 6 8 0 * 3 6 1 . 7 1 5 3 . 9 0 3 8 5 3 1 1 . 7 0 3 9
9 6 . 3 7 9 0 3 8 4 , 7 3 1 b . 9 1 0 9 9 5 1 1 . 7 2 0 5
9 5 . 9 7 7 0 3 8 8 . 0 1 9 4 . 9 1 8 7 8 1 1 1 . 7 4 2 7
9 5 . 4 7 4 5 3 9 1 . 2 6 2 1 . 9 2 6 5 0 6 1 1 . 7 7 0 7
9 4 • 6 7 l 5 3 9 4 . 3 7 3 6 . 9 3 3 8 2 7 1 1 . 8 n 4 6
9 4 . 1 1 7 8 3 9 7 . 3 2 4 8 . 9 4 0 8 1 4 1 l . 8 4 7 6
9 3 . 0 6 2 5 4 0 0 . 4 3 6 6 . 9 4 8 1 6 3 1 1 . 9 0 0 7
9 1 . 6 5 5 5 4 0 3 . 4 ( 6 0 . 9 5 5 3 6 5 1 1 . 9 9 2 3
8 9 . 4 4 4 6 4 0 6 . 8 6 1 4 . 9 6 3 3 9 6 1 2 . 1 2 8 2
8 6 . 4 2 9 6 4 1 0 . 0 0  34 . 9 7 0 8 3 6 1 2 . 3 2 3 7
8 1 • 4  y 4 6 A 1 3 . 4621 . 9 7 9 0 2 6 1 2 . 6 7 8 6
7 2 . 3 5 9 6 4 1 7 . 1 6 7 2 . 9 8 7 8 4 6 1 3 . 4 3 0 9
5 8 . 2 8 9 7 4 2 0 . 3 3 9 3 . 9 9 5 3 1 0 1 8 . 0 3 4 9
4 7 . 2 3 4 8 4 2 1 . 6 8 6 6 . 9 9 8 5 0 0 1 6 . 9 3 5 5
3 4 . 1 6 9 8 4 2 2 . 3 2  0 0 1 . 0 0 0 0  00 2 0 . 7 1 2 7
3 3 . 1 6 4 6 4 2 2 . 3 2  0 0 1 . 0 0 0 0 0 0 2 1 . 1 2 0 6
2 0 . 0  999 421 . 2  (i 9 o . 9 9 7 3 6 9 2 9 . 7 4 8 4
1 9 . 0  94.9 4 2 0 . 9 5 7 b . 9 9 6 7 7 4 3 0 . 8 4 4 2
1 7 . 0 8 4 9 4 2 0 . 3 7 9 5 . 9 9 5 4 0 5 3 3.  3790



SAMPLE 92D 12/12/69 I s = 14, microamps P.

R(T) H = 0 Rmax = 4 2 2 .5 8 6  ohms

LOWER PORTION OF TRANSITION 

(PART 1)

thfrmqm. r SAMPLh « Sampr/ R m TLMP.
9 8 . 8 6 1 4 3 2 3 . 7 5 1 ? . 7 6 6 1 2 0 1 1 . 5 8 6 9
9 8 . 8 9 2 5 3 2 1 . 7 4 0 8 . 7 6 1 3 6 ? 11 . 5 8 5 3
9 8 . 8 9 6 5 3 2 1 . 7 4 0 8 . 7 6 1 3 6 ? 1 1 . 5 8 5 0
9 8 . 9 7 5 9 3 1 6 . 7 1 3 6 . 7 4 9 4 6 5 11 .58Q9
9 9 . 0 5 ? 3 3 1 1 . 6 8 6 4 . 7 3 7 5 6 9 1 1 . 5 7 6 9
9 9 . 1 ?77 3 0 6 , 6 5 9 ? . 7 2 5 6 7 3 1 1 . 5 7 2 9
9 9 . 2 0 3 1 3 0 1 . 6 3 2 0 . 7 1 3 7 7 7 1 1 .569[)
9 9 . 2 0  1.0 30 1 . 6 3 2 0 . 7 1 3 7 7 7 1 1 . 5 6 9 1
9 9 . 2  774 2 9 6 . 6 0 4 8 . 7 0 1 8 8 0 1 1 . 5 6 5 1
9 9 . 3 5 7 8 2 9 1 . 5 7 7 6 . 6 8 9 9 8 4 1 1 . 5 6 0 9
9 9 . 4 4 3 3 2 8 6 , 5 5 0 4 . 6 7 8 0 8 8 1 1 . 5 5 6 4
9 9 . 5 3 5 7 2 8 1 . 5 2 3 2 . 6 6 6 1 9 1 1 1 . 5 5 1 6
9 9 . 6 3 4 2 2 7 6 . 4 9 6 0 . 6 5 4 2 9 5 1 1 . 5 4 6 5
9 9 . 7 3 8 7 2 7 1 , 4 6 8 8 . 6 4 2 3 9 9 1 1 . 5 4 1 1
9 9 , 6 4 6 3 2 6 6 . 4 4 1 b . 6 3 0 5 0 3 1 1 . 5 3 5 5
9 9 . 9 5 7 8 2 6 1 . 4 1 4 4 . 6 1 8 6 0 6 1 1 . 5 2 9 7

1 0 0 . 0 ^ 8 4 . 2 5 6 . 3 6 7 2 . 6 0 6 7 1 0 1 1 . 5 2 4 0
1 0 0 . 1 8 1 9 2 5 1 . 3 6 0 0 . 5 9 4 8 1 4 1 1 . 5 1 8 ?
1 0 0 . 2 9 7 5 2 4 6 . 3 3 2 8 , 5 8 ? 9 1 8 1 1 . 5 1 2 3
1 0 0 . 4 1 8 1 2 4 1 . 3 0 5 6 . 5 7 1 0 2 1 1 1 . 5 0 6 1
1 0 0 . 5 4 5 7 2 3 6 . 2 7 8 4 . 5 5 9 1 2 5 1 1 . 4 9 9 5
1 0 0 . 6 7 5 4 2 3 1 . 2 5 1 ? . 5 4 7 2 2 9 1 1 . 4 ^ 2 9
100.HQ80 2 2 6 . 2 2 4 0 . 5 3 5 3 3 ? 1 1 . 4 6 6 ?
10 0 . 9 4 0 7 2 2 1 . 1 9 6 8 . 5 2 3 4 3 6 1 1 . 4 7 9 4
1n 1 . 0 7 3 4 2 1 6 . 1 6 9 6 . 5 1 154(. 1 1 . 4 7 2 7
1 0 1 • ?  0 8 0 2 1 1 . 1 4 2 4 . 4 9 9 6 4 4 1 1 . 4 6 5 9
1 0 1 . 3 4 4 7 2 0 6 . 1 1 5 2 . 4 8 7 7 4 7 1 1 . 4 5 9 0
1 0 1 . 4 8 3 4 2 0 1 . 0 8 8 0 . 4 7 5 8 5 1 1 1 . 4 5 2 0
1 0 1 . 6 2 3 1 1 9 6 . 0 6 0 6 . 4 6 3 9 5 5 1 1 . 4 4 5 0
1 01 . 7 6 6 8 1 9 1 . 0 3 3 6 . 4 5 2 0 5 9 11 . 4 3 7 8
1 0 1 . 9 1 2 5 1 8 6 . 0 0 6 4 • 4 4 0 1 6 ? 1 1 . 4 3 0 5
1 0 2 . 0 6 0 3 1 8 0 . 9 7 9 2 . 4 2 8 2 6 6 1 1 . 4 2 3 1
1 0 2 . 2 1 0 0 1 7 5 . 9 5 2 0 , 4 1 6 3 7 0 1 1 . 4 1 5 7



SAMPLE 92D 12/12/69 I g = 14 microamps P.P.

R(T) H = 0 . R = 422.586max

LOWER PORTION OF TRANSITION 

(PART 2)

THERMOM.R SAMPLE R SAMPR/RM TEMP.
1 0 2 . 3 5 9 7 1 7 0 . 9 2 4 8 . 4 0 4 4 7 3 1 1 . 4 0 8 3
1 0 2 * 5 0 8 5 1 6 5 . 8 9 7 6 • 3 9 2 5 7 7 1 1 . 4 0 0 9
1 0 2 * 6 5 5 2 1 6 0 . 8 7 0 4 . 3 8 q681 1 1 . 3 9 3 7
10 2* 79 89 1 5 5 . 8 4 3 ? . 3 6 8 7 8 5 1 1 . 3 6 6 6
1 0 2 . 9 3 7 6 1 5 0 . 8 1 6 0 . 3 5 6 8 8 8 1 1 . 3 7 9 6
1 0 3 *0723 1 4 5 . 7 6 8 8 . 3 4 4 9 9 2 1 1 . 3 7 3 2
1 0 3 . 2 0 0 9 1 4 0 . 7 6 1 6 • 3 3 3 0 9 6 1 1 . 3 6 6 9
1 0 3 . 3 2 4 5 1 3 5 . 7 3 4 4 . 3 2 1 1 9 9 1 1 . 3 * 0 9
1 0 3 . 4 4 4 1 1 3 0 . 7 0 7 2 . 3 0 9 3 0 3 1 1 . 3 5 5 0
1 0 3 . 5 5 9 7 1 2 5 . 6 8 0 0 . 2 9 7 4 0 7 1 1 . 3 * 9 4
1 0 3 . 5 5 9 7 1 2 5 . 7 3 5 3 . 2 9 7 5 3 8 1 1 . 3 4 9 4
1 0 3 . 5 6 0 7 1 2 5 . 6 7 5 0 , 2 9 7 3 9 5 1 1 . 3 4 9 4
10 3* 6 73 3 1 2 0 . 6 4 8 0 . 2 8 5 4 9 9 1 1 . 3 4 3 9
1 0 3 . 7 8 2 8 1 1 5 . 6 2 1 0 , 2 7 3 6 n 3 1 1 . 3 3 8 6
1 0 3 . 8 9 0 4 1 1 0 . 5 9 4 0 . 2 6 1 7 0 8 1 1 . 3 3 3 4
1 0 3 . 9 9 6 9 1 0 5 . 5 6 7 0 . 2 4 9 8 1 2 1 1 . 3 2 8 3
1 0 4 . 1 0 2 4 1 0 0 . 5 4 0 0 . 2 3 7 9 1 6 1 1 . 3 2 3 2
1 0 4 . 2 0 6 9 9 5 . 5 1 3 0 . 2 2 6 0 2 0 U . 3 1 8 2
1 0 4 . 3 1 2 5 9 0 . 4 8 6 0 . 2 1 4 1 2 4 1 1 . 3 ) 3 1
1 0 4 . 4 2 1 0 6 5 . 4 5 9 0 . 2 0 2 2 2 9 1 1 . 3 0 7 9
1 0 4 . 5 3 3 5 8 0 . 4 3 2 0 . 1 9 0 3 3 3 1 1 . 3 0 2 5
1 0 4 . 6 5 4 1 7 5 . 4 0 5 0 . 1 7 8 4 3 7 1 1 . 2 9 6 8
1 0 4 . 7 8 7 8 7 0 . 3 7 8 0 . 1 6 6 5 4 1 1 1 . 2 9 0 4
1 0 4 . 9 3 5 5 6 5 . 3 5 1 0 • 1 5 4 6 4 5 1 1 . 2 8 3 4
1 0 4 . 9 4 0 6 6 5 . 3 5 1 0 *154645 1 1 . 2 8 3 1
1 0 4 . 9 4 0 6 6 5 . 4 9 0 8 . 1 5 4 9 7 6 1 1 . 2 8 3 1
1 0 4 . 9 4 4 6 6 5 . 3 6 0 1 . 1 5 4 6 6 7 1 1 . 2 8 3 0
1 0 5 . 1 0 4 4 6 0 . 3 3 2 4 . 1 4 2 7 7 0 1 1 . 2 7 5 4
1 0 5 . 2 7 6 2 5 5 . 3 0 4 7 . 1 3 0 8 7 ? 1 1 . 2 6 7 3
1 0 5 . 4 6 0 2 5 0 . 2 7 7 0 . 1 1 8 9 7 5 1 1 . 2 5 6 6
1 0 5 . 6 6 1 2 4 5 . 2 4 9 3 . 1 0 7 0 7 7 1 1 . 2 4 9 1
1 0 5 . 8 8 2 3 4 0 . 2 2 1 6 . 0 9 5 1 8 0 1 1 . 2 3 8 8
1 0 6 * 1 1 9 4 3 5 . 1 9 3 9 . 0 8 3 2 8 2 1 1 . 2 2 7 7
1 0 6 . 3 7 1 7 3 0 . 1 6 6 2 *071385 1 1 . 2 1 6 0
1 0 6 , 6 4 0 0 2 5 . 1 3 8 5 . 0 5 9 4 8 7 1 1 . 2 0 3 6
1 0 6 . 9 3 2 5 2 0 . 1 1 0 8 . 0 4 7 5 9 0 1 1 . 1 9 0 1



SAMPLE 92D 12/12/69

R(T) H = 0

LOWER PORTION OF TRANSITION 

(PART 3)

I = 14 microamps P.P.

R = 422.586 max

ERMOM.R SAMPLE R SAMPR/RM TEMP.
0 6 . 9 3 2 5 2 0 . 1 4 2 6 . 0 4 7 6 6 6 1 1 . 1 9 0 1
Ob. 9335 2 0 . 1 2 2 7 . 0 4 7 6 1 8 1 1 . 1 9 0 1
0 7 . 2 6 8 1 1 5 . 0 9 2 0 . 0 3 5 7 1 3 1 1 . 1 7 4 7
0 7 . 6 9 0 2 1 0 , 0 6 1 4 . 0 2 3 8 0 9 1 1 . 1 5 5 5
0 7 . 6 9 0 2 1 0 . 0 6 7 4 , 0 2 3 8 2 3 1 1 . 1 5 5 5
0 7 . 6 9 0 2 1 0 . 0 7 1 5 . 0 2 3 6 3 3 1 1 . 1 5 5 5
0 7 . 9 8 2 7 7 . 5 5 3 6 . 0 1 7 8 7 5 1 1 . 1 4 2 3
0 6 . 2 8 7 2 5 . 5 3 9 3 . 0 1 3 1 0 8 1 1 . 1 2 8 5
0 6 . 5 7 1 6 4 . 0?86 . 0 0 9 5 3 3 1 1 . 1 1 5 6
0 8 . 6 0 3 6 3 . 0 2 1 5 . 0 0 7 1 5 0 1 1 . 1 0 5 4
0 8 . 9 4 3 5 2 . 5 1 7 9 . 0 0 5 9 5 8 1 1 . 0 9 9 2
0 9 . 1 1 3 3 2 . 0 1 4 3 *004767 1 1 . 0 9 1 6
0 9 . 2 1 6 8 1 . 7 6 2 5 . 0 0 4 1 7 1 1 1 . 0 6 7 0
0 9 . 3 3 5 4 1 . 5 1 0 7 • 0 0 3 5 7 5 1 1 . 0 8 1 8
0 9 . 4 8 5 2 1 . 2 5 8 9 . 0 0 2 9 7 9 1 1 . 0 7 5 2
0 9 . 6 9 4 2 1 . 00 71 . 0 0 2 3 6 3 1 1 . 0 6 5 9
0 9 . 6 9 4 2 1 . 0 0 7 1 . 0 0 2 3 8 3 1 1 . 0 6 5 9
0 9 . 7 1 7 1 1 . 0 0 7 1 • 0 0 2 3 8 3 11 . 0 6 4 9
0 9 . 6 6 8 4 1 . 0 5 7 5 . 0 0 2 5 0 2 1 1 . 0 6 7 1
10*0311 . 7 5 5 4 • 0 0 1 7 8 7 1 1 . 0 5 1 2
1 0 . 3 9 2 8 . 5 5 3 9 . 0 0 1 3 1 1 1 1 . 0 3 5 4
1 0 . 7 2 1 9 , 4 0 2 9 . 0 0 0 9 5 3 1 1 . 0 2 1 1
1 0 . 9 7 1 8 . 3021 . 0 0 0 7 1 5 1 1 . 0 1 0 3
1 ] . 3 2 3 5 . 2 0 1 4 • 0 0 0 4 7 7 1 0 . 9 9 5 1
1 1 . 6 6 6 3 . 15 1 1 . 0 0 0 3 5 7 1 0 . 9 6 0 5
1 2 . 7 3 1 4 . 1 0 0 7 . 0 0 0 2 3 8 1 0 . 9 3 6 5
1 4 . 1 1 2 9 . 0 7 5 5 . 0 0 0 1 7 9 1 0 . 8 7 9 ]
1 5 . 6 4 7 7 . 0 5 5 4 . 0 0 0 1 3 1 1 0 . 8 1 6 7
1 7 . 0  443 . 0 4 0 3 . 0 0 0 0 9 5 1 0 . 7 6 1 1
1 7 . 7 4 7 6 . 0 3 0 2 . 0 0 0 0 7 1 1 0 . 7 3 3 5
1 8 . 3 5 0 5 , 0 20 1 . 0 0 0 0 4 8 1 0 . 7 1 0 1
1 9 . 0 1 8 7 . 01 0 1 . 0 0 0 0 2 4 10>683
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SAMPLE 92A 12/28/69 I g = 12 microamps P.P.

r (T) H = 0 R = 325 .863  ohmsx '  max

UPPER PART OF RESISTIVE TRANSITION

THERMOS.R SAMPLE W SAMPR/RM TEMP.
1 2 5 . 4 8 6 6 2 5 1 . 3 6 0 0 . 7 7 1 3 6 7 1 0 . 4 4 6 5
1 2 5 . 2 7 3 3 2 5 6 . 3 8 7 2 . 7 8 6 7 9 4 1 0 . 4 5 4 1
1 2 5 . 0 2 9 6 2 6 1 . 4 1 4 4 . 8 0 2 2 2 2 1 0 . 4 6 2 7
1 2 4 . 7 5 8 3 2 6 6 . 4 4 1 6 . 8 1 7 6 4 9 1 0 . 4 7 2 3
1 2 4 . 4 3 1 8 2 7 1 . 4 6 9 8 . 8 3 3 0 7 6 1 0 . 4 8 4 0
1 2 4 . 0 5 2 5 2 7 6 . 4 9 6 0 . 8 4 8 5 0 4 1 0 . 4 9 7 5
1 2 3 . 5 9 7 6 2 8 1 . 5 2 3 2 . 8 6 3 9 3 1 1 0 . 5 1 3 9
1 2 3 . 0  101 2 8 6 . 4 2 4 7 . 8 7 8 9 7 3 1 0 . 5 3 5 2
1 2 2 . 4 4 7 4 29 0 . 2 9 5 7 . 8 9 o 8 5 2 1 0 . 5 5 5 7
121 .627(1 2 9 3 . 7 8 9 6 • 9 0 1 5 7 4 1 9 . 5 7 8 6
1 2 1 . 1 9 9  0 2 9 6 . 6 5 5 1 . 9 1 0 3 6 7 1 0 . 6 0 1 9
1 2 0 . 5 7 1 0 , 2 9 9 . 0 6 8 1 . 9 1 7 7 7 3 1 0 . 6 ? 5 4
1 1 9 . 8 1 7 4 3 0 1 , 2 8 0 1 . 9 2 4 5 6 1 1 0 , 6 5 3 8
1 1 8 . 8 1 2 7 3 0 3 . 8 9 4 2 . 9 3 2 5 8 3 1 0 . 6 9 2 2
1 1 7 . 5 5 6 7 3 o6 . 2 5 7 o . 9 3 9 8 3 4 1 0 . 7 4 1 0
1 1 6 . 0 4 9 6 3 0 8 . 5 1 9 3 . 9 4 6 7 7 6 1 0 . 8 0 0 6
1 1 3 . 7 8 9 9 3 1 1 , 0 3 2 9 . 9 5 4 4 9 0 1 0 . 6 9 2 5
1 1 n . 5 2 3 4 3 1 3 . 6 9 7 3 , 9 6 2 6 6 6 1 1 . 0 2 9 7
1 0 5 . 4 9 9 6 3 1 6 . 4 1 2 0 . 9 7 0 9 9 7 1 1 . 2 5 6 7

9 6 . 9 5 9 2 3 1 9 , 4 2 8 3 . 9 8 0 2 5 3 1 1 , 6 8 8 7
8 4 . 3 2 4 3 3 2 2 . 0 9 2 7 . 9 8 8 4 3 0 1 2 . 4 6 7 7
6 2 . 8 1 2 2 3 2 4 . 6 5 6 6 . 9 9 6 2 9 8 1 4 , 4 4 4 4
3 9 . 2 9 5 3 3 2 5 . 8 6 3 1 1 . o o o o n o 1 6 . 9 4 1 7
2 8 . 1 0 9 1 3 2 5 . 2 6 9 8 . 9 9 8 1 4 9 2 3 . 5 8 1 6
2 0 . 1 6 4 1 3 2 4 , 1 0 3 6 . 9 9 4 6 0 1 2 9 , 6 8 1 7
18 . 449® 3 2 3 . 3 9 9 8 . 9 9 2 4 4 1 3 1 . 6 0 3 3
1 3 . 6  79 2 3 2 0 . 5 8 4 6 . 9 8 3 8 0 2 3 9 . 2 2 0 5
1 1 . 2 8 1 8 3 1 8 , 3 2 2 3 . 9 7 6 8 5 9 4 5 , 2 8 0 4

8 . 7 2 5 1 3 1 6 . 0 6 0 1 . 9 6 9 9 1 7 5 0 . 8 4 7 2
6 . 7 9 5 0 3 1 4 . 2 0 0 0 . 9 6 4 2 0 9 5 5 . 1 6 2 0
7 . 9 4 5 8 3 1 1 . 9 3 7 8 . 9 5 7 2 6 7 6 0 . 0 8 7 4
7 . 2 5 8 4 3 0 9 . 7 2 5 8 . 9 5 0 4 7 9 6 5 . 0 8 4 3
6 . 6 4 1 7 3 0 7 . 0 1  11 . 9 4 2 1 4 8 7 0 . 6 9 7 7
6 . 1 1 5 1 3 0 3 . 6 4 2 9 . 9 3 1 8 ] 1 7 6 . 7 2 2 6
5 . 4 2 8 6 2 9 9 . 4 7 0 3 . 9 1 9 0 0 7 8 7 . 1 8 9 1



SAMPLE 92A 12/24/69 I = 12 microamps P.

R(T) H = 0 Rmax = 325 .8 63  ohms

MIDDLE OF RESISTIVE TRANSITION

THEHMOM.R sample  r S A M p R / R M TLMP.
1 2 3 • 7 7 9 ? 2 7 9 . 1 0  01 . 8 5 6 4 9 5 1 0 . 5 0 7 4
1 2 4 . n l 5 6 2 7 6 . 4 9 b 0 . 8 4 8 5 0 4 1 0 . 4 9 8 9
1 ? 4 . 4 0 4 4 2 7 1 . 4 6 8 6 . 8 3 3 0 7 6 1 0 . 4 B 49
) 2 4 . 7 3 4 0 266.441e> . 8 1 7 6 4 9 1 0 . 4 7 3 2
1 2 5 . 0 1 5 6 2 6 1 . 4 1 4 4 . 8 0 2 2 2 2 1 0 . 4 6 3 2
1 2 5 . 2 6 7 ? 2 5 6 . 3 8 7 ? . 7 8 6 7 9 4 1 0 . 4 5 4 3
1 2 5 . 4 7 4 7 2 5 1 . 3 6 0 0 . 7 7 1 3 6 7 1 0 . 4 4 7 0
1 2 5 . 6 8 0 2 2 4 6 . 3 3 2 6 . 7 5 5 9 4 0 1 0 . 4 3 9 7
1 2 5 . 8 5 9 3 2 4 1 . 3 0 5 6 , 7 4 0 5 1 2 1 0 . 4 3 3 5
1 2 6 . 0 2 3 1 2 3 6 . 2 7 8 4 . 7 2 5 0 8 5 1 0 . 4 2 7 7
1 2 6 . 1 7 4 3 2 3 1 . 2 5 1 2 . 7 0 9 6 5 8 1 0 . 4 2 2 4
1 2 6 . 3 1 3 2 2 2 6 . 2 2 4 0 , 6 9 4 2 3 0 1 0 . 4 ] 7 6
1 2 6 . 4 4 4 3 221 . 1 9 6 8 . 6 7 8 8 0 3 1 0 . 4 1 3 0
1 2 6 . 5 6 7 4 2 1 6 . 1 69b • 6 6 3 3 7 6 1 0 . 4  0 87
1 2 6 . 6 8 3 5 2 1 1 . 1 4 2 4 . 6 4 7 9 4 8 1 0 . 4 0 4 7
1 2 6 . 7 9 4 0 2 0 6 . 1 1 5 ? . 6 3 2 5 2 1 1 0 , 4 0 0 9
1 2 6 . 6 9 7 7 20 1 .088ij . 6 1 7 0 9 4 1 0 . 3 9 7 3
1 2 6 . 9 9 7 4 1 9 6 . 0 6 0 8 . 6 0 1 6 6 6 1 0 . 3 9 3 8
1 2 7 . n 9 2 4 1 9 1 . 0 3 3 6 . 5 8 6 2 3 9 1 0 . 3 9 0  6
1 2 7 . 1 8 4 1 1 8 6 . 0  0 64 . 5 7 0 8 1 2 1 0 . 3 8 7 4
1 2 7 . 2 7 2 0 1 8 0 . 9 7 9 2 . 5 5 5 3 8 4 1 0 , 3 8 4 4
1 2 7 . 3 5 7 6 1 7 5 . 9 5 2 0 . 5 3 9 9 5 7 .10 i 381 4
1 2 7 . 4 4 1 0 1 7 0 . 9 2 4 8 . 5 2 4 5 3 0 1 0 . 3 7 8 6
1 2 7 . 5 2 1 4 1 6 5 . 8 9 7 6 . 5 0 9 1 0 2 1 0 . 3  758
1 2 7 . 6 0 1 6 1 6 0 . 8 7  04 . 4 9 3 6 7 5 1 0 . 3 7 3 0
1 2 7 . 6 7 9 4 1 5 5 . 8 4 3 ? . 4 7 8 2 4 8 1 0 . 3 7 0 4
1 2 7 . 7 5 7 0 1 5 0 . 8 1 6 0 . 4 6 2 8 2 0 1 0 . 3 6 7 7
1 2 7 . 8 3 4 2 1 4 5 . 7 8 8 8 . 4 4 7 3 9 3 ] 0 . 3 6 5 1
1 2 7 . 9 1 2 5 1 4 0 . 7 6 1 6 . 4 3 1 9 6 6 1 0 . 3 6 2 4
1 2 7 . 9 9 1 1 1 3 5 . 7 3 4 4 . 4 1 6 5 3 8 1 0 . 3 5 9 7
1 2 8 . 0 7 2 0 1 3 0 , 7 0  72 . 4 0 1 1 1 1 1 0 . 3 5 7 0
1 ? 6 . 1574 1 2 5 . 6 8 0 0 . 3 8 5 6 8 4 1 0 . 3 5 4 1
1 2 8 . 2 4 5 6 1 2 0 . 6 5 2 ? . 3 7 0 2 5 6 1 0 . 3 5 1 1
1 2 6 . 3 4 0 8 1 1 5 . 6 2 5 6 . 3 5 4 8 2 9 1 0 . 3 4 7 8
1 2 8 . 4 4 0 8 1 1 0 . 5 9 8 4 .3394.J2 1 0 . 3 4 4 4
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SAMPLE 92A 2 / 2 8 /7 0  I g = 0 .5x l0_ ,A  t o  20 ohms
I s = 1 xlO A to  7 .5  ohms

R(T) H = 0 I s = 5. x lO'^A t o  0 . 0 2  ohms
I  = 5 0  x10"6A to 1 m i l l t

R = 325 .863  ohms ohmmax

LOWER PART OF RESISTIVE TRANSITION 

(PART 1)

THfRMOM, R sample r SAMPR/RM TEMP.
1 P 7 . 8 0 6 5 1 5 0 . 8 1 6 0 . 4 6 2 8 2 0 1 0 . 3 6 6 0
1 2 7 . 8 1 0 3 1 5 0 . 6 1 60 . 4 6 2 8 2 0 1 0 . 3 6 5 9
1 2 7 . 8 1 1 0 1 5 0 . 8 .1.6 n . 4 6 2 8 2 0 1 0 . 3 6 5 9
1 2 8 . 3 0 2 6 1 2 0 , 6 5 2 8 . 3 7 0 2 5 6 1 0 . 3 4 9 1
1 2 8 . 3 9 9 3 1 1 5 . 6 2 5 6 . 3 5 4 8 2 9 1 0 . 3 4 5 8
1 2 8 . 5 0 1 1 1 1 0 . 5 9 8 4 . 3 3 9 4 0 2 1 0 . 3 4 2 4
1 2 8 . 5 0 8 3 1 1 0 . 6 0 9 4 . 3 3 9 4 3 5 1 0 . 3 4 2 1
1 2 8 . 6 1 9 1 1 0 5 , 5 6 1 7 . 3 2 4 0 0 6 1 0 . 3 3 8 4
1 2 8 . 7 3 7 2 10 0 , 5 5 4 0 . 3 0 8 5 7 8 1 0 . 3 3 4 4
1 2 6 . 7 3 2 2 1 0 0 , 5 5 4 0 . 3 0 8 5 7 8 1 0 . 3 3 4 6
1 2 8 . 8 5 7 8 9 5 . 5 2 6 3 . 2 9 3 1 4 9 1 0 . 3 3 0 3
1 2 8 . 9 8 9 4 9 0 . 4 9 8 6 . 2 7 7 7 2 0 1 0 . 3 2 5 9
1 2 8 . 9 9 8 4 9 0 . 4 9 9 6 . 2 7 7 7 2 0 1 0 . 3 2 5 6
1 2 9 . 0  813 8 5 . 4 7 0 9 . 2 6 2 2 9 1 1 0 . 3 2 2 8
1 2 9 . 2 2 4 5 8 0 . 4 4 3 2 . 2 4 6 8 6 2 1 0 . 3 1 8 0
1 2 9 . 3 6 7 7 7 5 . 4 1 5b . 2 3 1 4 3 3 1 0 . 3 1 3 2
1 2 9 , 5 2 0 9 7 0 . 3 6 7 8 . 2 1 6 0 0 4 1 0 . 3 0 8 0
1 2 9 . 6 7 9 1 6 5 . 3 6 0 1 . 2 0 0 5 7 5 1 0 . 3 0 2 7
1 2 9 . 6 5 2 5 6 0 . 3 3 2 4 . 1 8 5 1 4 7 1 0 . 2 9 6 9
1 3 0 . 0 3 0 6 5 5 . 3 0 4  7 . 1 6 9 7 1 8 1 0 . 2 9 10
1 3 0 . 2 2 1 7 5 0 . 2 7 7 0 . 1 5 4 2 8 9 1 0 . 2 8 4 7
1 3 0 . 4 3 2 7 4 5 . 2 4 9 3 . 1 3 8 8 6 0 1 0 . 2 7 7 7
130*6 93 7 4 0 . 2 2 1 6 . 1 2 3 4 3 1 10 . 2 . 707
13 n . 8 6 2 2 3 5 . 1 9 3 9 . 1 0 8 0 0 ? 1 0 . 2 ^ 3 5
1 3 1 . 0 9 3 3 3 0 . 1 6 6 2 . 0 9 2 5 7 3 1 0 . 2 5 5 9
1 3 1 . 3 2 9 5 2 5 . 1 3 8 5 . 0 7 7 1 4 4 1 0 . 2 4 8 1
1 3 1 . 5 8 5 7 2 0 . 1 1 0 6 • 0 6 l 7 l 6 1 0 . 2 3 9 8
1 3 1 . 5 8 9 4 2 0 . 1 1 0 6 . 0 6 1 7 1 6 1 0 . 2 3 9 6
1 3 1 . 56 81 2 0 . 1 2 2 7 . 0 6 1 7 5 ? 1 0 . 2 4 0 3
1 3 1 . 7 4 3 9 17 , 1 0 4 3 . 0 5 2 4 8 9 1 0 . 2 3 4 6
1 3 1 . 9 3 4 8 1 4 , 0 6 5 9 . 0 4 3 2 2 6 1 0 . 2 2 8 4
1 3 2 . 0 7 5 5 1 2 . 0 7 3 6 . 0 3 7 0 5 1 1 0 . 2 2 3 8
1 3 2 . 2 3 1 2 1 0 . 0 6 1 4 . 0 3 0 8 7 6 1 0 . 2 1 8 8  "
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SAMPLE 92A 2 / 2 8 / 7 0  I g = L x l O ' ^ A  to  7.5ohms
I  = 5..xlO™ A to  0.02ohms 

R(T) H = 0 I  = 5 0 . x10~6A t o  1 m i l l i -
S ohm

Rmax = 325 .863  ohms

LOWER PART OF RESISTIVE TRANSITION 

(PART 2)

THERMOM.R SAMPLE R

1 3 P . ? 2 6 2 1 0 . 1 7 2 2
1 3 2 . 4 5 7 3 7 . 5 5 3 6
13 P . 7 0 6 0 5 . 5 3 9 3
1 3 ? • 9 5 9 7 4 . 0 2 8 6
1 3 3 . 2 1 0 9 3 . 0 2 1 5
1 3 3 . 3 9 6 7 2 . 5 ) 7 9
1 3 3 * 6 4 5 4 2 . 0 1 4 3
1 3 3 * 7 9 ) i 1 . 7 6 2 5
)3  3 . 9 9 9 6 1 . 5 1 o 7
1 3 4 . 2 4 5 8 1 . 2 5 8 9
1 3 4 . 5 0 2 0 1 . 0 0 7 1
1 3 4 . 7 7 8 3 . 7 6 5 4
1 3 5 . 0 2 1 9 . 5 5 3 9
1 3 5 . 2 6 3 1 . 4 0 2 9
1 3 5 . 4 9 9 2 . 3 0 2 1
1 3 5 . 7 0 0 2 . 2 5 1 8
1 3 5 . 9 4 3 8 . 2 0 1 4
1 3 6 . 1 2 4 7 . 1 7 6 3
1 3 6 . 3  080 . 1 61 1
1 3 6 . 5 8 4 3 . 1 2 5 9
1 3 6 . 9 9 1 3 . 1 0 0 7
1 3 7 . 4 9 1 ) . 0 7 5 5
13 B. 0 0 3 6 • 0554
1 3 8 . 3 0 5 0 . 0 4 0 3
1 3 6 . 8 9 5 3 . 0 20 1
1 3 9 . 1 2 1 4 . 0 ) 0 1
1 3 9 . 1 2 1 4 . 0 )  11
1 3 9 . 3 8 5 1 . 0  055
1 3 9 . 5 1 0 7 . 0 0 3 0
1 3 9 . 5 9 3 6 . ooio

SAMPR/RM TEMP.
• 0 3 1216 1 0 . 2 1 8 9
• 0 2 3 1 8 0 1 0 . 2 ) 1 5
• 0 1 6 9 9 9 1 0 . 2 0 3 4
• 0 1 2 3 6 3 1 0 . 1 9 5 3
• 0 0 9 2 7 2 1 0 . 1 8 7 2
. 0 0 7 7 2 7 1 0 . 1 6 1 3
•00 6 1 6 1 1 0 . 1 7 3 4
• 0054f)9 10* 1.687
• 004636 1 0 . 1 6 2 1
. 0 0 3 8 6 3 1 0 . 1 5 4 3
. 0 0 3 0 9 1 1 0 . 1 4 6 2
• 0 0 2 3 1 8 1 0 . 1 3 7 5
• 0 0 1 7 0 0 1 0 . 1 2 9 9
. 0 0 1 2 3 6 1 0 . 1 2 2 4
. 0 0 0 9 2 7 1 0 . 1 1 5 0
. 0 0 0 7 7 3 1 0 . 1 0 8 7
. 0 0 0 6 1 8 1 0 . 1 0 1 2
. 0 0 0 5 4 ] 1 0 . 0 9 5 6
. 0 0 0 4 6 4 1 0 . 0 6 9 9
. 0 0 0 3 8 6 10.061.4
. 0 0 0 3 0 9 1 0 . 0  669
. 0 0 0 2 3 2 1 0 . 0 5 3 7
• 0 0 0 1 7 0 1 0 . 0 3 8 1
. 0 0 0 1 2 4 ) 0 . 0 2 9 0
. 0 0 0 0 6 2 1 0 . 0 ) 1 3
. 0 0 0 0 3 1 1 0 . 0 0 4 5
• 0 0 0 0 3 4 1 U . 0 0 4 5
. 0 0 0 0 ) 7 9 . 9 9 6 6
. 0 0 0 0 0 9 9 , 9 9 2 9
. 0 0 0 0 0 3 9 . 9 9 0 4



SAMPLE 92DX 5 / 2 3 /7 0  I g = 2, microamps P .P

R(T) H = 0 Rmax = 339 .0 81  ohms

FULL TRANSITION UP TO RESISTANCE MAXIMUM (PART 1)

THERMOM.R SAMPLE 9 sampr / rm TEMP,
3 3 . 7 2 5 9 3 3 8 . 9 5 9 ] . 9 9 9 6 4 0 2 V . 8901
3 3 . 8 0 6 3 3 3 9 . 0 0 9 4 . 9 9 9 7 6 9 2 0 . 8 5 7 6
3 3 . B 7 1 7 3 3 9 , 0 5 9 6 . 9 9 9 9 3 7 2 0 . 8 3 1 3
3 4 . 0  175 3 3 8 . 8 ( i 8 3 . 9 9 9 1 9 6 2 0 . 7 7 3 1
8 4 . 1 1 8 1 3 3 1 . 7 7 0 2 . 9 7 8 4 3 9 1 2 . 4 8 2 ]
9 1 . 3 3 3 9 3 2 6 . 7 4 3 0 . 9 6 3 6 1 3 1 2 . 0 ) 1 7
9 4 . 5 7 4 0 3 2 1 . 7 1 5 8 . 9 4 8 7 8 7 1.1 . 8 2 1 5
9 6 , 2 5 8 4 3 ] 6 . 6 8 8 6 . 9 3 3 9 6 2 11 . 72 7 1
9 7 . 1  f)16 31 1 . 6 6 1 4 . 9 1 9 1 3 6 1 1 . 6 8 1 0
9 7 . 6 1 6 2 3 0 6 , 6 3 4 2 . 9 0 4 3 1 0 11 . 6 5 3 2
9 7 . 9 3 3 7 301 . 6 f> 7 o , 8 8 9 4 8 4 1 1 . 6 3 6 1
9 8 . 1 9 3 0 2 9 6 . 5 7 9 8 . 8 7 4 6 5 6 1 1 . 6 2 2 3
9 8 . 4 0 9 1 2 9 1 . 5 5 2 6 . 8 5 9 8 3 2 1 1 . 6 1 0 8
9 8 . 6 ] 3 1 2 8 6 , 5 2 5 4 . 8 4 5 0 0 6 1 1 . 6 0 0 0
9 8 . 8 9 4 1 2 8 1 . 4 9 8 2 . 6 3 0 1 6 0 1 1 . 5 8 9 9
9 9 . 0 0 1 1 2 7 6 , 4 7 1  a . 8 1 5 3 5 4 1 1 . 5 7 9 6
9 9 . 2 0 1 0 2 7 1 . 4 4 3 8 . 6 0 0 5 2 6 1 1 . 5 6 9 1
9 9 . 2 7 7 4 2 6 9 . 5 8 3 7 . 7 9 5 0 4 2 1 1 . 5 6 5 1
9 9 . 4 0 5 1 2 6 6 . 4 1 6 6 . 7 8 5 7 0 2 1 1 . 5 5 8 4
9 9 . 6 2 6 2 2 6 1 . 3 6 9 4 . 7 7 0 8 7 6 1 1 . 5 4 6 9
9 9 . 8 5 6 3 2 5 6 . 3 6 2 2 . 7 5 6 0 5 0 11 . 5 3 5 0

1 0 0 . 0 8 7 5 2 5 1 . 3 3 5 0 . 7 4 1 2 2 4 1 1 . 5 2 3 1
.10 0 . 3196 2 4 6 . 3 o 78 . 7 2 6 3 9 8 1 1 . 5 1 1 1
1 0 0 . 5 5 4 8 241 . 2 8 0 6 • 7 1 1 5 7 2 1 1 . 4 9 9 1
1 0 0 . 7 9 7 0 2 3 6 . 2 5 3 4 . 6 9 6 7 4 6 1 1 . 4 8 6 7
1 0 1 . 0 5 1 2 231 . 2 2 6 2 . 6 8 1 9 2 0 1 1 . 4 7 3 8
101 . 3 1 8 6 2 2 6 , 1 9 9 0 . 6 6 7 0 9 4 1 1 . 4 6 0 3
1 0 1 . 5 9 5 9 2 2 1 . 1 7 1 8 . 6 5 2 2 6 8 1 1 . 4 4 6 4
1 0 1 . 8 8 0 4 2 1 6 . 1 4 4 6 . 6 3 7 4 4 2 1 1 . 4 3 2 1
102 .1 .728 2 1 1 . 1 1 7 4 . 6 2 2 6 1 6 U . 4 1 7 6
1 0 2 . 4 5 9 2 2 0 6 .  0 9 o 2 . 6 0 7 7 9 0 1 1 . 4 0 3 4
10 2 .74Q6 20 1 • 0 6 3 q . 5 9 2 9 6 5 1 1 . 1 6 9 5
1 0 3 . 007o 1 9 6 . 0 3 5 8 . 5 7 8 1 3 9 1 1 . 3 7 6 4
1 0 3 . 2 8 5 2 1 9 1 . 0 0 8 6 . 5 6 3 3 1 3 1 1 . 3 6 4 2
1 0 3 . 4 9 2 4 18 5 . 9 h14 • 5 4 8 4 h7 1 1 . 3 5 2 7
1 0 3 . 7 2 8 5 1 6 0 . 9 5 4 2 . 5 3 3 6 6 1 1 1 . 3 4 1 2
1 0 3 . 9 6 6 7 17 5 . 9 2 7 u . 5 1 8 8 3 5 1 1 . 3 2 9 7
1 0 4 . 2 0 5 9 1 7 0 . 8 9 9 8 . 5 0 4 0 0 9 1 1 . 3 1 8 2
1 0 4 . 4 5 3 2 1 6 5 • 866n . 4 8 9 1 6 3 1 1 . 3 0 6 4
1 0 4 . 7 0 4 4 1 6 0 . 8 3 9 0 . 4 7 4 3 3 8 11 . 2 9 4 4
1 0 4 . 9 5 9 7 1 5 5 . 8 1 2 ° . 4 5 9 5 1 3 1 1 . 2 6 2 2
1 0 5 . 2 1 2 9 15 0 , 7 8 5 n , 4 4 4 6 8 7 1 1 . 2 7 0 2
1 0 5 . 4 6 7 2 1 4 5 , 7 5 8 0 . 4 2 9 8 6 2 1 1 . 2 5 8 3
1 0 5 . 7 1 1 4 1 4 0 . 7 3 1 0 . 4 1 5 0 3 7 1 1 . 2 4 6 8
1 0 5 . 9 5 9 6 1 3 5 . 7 0 4 0 . 4 0 0 2 1 1 1 1 . 2 3 5 2



SAMPLE 92DX 5/23/70 I s = 2,. microamps P.P.

R(T) H = 0 R(nax = 339.081 ohms

FULL TRANSITION UP TO RESISTANCE MAXIMUM (PART 2)

IERMOM.R SAMPLE R
10 6 .1 = 5 9  a 1 3  0 . 6 7  7(i
1 0 6 . 4 4 7 1 1 2 5 . 6 5 0  0
1 0 6 . 7 1 3 4 1 2 0 . 6 2 3 0
1 0 6 . 8 7 1 2 1 1 5 . 5 9 6 0
1 0 7 . 0 6 8 ] 1 1 0 . 5 6 9 0
.10 7 . 2 5 2 1 1 q5 . 5 4  2 f'
3 0 7 . 4 3 7 , . 1 0 0  . 5 2 9 o
1 . 0 7 . 6 3 0 9 9 0 . 4 7 3 6
1 0 7 . 6 2 7 9 9 5 . 5 0 1 3
1 O P . 0 5 7 1 8 5 . 4 4 5 9
1 0 8 . 2 9 8 3 8 0 . 4 1 8 2
1 0 8 , 5 5 9 6 7 5 . 3 9 0 5
1 0 8 . 6 4 6 0 7 0 . 3 6 2 8
1 0 9 . 1 3 4 4 6 5 . 3 3 5 1
1 0 9 . 4 1 3 8 6 0  ,  3<i7 4
1 0 9 . 6 6 8 1 5 5 . 2 7 9 7
1 0 9 . 8 9 9 2 5 0 . 2 6 0 0
1 1 0 . 1 1 2 3 4 5 . 2 3 1 5
1 1 0 . 3 1 1 3 4 0 . 2 0 3 0
1 1 0 . 4 9 7 2 3 5 . 1 7 4 5
1 1 0 . 7 3 1 9 3 0 . 1 4 b o
1 1 0 . 9 7 6 8 ? 5 . 1  1 7 5
1 1 1 . 3 1 8 4 2 0 . 0 8 9 0
1 1 1 • S 0 81 ] 7 . 5 7 4 7
1 1 1 . 7 1 4 1 ] 5 . 0 6 0 5
1 1 1 . 8 3 1 3 1 2 . 5 4 6 2
1 1 2 . 1 5 8 7 1 0 . 0 4 6 5
11 p . 4 0 9 9 7 . 5 2 8 6
1 1 2 . 6 4 3 5 5 . 5 1 4 3
1 1 2 . 6 5 8 5 5 . 5 1 4 3
1 1 2 . 8 9 4 7 4 . 0 0 3 6
.11 3 * 1 2 0 7 2 . 9 9 6 4
1 1 3 . 2 9 1 5 2 . 4 9 2 9
1 1 3 . 5 5 5 3 1 . 9 8 9 3
.1 1 3 . 7  0 6  0 1 . 7 3 7 6
1 1 3 . 8 6 4 3 1 , 4 8 5 7
1 1 4 . 0 3 2 5 1 . 2 3 3 9
I 1 4 . 2 0 0 6 . 9 8 2 ]
1 1 4 . , 3 9 6 6 . 7 3 0 4
1 1 4 . 6 3 5 4 . 5 2 8 9
1 1 5 . 0 2 4 7 . 3 7 7 9
1 ] 7 . 6 6 4 7 . 2 7 7 1

SAMPR/RM TEMP.
. 3 8 5 3 8 6 1 1 . 2 2 4 0
. 3 7 0 5 6 0 11 . 2 1 2 5
. 3 5 5 7 3 5 1 1 . 2 0 0 2
. 3 4 0 9 1 0 1 1 . 1 9 2 9
. 3 2 6 0 8 4 1 1 . 1 8 3 9
. 3 1 1 2 5 9 1 1 . 1 7 5 5
. 2 9 6 4 7 5 1 1 . 1 6 7 0
. 2 6 6 8 2 0 1 1 . 1 4 9 ]
. 2 8 1 6 4 7 1 1 . 1 5 8 3
. 2 5 1 9 9 3 1 1 . 1 3 8 9
. 2 3 7 1 6 5 1 1 . 1 2 8 0
. 2 2 2 3 3 8 1 1 . 1 1 6 3
. 2 0 7 5 1 0 1 1 . 1 0 3 5
. 1 9 2 6 8 3 1 1 . 0 9 0 7
. 1 7 7 8 5 5 1 1 . 0 7 8 3
. 1 6 3 0 2 8 1 1 . 0 6 7 1
. 1 4 8 2 2 4 1 1 . 0 5 6 9
. 1 3 3 3 9 4 1 1 . 0 4 7 6
. 1 1 8 5 6 5 1 1 . 0 3 8 9
. 1 0 3 7 3 5 1 1 . 0 3 0 8
. ()889')5 1 1 . 0 2 0 7
• 0740 75 1 1 . 0 ) 0 1
. 0 5 9 2 4 5 1 0 . 9 9 5 4
• 0 51 83 1 1 0 . 9 8 7 2
, 0 4 4 4 ] 6 1 0 . 9 7 8 4
. 0370 01 1 0 . 9 6 9 2
• 0 2 9 6 2 9 1 0 . 9 6 0 6
. 0 2 2 2 0 3 1 0 . 9 5 0 0
. 0 1 6 2 6 3 1 0 . 9 4 0 1
. 0 1 6 2 6 3 1 0 . 9 3 9 5
• 0 11 8 0 7 1 0 . 9 2 9 6
. 0 0 8 8 3 7 1 0 . 9 2 0  2
. 0 0 7 3 5 2 1 0 . 9 ]31
. 0 0 5 8 6 7 1 0 . 9 0 2 1
. 0 0 5 1 * 4 1 0 . 8 9 5 9
. 0 0 4 3 8 2 1 U. 8 6 8 5
. 0 0 3 6 3 9 1 0 .8H24
. 0 0 2 8 9 7 ) 0 . 8 7 5 5
. 0 0 2 1 5 4 1 0 . 8 6 7 5
. 0 0 1 5 6 0 1 0 . 8 5 7 7
. 0 0 1 1 1 4 1 0 . 8 4 1 9
. 000817 1 0 . 7 3 6 8



SAMPLE 92DX 5 / 2 2 /7 0

R(T) H = 0 Rmax = 339 .081  ohms

LOW RESISTANCE PORTION OF R(T)

THERMOM.R 
1 1 2 . 2 5 4 5  
1 1 2 . 5 1 9 1  
1 1 2 . 7 7 3 3  
1 1 3 . 0 1 1 7  
1 1 3 . 2 2 6 0  
1 1 3 . 3 6 9 2  
1 1 3 . 5 6 3 3  
1 1 3 . 6 8 1 4  
1 1 3 . 8 1 9 6  
1 1 3 . 9 6 2 6  
1 1 4 . 1 2 6 1  
1 1 4 . 3 0 4 4  
1 1 4 . 4 8 2 6  
1 1 4 . 6 5 6 1  
1 1 4 . 8 0 6 9  
1 1 4 . 9 0 4 6  
1 1 4 . 9 7 7 7  
1 1 5 . 1 7 1 1  
1 1 5 , 2 8 1 6  
1 1 5 . 4 6 0 0  
1 1 5 . 9 5 4 9  
1 1 7 . 2 0 5 9  
1 1 7 . 9 6 2 1  
1 1 8 . 5 5 7 5  
1 1 9 , 4 5 1 8  
1 2 0 . 1 1 5 0  
1 2 2 . 6 1 7 1

sample  r
10 . 0 7 4 6

7 . 5 5 6 7
5 . 5 3 5 3
4 . 0 2 4 6
3 . 0 1 7 4
2 . 5 1 3 9
2 . 0 1 0 3
1 . 7 5 8 5
1 . 5 0 6 7
1 . 2 5 4 9
1 . 0 03 1

, 7 5 1 4
. 5 4 9 9
. 3 9 8 9
, 2 981
. 2 4 7 8
• 1974
. 1 7 2 3
. 1 4 7 ]
. 1 2 1 9
. 0 9 6 7
. 0 7 1 5
. 0 5 1 4
. 0 3 6 3
, 0 1 6 1
. 0061
. 0 0 1 0

SAMPR/RM
. 0 2 9 7 1 1
. 0 2 2 2 6 6
. 0 1 6 3 2 4
. 0 1 1 8 6 9
. 0 0 8 8 9 9
. 0 0 7 4 1 4
. 0 0 5 9 2 9
. 0 0 5 1 8 6
, 0 0 4 4 4 4
. 0 0 3 7 0 1
*002958
• 0 0 2 2 1 6
. 00 1 6 2 2
• 0 0 1 1 7 6
. 0 0 0 8 7 9
• 0 0 0 7 3 1
. 0 0 0 5 8 2
. 0 0 0 5 0 8
. 0 0 0 4 3 4
• 000359
• 000 28 5  
. 0 0 0 2 1 1  
. 0 0 0 1 5 2  
. 0 0 0 1 0 7  
. 0 0 0 0 4 8  
. 0 0 0 0 1 8  
. 0 0 0 0 0 3

TEMP,
1 0 . 9 5 6 5
1 0 . 9 4 5 4
1 0 . 9 3 4 7
1 0 , 9 2 4 7
1 0 . 9 1 5 6
1 0 . 9 0 9 6
1 0 . 9 0 1 6
1 0 . 8 9 6 9
1 0 . 8 9 1 2
1 0 . 8 6 5 3
1 0 . 8 7 8 6
1 0 . 9 7 1 3
1 0 . 8 6 4 0
1 0 . 8 5 6 9
1 0 . 8 5 0 7
10. -6468
1 0 . 8 4 3 8
1 0 . 9 3 6 0
1 0 . 8 3 1 5
1 0 . 6 2 4 3
1 0 . 8 0 4 4
1 0 . 7 5 4 7
1 0 . 7 2 5 2
1 0 . 7 0 2 1
1 0 . 6 6 7 7
1 0 . 6 4 2 6
1 0 . 5 4 9 5
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SAMPLE 92D 11/10/69 - I = 12,; microamps P.P.

R(T) H = 2 kOe R = 4 2 2 .5 8 6  ohms7 max

MAGNETIC FIELD PERPENDICULAR TO SAMPLE 

TEMPERATURE CORRECTED FOR THERMOMETER MAGNETORESISTANCE*

THERMOM.R SAMPLE R . SAMPR/RM TEMP,

7 2 . 8 8 0 9 4 1 7 . 2 5 7 6 . 9 8 7 3 9 1 1 3 . 3 8 2 8
8 3 . 8 1 8 2 4 1 2 . 2 3 0 4 . 9 7 5 4 9 5 1 2 . 5 0 3 3
8 4 , 3 8 2 5 4 0 7 . 2 0 3 2 •  9 6 3 5 9 8 1 2 . 4 6 3 6
9 2 , 5 0 0 6 4 0 2 , 1 7 6 0 . 9 5 1 7 0 2 1 1 . 9 4 1 8
9 4 , 4 4 9 4 3 9 7 , 1 4 8 8 . 9 3 9 8 0 6 1 1 . 8 2 8 6
9 5 . 5 4 6 7 3 9 2 . 1 2 1 6 . 9 2 7 9 1 0 1 1 . 7 6 6 6
9 6 . 3 7 9 2 3 8 7 . 0 9 4 4 . 9 1 6 0 1 3 1 1 . 7 2 0 5
9 6 . 9 8 7 2 3 8 2 . 0 6 7 2 . 9 0 4 1 1 7 1 1 . 6 8 7 2
9 7 . 4 7 6 9 3 7 7 . 0 4 0 0 . 8 9 2 2 2 1 1 1 . 6 6 0 7
9 7 . 8 7 0 ? 3 7 2 . 0 1 2 6 . 8 8 0 3 2 4 1 1 . 6 3 9 5
9 8 . 2 0 9 6 3 6 6 . 9 8 5 6 . 8 6 8 4 2 8 1 1 . 6 2 1 4
9 8 . 5 0 0 7 3 6 1 . 9 5 8 4 . 8 5 6 5 3 2 1 1 . 6 o 5 9
9 8 . 7 6 3 1 3 5 6 . 9 3 1 2 . 6 4 4 6 3 6 1 1 . 5 9 2 1
9 8 . 9 9 4 2 3 5 1 , 9 0 4 0 . 8 3 2 7 3 9 1 1 . 5 7 9 9
9 9 . 2 1 1 3 3 4 6 . 8 7 6 8 . 8 2 0 8 4 3 1 1 . 5 6 8 5
9 9 . 4 1 2 6 3 4 1 , 8 4 9 6 . 8 0 8 9 4 7 1 1 . 5 5 8 0
9 9 . 5 9 4 6 3 3 6 . 8 2 2 4 . 7 9 7 0 5 1 1 1 . 5 4 0 6
9 9 , 7 6 8 6 3 3 1 . 7 9 5 2 . 7 8 5 1 5 4 1 1 . 5 3 9 5
9 9 , 9 2 9 7 3 2 6 . 7 6 8 0 . 7 7 3 2 5 8 1 1 . 5 3 1 2

1 0 0 . 1 0 0 1 3 2 1 . 7 4 0 8 . 7 6 1 3 6 2 1 1 . 5 2 2 4
1 0 0 . 2 5 2 7 3 1 6 . 7 1 3 6 . 7 4 9 4 6 5 1 1 . 5 1 4 6
1 0 0 . 3 9 8 5 3 1 1 . 6 6 6 4 . 7 3 7 5 6 9 1 1 . 5 0 7 1
1 0 0 . 5 4 9 9 3 0 6 . 6 5 9 2 . 7 2 5 6 7 3 1 1 . 4 9 9 3
1 0 0 . 6 9 0 2 3 0 1 . 6 3 2 0 . 7 1 3 7 7 7 1 1 . 4 9 2 2
1 0 0 . 8 2 6 8 2 9 6 . 6 0 4 6 . 7 0 1 8 8 0 1 1 . 4 8 5 2
1 0 0 . 9 4 7 7 2 9 1 . 5 7 7 6 , 6 8 9 9 8 4 1 1 . 4 7 9 1
1 0 1 . 0  920 2 8 6 . 5 5 0 4 . 6 7 8 0 6 8 1 1 . 4 7 1 8
1 0 1 . 2 2 5 5 2 8 1 . 5 2 3 2 . 6 6 6 1 9 1 11 . 4 6 5 0
1 0 1 . 3 4 9 2 2 7 6 , 4 9 6 0 , 6 5 4 2 9 5 1 1 . 4 5 8 8
1 0 1 . 4 7 0 4 2 7 1 , 4 6 8 8 . 6 4 2 3 9 9 1 1 . 4 5 2 7
1 0 1 . 6 0 3 9 2 6 6 . 4 4 1 6 . 6 3 0 5 0 3 1 1 . 4 4 6 0
1 0 1 . 7 2 6 1 2 6 1 . 4 1 4 4 .6186(16 1 1 . 4 3 9 8
1 0 1 . 8 5 4 5 2 5 6 . 3 8 7 2 . 6 0 6 7 1 0 1 1 . 4 3 3 4
1 0 1 . 9 7 8 0 2 5 1 . 3 6 0 0 . 5 9 4 8 1 4 1 1 . 4 2 7 2
1 0 2 . 1 0 6 5 2 4 6 . 3 3 2 8 . 5 8 2 9 1 8 1 1 . 4 2 0 8
1 0 2 . 2 3 1 9 2 4 1 . 3 0 5 6 . 5 7 1 0 2 1 1 1 . 4 1 4 6
1 0 2 . 3 5 9 4 2 3 6 . 2 7 8 4 . 5 5 9 1 2 5 1 1 . 4 0 8 3
1 0 2 . 4 8 6 9 2 3 1 , 2 5 1 2 . 5 4 7 2 2 9 1 1 . 4 0 2 0
1 0 2 . 6 1 6 3 2 2 6 . 2 2 4 0 . 5 3 5 3 3 2 1 1 . 3 9 5 6
1 0 2 . 7 4 0 8 2 2 1 . 1 9 6 8 . 5 2 3 4 3 6 1 1 . 3 8 9 5
1 0 2 . 8 7 0 3 2 1 6 . 1 6 9 6 • 5 1 1 5 4 0 1 1 . 3 8 3 1
1 0 2 . 9 9 9 7 2 1 1 . 1 4 2 4 . 4 9 9 6 4 4 1 1 . 3 7 6 7
1 0 3 . 1 2 7 3 2 0 6 . 1 1 5 2 . 4 8 7 7 4 7 1 1 . 3 7 0 5
1 0 3 . 2 6 5 7 2 0 1 . 0 8 8 0 . 4 7 5 8 5 1 1 1 . 3 6 3 7

* See chapter three for d iscu ssion  of th is  correction .
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SAMPLE 92D 1 1 / 1 0 / 6 9  I g = 12.. microamps P . P .

R(T) H = 2 , k b e  Rmax = 4 2 2 .5 8 6  ohms

MAGNETIC FIELD PERPENDICULAR TO SAMPLE 

TEMPERATURE CORRECTED FOR THERMOMETER MAGNETORESISTANCE*

THERMOM.R SAMPLE R SAMPR/RM TEMP.
1 0 3 . * 0 0 2 1 9 6 . 0 6 0 8 “  . 4 * 3 9 5 5 1 1 . 3 5 7 2
1 0 3 . 5 3 * 5 1 9 1 . 0 3 3 6 . 4 5 2 0 5 9 1 1 . 3 5 0 *
] 0 3 . * 7 3 ? 1 8 6 , 0 0 6 4 . 4 4 0 1 * 2 1 1 . 3 4 3 9
1 0 3 . 6 1 0 7 1 8 0 . 9 7 9 2 . 4 2 8 2 * 6 1 1 . 3 3 7 3
] 0 3 . 9 4 8 1 1 7 5 . 9 5 2 0 . 4 1 6 3 7 0 1 1 . 3 3 0 *
1 0* • (>896 1 7 0 . 9 2 4 6 , 4 0 4 4 7 3 1 1 . 3 2 3 8
1 0 * . 2 3 3 3 1 6 5 . 8 9 7 6 . 3 9 2 5 7 7 1 1 . 3 1 6 9
1 0 4 . 3 7 6 6 1 6 0 . 8 7 0 4 . 3 8 0 6 * 1 1 1 . 3 1 0 0
1 0 4 . 5 2 0 3 1 5 5 . 8 4 3 ? . 3 6 8 7 * 5 1 1 . 3 0 3 2
1 0 4 . * 3 5 2 1 5 0 . 8 1 6 0 . 3 5 6 8 6 8 1 1 . 2 9 7 7
1 0 4 . 8 2 3 4 1 4 5 . 7 6 8 8 . 3 4 4 9 9 ? 1 1 . 2 8 8 7
1 0 4 . 9 6 9 1 1 4 0 . 7 * 1 6 . 3 3 3 0 9 6 1 1 . 2 8 1 8
1 0 5 . 1 1 7 4 1 3 5 . 7 3 4 4 . 3 2 1 1 9 9 1 1 . 2 7 4 8
10 5 . ? 5 4 8 1 3 0 . 7 0 7 2 . 3 0 9 3 0 3 1 1 . 2 * 8 3
1 0 5 . 4 2 7 5 1 2 5 . 6 6 0 0 . 2 9 7 4 0 7 1 1 . 2 6 0 1
1 0 5 . 5 8 0 1 1 2 0 . 6 5 2 8 . 2 8 5 5 1 1 1 1 . 2 5 3 0
1 0 5 . 7 4 0 6 1 ) 5 . 6 2 5 6 . 2 7 3 6 ) 4 1 1 . 2 4 5 4
1 0 5 . 8 9 9 2 1 ] 0 . 5 9 8 4 . 2 6 1 7 ) 8 1 1 . 2 3 8 0
1o f t . o 598 1 0 5 . 5 7 1 2 . 2 4 9 8 2 2 11 . 2 3 0 5
1 0 6 . 1 8 1 3 10 0 . 5 5 4  0 . 2 3 7 9 4 9 1 1 . 2 2 4 9
1 0 6 . 3 7 5 8 9 5 . 5 2 6 3 . 2 2 6 0 5 2 1 1 . 2 1 5 8
1 0 6 . 5 4 8 4 9 0 . 4 9 8 6 . 2 1 4 1 5 4 1 1 . 2 0 7 8
1 0 6 . 7 1 9 1 8 5 . 4 7 0 9 . 2 0 2 2 5 7 1 1 . 2 0 0 0
1 0 6 . 8 9 8 5 8 0 . 4 4 3 2 . 1 9 q359 1 1 . 1 9 1 7
1 0 7 . 0 8 0 1 7 5 . 4 1 5 6 . 1 7 8 4 6 2 1 1 . 1 6 3 4
1 0 7 . 2 7 ] 7 7 0 . 3 6 7 8 . 1 6 6 5 * 4 1 1 . 1 7 4 6
] Q7 . 46 84 6 5 . 3 * 0 1 . 1 5 4 6 * 7 1 1 . 1 6 5 6
1 0 7 . 6 7 1 1 6 0 . 3 3 2 4 . 1 4 2 7 7 0 1 1 . 1 5 6 4
1 0 7 , 8 8 9 8 5 5 , 3 0 4 7 . 1 3 0 8 7 2 1 1 . 1 4 6 5
1 0 8 . 1 1 6 5 5 0 . 2 7 7 0 . 1 1 8 9 7 5 1 1 . 1 3 6 2
1 0 8 . 2 0 9 9 4 5 , 2 4 9 3 . 1 0 7 0 7 7 1 1 . 1 3 2 0
1 0 8 . 6 2 4 2 4 0 . 2 2 1 6 . 0 9 5 1 * 0 ) 1 . 1 1 3 4
1 0 8 . 9 0 5 1 3 5 . 1 9 3 9 .0.83282 1 1 . 1 0 0 9
1 0 9 . 2 0  36 3 0 . 1 6 6 2 . 0 7 1 3 6 5 1 1 . 0 8 7 6
1 0 9 . 5 5 8 1 2 5 . 1 3 8 6 . 0 5 9 4 8 7 1 1 . 0 7 1 9
1 0 9 . 9 7 6 ] 2 0 , 1 1 0 6 . 0 4 7 5 9 0 ] 1 . 0 5 3 6
1 1 0 . 4 8 6 6 1 5 . 0 6 3 1 .1)3569? 1 1 . 0 3 1 3
1 1 0 . 6  685 1 0 . 0 5 5 4 . 0 2 3 7 9 5 1 1 . 0 2 2 5
1 1 2 . 2 6 8 3 5 . 0 2 7 7 . 0 1 1 8 9 7 1 0 . 9 5 5 9

* See chapter three for d iscu ssion  of th is  correction .
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SAMPLE 92D 11/10/69 I g = 12 . microamps P.P.

R(T) H = 10 .kOe Rmax = 4 2 2 .5 8 6  ohms

MAGNETIC FIELD PERPENDICULAR TO SAMPLE

TEMPERATURE CORRECTED FOR THERMOMETER MAGNETORESISTANCE*

'hermqm. r SAMPLE w SAMRR/PM TEMP.

3 ? . 6 7 8 4 4 2 2 . 5 6 6 3 . 9 9 9 9 6 3 2 1 . 3 2 6 4

7 2 . 4 5 7 1 4 1 7 . 2 5 7 6 . 9 8 7 3 9 1 1 3 . 4 2 1 9
8 4 . 5 3 9 2 4 1 2 , 2 3 0 4 . 9 7 5 4 9 5 1 2 . 4 6 2 7
9 0 . 4  757 4 0 7 . 2 0 3 2 . 9 6 3 5 9 6 1 2 . 0 6 4 1
9 3 . 9 3 2 ] 4 0 2 . 1 7 6 0 . 9 5 1 7 1 2 1 1 . 8 5 5 4
9 6 . 2 4 0 3 3 9 7 . I 4 8 6 . 9 3 9 8 0 6 11 .7 2 6 1
9 7 . 8 0 0 1 3 9 2 . 1 2 1 6 . 9 2 7 9 1 0 1 1 . 6 4 3 3
9 8 , 9 6 4 9 3 8 7 . 0 9 4 4 . 9 1 6 0 1 3 1 1 . 5 8 1 5
9 9 . 8 0 0 n 3 8 2 . 0 6 7 2 . 9 0 4 1 1 7 1 1 . 6 3 7 9

1 0 * . 1 4  76 3 3 6 . 8 2 2 4 . 7 9 7 0 5 1 1 1 . 3 2 1 0
1 0 6 . 2 1 3 9 2 9 6 . 6 0 4 8 , 7 0 1 8hq 1 1 . 2 2 3 3
1 0 9 . 3 9 5 7 2 1 1 . 0 1 4 5 . 4 9 9 3 4 1 1 1 . 0 7 9 1
1 0 9 . 9 3 1 2 1 9 5 . 9 4 2 0 • 4 6 3 6 7 4 1 1 . 0 5 5 5
1 0 7 . 9 6 4 6 2 5 1 . 3 6 0 0 . 5 9 4 8 1 4 1 1 . 1 4 3 1
1 1 3 . 2 0 1 3 1 1 0 . 5 3 1 4 . 2 6 1 5b0 1 0 . 9 1 6 8
1 1 4 . 3 7 8 8 8 5 . 4 7 u 9 . 2 0 2 2 6 7 ) 0 . 8 6 6 2
117 .24Q0 4 0 . 2 2 1 6 . 0 9 5 1 6 0 1 0 . 7 5 3 4
1 2 1 . 4 6 3 5 1 0 . 0 5 4 4 . 0 2 3 7 9 3 1 0 . 5 9 2 0
1 2 7 . 6 5 3 7 1 . 0 0 5 4 . 0  02379 1 0 , 3 7 4 7
1 3 4 . 0 0 9 5 . 1 0 0 6 . 0 0 0 2 3 6 1 0 . 1 6 1 8
140 . 600C . 0 10 1 . 0 0 0 0 2 4 9 . 9 6 0 7

* See c h a p t e r  t h r e e  f o r  d i s c u s s i o n  o f  t h i s  c o r r e c t i o n .



SAMPLE 92D

SMALL PERPENDICULAR MAGNETIC FIELDS AT CONSTANT TEMPERATURE

1 0 / 2 2 / 6 9  I g»  l 4  microamps  P . P .

H ( O e ) T ( K) RS EXP
(ohms)

. 2 2 3 E - 0 2 1 1 . 6 1 0 3 3 4 4 . 2 6 3
3 * 2 4 1 1 * 6 1 ( ) 3 3 4 4 * 1 2 2
1 1 . 6 1 1 • 6 1 q 3 3 4 4 * 0 5 2
3 2 . 6 1 1 • 6 0 ^ 7 3 4 4 * 1 2 2
1 1 0 . U . 6 0 9 7 3 4 4 * 9 2 6
3 3 7 , 1 1 . 6 0 9 5 3 4 7 . 7 4 1
6 b * . 1 1 . 6 0 H 9 3 5 1 . 6 9 3

H (Oe) T ( K) RS EXP
(ohms)

. 2 2 3 E - 0 2 1 1 . 5 6 6 3 2 9 8 . 2 1 4
2 . 6 6 1 1 . 5 6 6 5 2 9 8 . 7 2 6
1 2 , 0 1 1 . 5 6 6 7 3 0 0 . 1 4 9
3 4 . 6 1 1 . 5 6 6 7 3 0 2 . 3 6 1
1 1 2 * 1 1  . 5 6 6 6 3 q 7 * 0 ? 6
3 3 7 * 11  . 5 6 6 8 3 1 5 * 5 5 7
6 8 2  • 1 1 . 5 6 6 8 3 2 4 * 7 6 7

H (Oe) T ( K) RS, EXP
(ohms)

• 2 2 3 E - 0 2 1 1 . 5 2 5 6 2 5 5 . 2 5 6
3 . 8 0 1 1 * 5 2 5 1 2 5 5 * 7 8 4
1 2 . 4 1 1 , 5 2 4 6 2 5 6 . 7 9 9
2 2 . 7 1 1 . 5 2 4 6 2 5 7 . 7 2 9

1 1 2 * 1 1 * 5 2 4 1 ? 6 4 * 4 3 l
2 2 3 * 1 1 * 5 2 4 1 2 7 0 * 4 8 8
7 6 q  • 1 1 * 5 2 2 8 2 8 8 . 9 6 3



SAMPLE 92D

SMALL PERPENDICULAR MAGNETIC FIELDS AT CONSTANT TEMPERATURE 

10/22/69 Ia ss l4.micro.ampB P.P.

H (Oe) T (  K)

. 2 2 3 E - 0 2  1 1 . 4 7 5 8
4 *  7 8  1 1 * 4 7 5 8
1 * 4 3  1 1 * 4 7 5 8
1 1 * 7  1 1 . 4 7 5 8
3 4 . 5  1 1 * 4 7 5 8

R S  E XP
(ohms)

2 1 4 . 6 7 7

2 1 5 * 2 8 0
2 1 4 * 9 3 3
2 1 5 * 9 9 4
2 1 7 . 7 7 8

H (Oe)

• 2 2 3 E - 0 2

3 * 0 2
2 2 * 3
1 5 2 .
6 8 9 ,

T (  K)

1 1 . 4 7 5 8  
1 1  . 4 7 5 8
1 1 . 4 7 5 8
1 1 . 4 7 5 8  
1 1 . 4 7 5 0

R S  EXP 
(ohms) 

2 1 4 . 8 2 2  
2 1 5 * 1 9 4  
2 1 8 . 5 5 2  
2 2 4 * 3 1 4  
2 4 6 . 3 9 8

H (Oe) T ( K) RS  EXP
(ohms)

• 2 2 3 E - 0 2 1 1 . 4 4 8 4 1 9 5 . 1 4 6
5 * 9 0 1 1 * 4 4 8 2 1 9 5 * 7 8 4
1 0 * 9 1 1 * 4 4 8 2 1 9 6 * 1 7 1
3 3 * 5 l l * 4 4 8 o 1 9 7 * 7 3 5
1 1 6 * 1 1 . 4 4 7 9 2 0 1 * 9 5 8
3 3 5 * 1 1 * 4 4 7 9 2 1 0  * 9 f l 6
6 7 7  * 1 1 * 4 4 7 3 2 2 3 * 5 6 5

H (Oe) T ( K) X
)

0 ^,
17

• 2 2 3 E - 0 2 1 1 . 3 4 1 4 1 1 6 . 5 3 0
3 * 9 3 1 1 * 3 4 1 4 1 1 6 * 7 8 2
1 2 * 5 1 1 * 3 4 1 2 1 1 7 * 4 3 5
3 5 * o 1 1 * 3 4 1 1 1 1 9 * 2 4 5
1 1 2 * 1 1  • 3  4  0  9 1 2 3 * 5 7 9
3 3 5 . 1 1 * 3 4 0 5 1 3 2 * 1 7 5
6 7 7 , 1 1 . 3 3 9 8 1 4 3 . 2 3 5



SAMPLE 92A

PERPENDICULAR MAGNETIC FIELDS AT CONSTANT TEMPERATURE

1 / 1 0 / 7 0  I g e  14mlc roam pa  P . P .

H ( O e )  T ( K) RS  F.XP
( o h m s )

• 2 2 3 E - 0 2  1 1 . 1 3 7 6  3 1 5 . 2 0 5
• 2 0 0 E * 0 A  1 1 . 1 3 7 6  3 1 5 * 2 0 5
, 4 0 1 E * 0 4  1 1 . 1 3 7 6  3 1 5 . 3 0 6
. 6 0 1 E * 0 4  1 1 . 1 3 7 6  3 1 5 . 4 5 7
, t i 0 0 E * 0 4  1 1 * 1 3 7 6  3 1 5 * 7 0 8
~ i a 1 c  .  r .c  11 1 71

X 0 CD T ( K) RS EXP
( o h m s )

. 2 2 3 E - 0 2 1 0 . 8 4 2 4 3 0 9 . 9 2 7

• 1 0 0 E * 0 4 1 0 * 8 4 2 4 3 0 0 * 9 2 7
• 2 0 0 E * 0 4 1 0 . 8 4 2 4 3 0 9 . 9 2 7
. 3 9 9 E *  0 4 1 0 . 8 4 2 4 3 1 0 . 3 2 9
. 6 0 2 E * 0 4 1 0 . 8 4 2 4 3 1 0 . 6 8 1

• 8 o o e * o * 1 0 * 8 4 2 4 3 1 1 . 1 8 4
• 9 i 6 E * q 4 1 0 * 8 4 2 4 3 1 1 * 5 3 6
• l 0 i E * 0 5 1 0 • 8 4 2 4 3 1 1 * 7 8 7

h ( Oe ) T (  K) RS EXP
( ohms ^

. 2 2 3 E - 0 2 1 0 . 5 6 1 4 2 9 1 . 5 7 8

• l 0 0 E * 0 4 1 0 . 5 6 1 4 2 9 2 * 0 8 0
,  2 0  I E *  0 4 1 0 . 5 6 1 4 2 9 3 . 2 8 7
. 2 9 9 E * 0 4 1 0 . 5 6 1 4 2 9 4 . 5 4 4
• 4 0 0 E * 0 4 1 0 . 5 6 1 4 2 9 6 * 0 0 2
, S 0 1 E * 0 4 1 0 . 5 6 1 4 2 9 7 . 4 0 9
, 6 0 1 E * 0 4 1 0 . 5 6 1 4 2 9 8 . 6 6 6
• 6 9 7 E *  0<* 1 0 . 5 6 l 4 2 9 9 . 7 7 2
, 8 0 0 E *  0 4 1 0 . 5 6 1 4 3 0 0 . 8 2 8
, 9 0 1 E * 0 4 1 0 . 5 6 1 4 3 0 1  . 9 3 4
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SAMPLE 9 2 A

SAMPLE RESISTANCE VS. PERPENDICULAR MAGNETIC FIELD AT HI'3H
CONSTANT TEMPERATURES

^max”  4 4 8 .7 2 5  ohms I g — 12 m in ’-oamps P . P .

MAGNETIC SAMPLE TEMPER A TiRE
FIELD RESISTANCE ( K)
( kOe) ( ohms)

0  4 4 8 .7 2 5  1 9 .0 9 7
5 9 .6 5  4 4 8 .7 9 0  "
6 1 . 5 5  4 4 8 .9 5 7  "
8 1 . 0 0  4 4 9 .0 7 7  "
9 4 . 4 5  4 4 9 .148  "

0  445 .810*  5 0 . 5 0 6
5 9 .6 5  4 4 5 .7 7 4  "
6 1 . 5 5  4 4 5 . 7 2 9  "
8 1 . 0 0  4 4 5 .6 7 4  "
9 4 . 4 5  4 4 5 .6 4 4  "

0  4 4 1 .5 0 5  4 1 .0 5 0
5 9 .6 5  4 4 1 .2 8 5  "
6 0 . 5 5  4 4 1 .2 7 0  "
8 1 . 0 0  4 4 1 .2 1 5  "
9 4 . 4 5  4 4 1 .1 9 5  "

0  5 5 .9 6
5 9 .6 5  4 5 1 .8 6 4  "
8 1 . 0 0  4 5 1 .8 5 4  "
9 4 . 4 5  4 5 1 .7 8 4  "
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SAMPLE 92DX

RESISTANCE VS. TEMPERATURE IK A PERPENDICULAR MAGNETIC FIELn
OF 6 9 . 5 0  KOs.

Rmax = 556 .628  ohms I's = 12 microamps  P . P .

THERMISTOR TEMPERATURE SAMPLE
RESISTANCE ( K) RESISTANCE
(ohms) ( ohms)

1 3 . 3 9 4  1 9 . 9 3 5  3 3 6 . 8 5 9
2 8 0 . 4 4 5  9 . 7 6 2  3 2 1 . 7 1 8
3 8 4 . 6 5 1  9 . 1 7 3  3 0 1 . 6 1 1
4 9 3 . 5 3 1  8 . 7 5 7  2 5 1 . 3 4 2
5 6 3 . 6 0 5  8 . 5 5 4  2 0 1 . 0 7 4
6 2 7 . 6 4 6  8 . 3 9 7  1 5 0 . 8 0 5
6 9 9 . 2 9 6  8 . 2 4 7  1 0 0 . 5 3 7
8 0 0 . 7 6 9  6 . 0 6 9  5 0 . 2 6 8



TEMPERATURE VS. MAGNETIC FIELD AT CONSTANT S A ff lS  RESISTANCE 

R/R^jax = 0 . 5  I g = 12 microaraps P . P .

THERMISTOR TEMPERATURE MAGNETIC
RESISTANCE ( 10 FIET.n
(ohms) ( kOe)

SAMPLE 92 DX SAMILE RESISTANCE = 1 6 8 .5 1 4  ohms

1 5 5 .849 1 1 .5 8 5 0
1 6 0 . 5 2 ? 1 0 . 9 6 1 9 . 7 2 5
1 7 5 - 5 4 2 1 0 . 7 5 4 . 1 4 . 5 5
1 9 1 . 7 4 2 1 0 . 5 5 7 1 9 . 7 8
2 1 0 . 7 5 1 1 0 . 5 5 1 2 4 .  h i
2 5 4 . 3 5 0 1 0 . 1 2 6 5 0 . 1 5
2 9 1 . 4 5 0 9 . 6 8 7 4 0 . 6 5
5 7 0 . 6 4 7 9.2.57 5 1 . 4 0
4 5 8 . 2 4 1 8 . 6 7 7 5 9 . 8 0
6 0 5 . 2 1 6 8 > 5 4 6 9 . 5 0
8 5 6 . 6 6 1 8 . 0 1 4 7 9 . 1 5

SAMFLE 92 a SAMFLE RESISTANCE = 2 2 4 . 1 9 2  ohms

1 9 8 .5 5 0 10 .481 0
2 5 5 . 8 1 5 1 0 . 1 3 1 8 . 2 6
2 8 7 . 2 7 8 9 . 7 1 5 1 9 . 5 7
5 5 2 . 5 0 1 9 . 3 2 9 5 0 . 1 9
4 5 9 . 1 8 1 8 . 9 4 6 4 0 . 7 5
5 6 4 . 6 1 1 8 . 5 5 0 5 0 . 7
7 4 2 . 9 b l S . 1 6 6 6 1 . 6 5
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SAMPLE 92A

RESISTANCE VS. TEMPERATURE AT A PERPENDICULAR MAGNETIC FIELD

OF 9 4 . 9 5  kOe

I g ~  12.: microamps  P . P .

. THERMISTOR 
RESISTANCE 
(ohms)

15.186  
6 1 4 . 2 7 5  

1 0 0 6 . 5 6 5  
1 5 4 5 . 0 7 9  
1 6 0 8 . 9 5 5  
1 8 1 9 . 1 5 4  
2 1 4 9 . 7 4 6  
2 4 4 0 . 8 1 5  
5 0 5 7 . 5 6 1  
5 4 2 5 . 5 8 6  
4 0 2 5 . 7 5 4  
4 2 0 5 . 0 5 6  
4 4 4 7 . 1 7 8  
4 7 9 2 . 7 7 8  
5 5 8 8 . 5 2  
6 0 2 5 . 0 9  
6 5 4 2 . 1 8  
6 9 1 7 . 0 1  
7 6 4 8 . 6 5

1 1 4 2 1 .

■ TEMPERATURE 
( K)

1 9 . 0 9 7  
6 . 4 2 8  
7 . 7 9 1  
7 . 4 7 2  
7 . 2 6 5  
7 . 1 6 1  
6 . 9 9 5  
6 . 8 7 0  
6 . 6 5 5  
6 . 5 5 5  
6 . 5 7 1  
6 . 5 2 7
6 . 2 6 9
6 . 1 9 5  
6 . 0 7 4  
5 .9 6 0  
5 . 9 0 8  
5 . 8 2 1  
5 . 7 2 2  
5 . 6 2 9  
5 . 5 5 7

SAMPLE
RESISTANCE
(ohms)

4 4 8 . 8 0 7  
4 5 7 . 5 5 5  
4 2 5 . 2 1 0  
4 0 2 . 1 4 7  
5 7 7 . 0 1 5  
5 5 1 . 8 7 9  
5 0 1 . 6 1 1  
2 5 1 . 5 4 2  
1 5 0 . 8 0 5  
1 0 0 . 5 5 7  

5 0 . 2 6 8  
4 0 . 2 0 0  
5 0 . 1 5 0  
2 0 . 1 0 0  
10.050 

5 . 0 2 5  
5 . 5 1 7  
2 . 0 1 0  
1 . 0 0 5  

.502  

. 0 5 0

3
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SAMPLE: RESISTANCE VS. PERPENDICULAR MAGNETIC FIE1B AT THE 
TEMPERATURE FOR MAXIMUM RESISTANCE IN ZERO FIELD

I  = 1 2 ; microamps  P .P .

SAMPLE MAGNETIC FIELD SAMPLE TEMPERATURE
(kOe) RESISTANCE ( K)

(ohms''
92DX 0  3 3 6 . 6 a 8 1 9 .9 5 5

I!

4 0 . 7 9  4 4 8 . 4 8 0
5 0 . 7  4 4 8 . 5 5 0
6 1 . 6 5  4 4 8 . 6 0 6
7 9 . 8  4 4 8 . 7 1 6

. 9 4 . 9 5  4 4 8 . 8 0 7

It1 4 . 5 5  5 3 6 . 6 4 8
1 9 . 7 8  3 3 6 . 6 5 3
1 9 . 9 3 5  3 3 6 . 6 6 5
5 0 . 1 3  5 3 6 . 6 8 8
4 0 . 6 5  3 3 6 . 7 2 8
51  > 0  3 3 6 . 7 7 3
5 9 . 8 0  3 3 6 . 8 1 4
6 9 . 3 0  3 3 6 . 8 5 9
7 9 . 1 5  3 3 6 . 9 1 4

92A 0  4 4 8 . 3 5 4  19 .0 9 7
8 . 2 b 4 9 8 . 3 8 4  n

1 5 . 1 8 6  4 4 8 . 3 c 4 "
3 0 . 1 9  4 4 6 .4 .5 0  11
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V oltage  Dependence o f  R e s is ta n c e  for  Sample 92D

T e m p e r a t u r e  
( K)

1 0 . 0 3 7

1 1 . 0 6 7

S a m p le  S a m p le  S a m p le
R e s i s t a n c e  C u r r e n t  V o l t a g e
(ohm s)  (ytuA r m s )  ( yt*V r m s )

. 1 0 0 7 2  4 . 9 5  .4 9 5

. 1 0 0 7 2  9 . 9 0  . 9 9 0

. 1 0 5 7 5  2 4 . 7  2 . 6 2

. 1 1 1 7 9  4 9 . 5  5 . 5 3

. 1 2 0 8 6  9 9 . 0  1 1 . 9 6

. 1 3 8 6 8  2 4 7  3 4 . 3

1 .0 0 7 2
1 . 0 2 4 3
1 .0681
1 . 1 2 7 5
1 . 2 2 6 5
1 . 5 1 1 5

4 . 9 5
9 . 9 0

2 4 . 7
4 9 . 5
9 9 . 0

2 4 7

4 . 9 9
1 0 . 1 4
2 6 . 4
5 5 . 9

1 2 1 . 4
374
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V oltage  Dependence o f  R e s is ta n c e  fo r

Temperature Sample Sample
( K) R e s i s t an c e  Current

(ohms) ( jJ L k  rms )

1 0 . 1 4 6  1 . 0 0 7 2  . 1 7 2
.9 0 6 4  . 3 3 9
. 8 2 5 9  ' . 8 6 2
. 8 1 5 8  1 . 7 2
. 8 2 5 9  3 . 3 9
. 8 6 6 1  8 . 6 2
. 9 1 4 5  1 7 . 2

1 0 . 2 1 9  1 0 . 0 7 1 3  *173
9 . 9 9 0 9  . 3 3 9
9 . 9 5 0 6  . 8 6 2

1 0 . 0 1 6 1  1 . 7 2
1 0 . 1 8 2 3  3 . 3 9
10.6083  8.62
1 1 . 0 8 4 7  1 7 . 2

1 0 . 3 3 5  1 0 0 . 2 7 2  . 1 8 2
1 0 0 . 1 7 2  . 3 5 7
1 0 0 . 1 6 2  . 9 1 3
1 0 0 . 3 2 0  1 . 8 2
1 0 0 . 7 1 5  3 . 5 7
1 0 1 . 7 3 0  9 . 1 3
1 0 2 . 9 0 7  1 8 . 2

I O . 3 6 8  1 5 0 . 8 6 6  . 1 7 2
1 5 0 . 8 1 6  . 3 3 9
1 5 0 . 7 3 1  . 8 6 2
1 5 0 . 7 5 1  1 . 7 2
1 5 0 . 8 7 1  3 . 3 9
1 5 1 . 3 0 4  8 . 6 2

I Q . 3 9 7  2 0 1 . 0 3 8  . 1 7 2
2 0 0 . 9 3 7  . 3 3 9
2 0 0 . 8 6 2  . 8 6 2
2 0 0 . 8 6 2  1 . 7 2
2 0 0 . 8 9 7  3 . 3 9
2 0 1 . 0 6 3  8 . 6 2
2 0 1 . 3 5 9  4 8 . 6

Sample 92A

Sample 
V oltage  
(yU,V rms)

. 1 7 3

.308

. 7 1 2
1 . 4 0
2 . 8 0 3
7 . 4 7

1 5 . 7

1 . 7 3
3 . 3 9
8 . 5 8

1 7 . 2 1
3 4 . 6
9 1 . 5

191

1 6 . 3
3 5 . 8
9 1 . 4  

183  
3 6 0  
9 2 8 .

1874

2 5 . 9
5 1 . 2  

130  
2 5 9  
512

1305

3 4 . 5
6 8 . 2  

173 
345 
6 8 2 .

1735
3 4 6 0
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V oltage  Dependence o f  R e s is ta n c e  fo r  Sample 92A

T e m p e r a t u r e  
( K)

1 0 . 6 5 4

3 1 . 6 0 3

7 6 . 7 2

296

Sample Sample Sample
R e s is ta n c e Current V oltage
(ohms) ( j j / k  rms) ( yttV rms)

3 0 0 . 9 7 8 .1 7 2 5 1 . 7
3 0 0 . 8 7 8 . 3 3 9 1 0 2
3 0 0 . 8 0 3 . 8 6 2 2 59
3 0 0 . 7 9 7 1 . 7 2 517
3 0 0 . 7 7 7 3 . 3 9 1 0 2 1
3 0 0 . 7 7 2 8 . 6 2 2 6 0 0
3 0 0 . 7 7 4 1 7 . 2 5 1 7 0

3 2 3 . 4 5 0 . 1 7 2 5 5 . 6
3 2 3 . 3 5 0 . 3 3 9 1 0 9 . 7
3 2 3 . 2 4 9 . 8 6 2 2 7 9
3 2 3 . 2 2 9 1 . 7 2 555
3 2 3 . 2 1 4 3 . 5 9 1097
3 2 3 . 2 0 4 8 . 6 2 2 7 9 0
3 2 3 . 2 0 2 1 7 . 2 5 5 5 0  .

3 0 3 . 8 4 4 . 1 7 2 5 2 . 2
3 0 3 . 6 4 3 . 3 3 9 ' 103
3 0 3 . 5 9 5 . 8 6 2 2 6 2
3 0 3 . 5 7 8 1 . 7 2 5 2 2
3 0 3 . 5 4 2 3 . 3 9 1 0 3 0
3 0 3 . 5 1 7 6 . 6  2 2 6 2 0
3 0 3 . 5 0 0 1 7 . 2 5 2 2 0

2 3 4 . 4 6 9 .1 7 2 4 0 . 3
2 3 4 . 3 6 8 . 3 3 9 7 9 . 5
2 3 4 . 2 6 8 . 8 6 2 202
2 3 4 . 1 8 2 1 . 7 2 402
2 3 4 . 1 6 7 3 . 3 9 795
2 3 4 . 1 4 7 8 . 6 2 2 0 2 0
2 3 4 . 1 3 7 1 7 . 2 4 0 2 3
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CiiAFTFtf 5 :  ANaL I S I S  OF DATA

I n  t h i s  c h a p t e r ,  we w i l l  c o m p a r e  t h e  d a t a  w i t h  some o f  

t h e  m o d e l s  f o r  f l u c t u a t i o n  b r o a d e n i n g  o f  r e s i s t i v e  t r a n s i t i o n s  

s u m m a r i z e d  i n  c h a p t e r  1 . We w i l l  b e g i n  w i t h  t h e  " z e r o  m a g n e t i c  

f i e l d "  d a t a .  I n  t h i s  c a s e ,  t h e  A s l a m a s c v - L a r k i n  (AL) t e m p e r a 

t u r e  d e p e n d e n c e  o f  (^ ,  i s  o b t a i n e d  i n  t h e  u p p e r  p o r t i o n  o f  t h e  

t r a n s i t i o n  f o r  a n  e x t r a p o l a t e d  n o r m a l  r e s i s t a n c e  s u g g e s t e d  by 

h i g h  t e m p e r a t u r e  and  m a g n e t i c  f i e l d  d a t a .  T h e r e  i s ,  h o w e v e r , 

no q u a n t i t a t i v e  a g r e e m e n t  b e t w e e n  o u r  d a t a  and  t h i s  m o d e l .

The m a t e r i a l  p a r a m e t e r s  s u c h  a s  s t r e n g t h  c f  d e p a i r i n g  i n t e r a c 

t i o n  a n d  s t r o n g  c o u p l i n g  n a t u r e  o f  o u r  s a m p l e s  . w i l l  be i n v o k 

ed t o  i m p r o v e  t h i s  s i t u a t i o n .  T h e s e  p a r a m e t e r s  w i l l  t h u s  be 

i n t r o d u c e d  a s  ad j u s  t a  o l e  c o n s t a n t s . As w i l l  be d i s c u s s e d  b e 

l o w ,  t h e  n o r m a l  r e s i s t a n c e  w i l l  a l s o  a p p e a r  a s  a  p a r a m e t e r ,  

a d j u s t a b l e ,  h o w e v e r , o n l y  w i t h i n  r a t h e r  n a r r o w  l i m i t s . We 

w i l l  a l s o  f i n d  i n t e r e s t i n g  b e h a v i o r  i n  t h e  l o w e r  p a r t  o f  t h e  

t r a n s i t i o n  w h i c h  s u g g e s t s  a s e c o n d  T * c .

D a t a  t a k e n  i n  m a g n e t i c  f i e l d s  w i l l  be u s e d  t o  s u p p o r t  

o u r  a s s u m p t i o n s  on t h e  n o r m a l  r e s i s t a n c e .  A m o d e l  o f  f l u c -  

t u a c i o n  e f f e c t s  i n  m a g n e t i c  f i e l d s  i s  s t i l l  l a c k i n g  f o r  t h r e e  

d i m e n s i o n a l  s a m p l e s  w i t h  i n t e r m e d i a t e  o r  s t r o n g  d e p a i r i n g .

F o r  t h i s  r e a s o n , o u r  m a g n e t i c  f i e l d  d a t a  w i l l  be p r e s e n t e d  

u n a n a l y z e d  e x c e p t  f o r  a  p h e n o m e n o l o g i c a l  s e a r c h  f o r  p o w e r  l a w  

d e p e n d e n c e .
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A n a l y s i s  o f  " Z e r o  M a g n e t i c  F i e l d ' * ,  D a t a

I t  was n o t e d  i n  c h a p t e r  1 t h a t  f o r  b r o a d  r a n g e s  o f  

s a m p l e  p a r a m e t e r s  t h e  t h e o r e t i c a l  p i c t u r e  i s  i n c o m p l e t e .

I n  s p i t e  o f  t h i s ,  t h e r e  a p p e a r  t o  be l i m i t s  i n  t h e s e  s a m p l e  

p a r a m e t e r s  f o r  w h i c h  t h e  c o n d u c t i v i t y  due  t o  f l u c t u a t i o n  e f 

f e c t s ,  <r' , o u g h t  t o  o b e y  a  po w e r  l a w  i n  t h e  r e d u c e d  t e m p e r a 

t u r e ,  T .  We w i l l  s e e  b e lo w  t h a t  t h e  m o s t  r e a s o n a b l e  a s s u m p 

t i o n  f o r  n o r m a l  r e s i s t a n c e  l e a d s  t o  e x t e n s i v e  r e g i o n s  o f  

p o w e r  l a w  b e h a v i o r .

( 3 4 )We c h o o s e  t h e  m e t h o d  o f  T e s t a r d i  e_t a l . d i s c u s s e d

i n  c h a p t e r  . 1 t o  e x h i b i t  t h e  pow er  l a w  b e h a v i o r  ( C  'X*n>) .

We c a l l  t h i s  m e th o d  t h e  " l o g - l o g "  a n a l y s i s . An o u t l i n e  o f  

i t  f o l l o w s  i n  t h e  n e x t  p a r a g r a p h s ;

w i l l  a p p e a r  a s  s t r a i g h t  l i n e  s e g m e n t s  o f  t h e  d a t a .  S l o p e s ,  

£>C « o f  t h e  d a t a  g r e a t e r  t h a n  o r  e q u a l  t o  one  a r e  a s s o c i a t e d

We saw i n  c h a p t e r  1 t h a t  i f  d a t a  i s  p l o t t e d  a s  l o g  (D)

w h e re

i elP- I dlt

1

t h e n  p o w e r  l a w  ( T  o r  e x p o n e n t i a l  C®*1") d e p e n d e n c e  o f  (T f

w i t h  d a t a  a u o v e  T . I n  t h e  a n a l y s i s  t o  f o l l o w  i n  t h e  s e c t i o n sc

b e l o w ,  we w i l l  i n t e r p r e t  o(> I a s  t h e  a p p r o a c h  t o  T c .

Above Tc , s t r a i g h t  l i n e  p o r t i o n s  o f  d a t a  on a . p l o t  o f

l o g ( D ) e q u i v a l e n t  t o
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Slope oi. 1 corresponds to

< r ' ( r )  <rfCo)-Q,
- p R n T c r

Slopes oC y  ) correspond to

(r'c'O =» <r*

where zx. •=% ^ ^  ̂ *

The ’’log-log” analysis t e l l s  us nothing about O'* /<r'(o) »

so we w ill assume i t  to be zero consistent with the models 

of extra conductivity discussed in chapter 1.

Zero Magnetic Field Data Above T̂_

For a l l  reasonable values of Rn(T), we find oC>l in 

the log-log analysis in the high resistance portion of the 

transition. In th is region, the log-log analysis is  most 

sensitive to errors in Rq(T). Expressed as an error in the 

exponent of yt' , this sen s it iv ity  to Rn(T) can be estimated to

for our samples.

As discussed at the end of chapter 1 , we cannot measure 

Rn(T). In sp ite of t h i s , i t  s t i l l  turns out to be possible

be:
U f R *

to  make r a th e r  s t r o n g  s ta te m e n ts  regard in g  comparison of our 

data to  power law dependence o f  <T̂  on T .

We began early in our use of the "log-log" analysis
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by t r y i n g  l i n e a r  e x t r a p o l a t i o n s  f o r  Rn (T) f ro m  a b o v e  t h e  m a i n  

p o r t i o n  o f  t h e  t r a n s i t i o n .  I t  becam e  c l e a r ,  h o w e v e r ,  t h a t  

o n l y  two l i n e a r  e x t r a p o l a t i o n s  p r o d u c e d  a n y  p o w e r  l a w  b e h a v i o r  

a t  a l l ,  a s  e x h i o i t e d  on  a  " l o g - l o g "  p l o t .  S u r p r i s i n g l y ,  one  

c h o i c e ,  f r o m  b e lo w  t h e  p e a k  i n  m e a s u r e d  R ( T ) ,  p r o d u c e d  ' f  

b e h a v i o r .  The o t h e r ,  f r o m  w e l l  a b o v e  t h e  p e a k ,  p r o d u c e d  b o t h

-•/x
T  a n d  T  . F u r t h e r m o r e ,  c h a n g e s  i n  Rn (T) f r o m  t h e s e  

o p t im um  e x t r a p o l a t i o n s  ha d  t h e  e f f e c t  o f  r e d u c i n g  t h e  r e g i o n  

o f  d a t a  on  t h e  '’l o g - l o g '1 p l o t s  t h a t  showec  a n y  p o w e r  l aw  b e 

h a v i o r  a t  a l l .
( - I

The e x t r a p o l a t i o n  f o r  R (T)  w h i c h  p r o d u c e d  O’ ~  “Y  h a s
zp C \

b e e n  d i s c u s s e d  e l s e w h e r e .  The l i n e a r  e x t r a p o l a t i o n s

i " ‘Aw h i c h  p r o d u c e  0* ^  T  a r e  shown i n  f i g u r e s  2 , 3 » a n d 4  ( c h a p t e r

2 ) .  F i g u r e s  3 and  17  i l l u s t r a t e  t h e  op t im um  n a t u r e  o f  t h e  

c h o i c e  o f  Rn (T)  w h i c h  p r o d u c e s  'V  ^  b e h a v i o r .

F u r t h e r  c o n s i d e r a t i o n s  make o n e  o f  t h e s e  c h o i c e s  o f  

Rn (T)  by f a r  t h e  more  r e a s o n a b l e  o n e .  The e x t r a p o l a t i o n  t h a t  

g i v e s  r = l  i m p l i e s  t h a t  t h e r e  i s  a  p e a k  i n  t h e  n o r m a l  r e s i s 

t a n c e  a t  a b o u t  16  K t o  .20 K. We do n o t  know how t o  a c c o u n t

f o r  s u c h  n o n m o n o t o n i c  b e h a v i o r  o f  R ( T ) .  I n  a d d i t i o n ,  i fn
one were to  b e l i e v e  the AL temperature dependence o f  < r f ,

t h e n  t h i s  c h o i c e  o f  R (T )  i s  i n c o n s i s t e n t  w i t h  w h a t  we known
o f  s a m p l e  t h i c k n e s s  a n d  c o h e r e n c e  l e n g t h .  AL p r e d i c t  t h a t

r = l  i f  s a m p l e  t h i c k n e s s ,  d ,  i s  l e s s  t h a n  "SCT) . F o r  o u r  

s a m p l e s ,  d = 1 5 0 0 8 ,  b u t  "5(o)  = 3 5 8 .  On t h e  o t h e r  h a n d ,  t h e

- ’A  /c h o i c e  o f  Rn ( f )  w h i c h  p r o d u c e s  7* b e h a v i o r  o f  O' c o r r e s -
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Figure 17

92 A H»0 1 ,-1 /2 /tA  1 2 /2 4 /6 9
VARIOUS LINEAR EXTRAPOLATIONS FOR 
NORMAL RESISTANCE

Ao
I-■o

«r

353.8  - ( .6 2 0 )T O  
3 4 8 .3 -( .5 6 0 )T  O 
3 4 0 .5 - ( .4 7 4 ) T t i  
3 3 5 .2 - (^ 7 4 » )T n

-5

-6

-7

R
Log-Log Plot of Data for Samnle 92 A Showing Effects of Various 
Choices of Extrapolated R (T). (Extrapolations are Shown on 
Figure 3-)
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p o n d s  t o  t h e  a e s t h e t i c a l l y  more c l e a s i n g  e x t r a p o l a t i o n  f rom  

t e m p e r a t u r e s  w e l l  a b o v e  t h e  p e a k  i n  m e a s u r e d  R ( T ) . ( S e e  

f i g u r e s  3 an d  ! ? • )

B e s i d e s  p r o d u c i n g  a p o w e r  l a w  c o n s i s t e n t  w i t h  w ha t  we 

know o f  s a m p l e  g e o m e t r y ,  t h i s  c h o i c e  i s  f u r t h e r  s u p p o r t e d  by 

m a g n e t i c  f i e l d  d a t a . M e a s u r e m e n t s  i n  l a r g e  m a g n e t i c  f i e l d s  

i n d i c a t e  t h a t  t h e r e  i s  f l u c t u a t i o n  c o n d u c t i v i t y  a b o v e  t h e  

p e a k  i n  m e a s u r e d  R ( T ) . At  t h e  maximum v a l u e  o f  s a m p l e  r e s i s 

t a n c e  i n  z e r o  f i e l d  (2 0  K ) , b o t h  s a m p l e s  show a n  i n c r e a s e  i n  

r e s i s t  j n c e  o f  a  few t e n t h s  o f  a n  ohm i n  a f i e l d  o f  8 0 k 0 e .

At  h i g h e r  t e m p e r a t u r e s ,• r e s i s t a n c e  d e c r e a s e s  by a few t e n t h s  

o f  an  ohm i n  t h e s e  f i e l d s .  M o r e o v e r ,  t h e  p o s i t i o n  o f  t h e  

r e s i s t a n c e  maximum i s  d i s p l a c e d  downward i n  t e m p e r a t u r e  by 

one  d e g r e e  i n  80  k O e .

The e x t r a p o l a t i o n  f o r  Rfi( T ) , w h i c h  p r o d u c e d  ,

i s  u s e d  i n  t h e  a n a l y s i s  t o  f o l l o w  b e l o w .  I t  s h o u l d  be 

n o t e d  t h a t  f o r  e a c h  s a m p l e  i t  was n e c e s s a r y  t o  a d j u s t  t h i s  

Rn ( T ) by a f a c t o r  ( w i t h i n  1 : 1 0  o f  u n i t y )  c o r r e s p o n d i n g ,  t o

s m a l l  c h a n g e s  i n  R . ( S e e  com m ents  b e g i n n i n g  c h a p t e r  4 . )max

F i g u r e s  1 6 ,  19  and  20  show t h e  " l o g - l o g ' *  p l o t s  c o r r e s -

p o n c i n c  zo t h i s  c h o i c e  o f  R ( T ) .  The r e s c i o n s  o f  t h e  d a t an

c o r r e s p o n d i n g  t o  r=V& ( s l o p e  3 )  and  r = l  ( s l o p e  2 )  a r e  l i s t e d  

i n  t a b l e  2 and  i l l u s t r a t e d  i n  f i g u r e  2 1 .

The t e m p e r a t u r e  i n t e r v a l s  o v e r  w h i c h  t h e  two p o w e r  l a w s
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Figure 18

9 2 0  H -0 1 0 /2 2 /6 9  I ,  -14/iA  

Rn( T ) - 4 3 7 .7 1 8 - ( .4 4 7 ) T a

SLOPE 22 D -3 D  
TRANSITION 

11.656 K

r«“

i -"O

16.936 K

SLOPE 3

R

Log-Log P lo t  o f  Data fo r  Sample 92D: Upper P o r t io n  o f  T r a n s i t io n
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Figure 19

92 A H-0 !,■ I/2/aA 12/24/69 

R „0>  340.5-(.474)7 £L

SLOPE 2

10.440

10.514

H

eic
CK SLOPE 3
»-■o

14.444

Rn-R
R

Log-Log P lo t  o f  Data fo r  Sample 92A: Upper P o r t io n  o f  T r a n s i t io n
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Figure 20

92 DX H=0 5 /2 3 /7 0  

I ss 2 f i  A PR

Rn(T )=  347.41 -  .352 T i l
l -
TJ

N  C

SLOPE 3
-4CC

CM

-5

R

L o g -L o g  P l o t  o f  D a t a  f o r  S a m p le  92DX: U p p e r  P o r t i o n  o f  T r a n s i t i o n

9
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E x t e n t

S a m p le

92D

92A

92DX

S am ple

92D 0

92A 0

92DX 0

Table 2,

o f  R e g i o n s  o f  P ow er  Law B e h a v i o r  Found  i n  t h e  U p p e r  

P o r t i o n  o f  t h e  R e s i s t i v e  T r a n s i t i o n

T e m p e r a t u r e  I n t e r v a l  
O ver  Which  T h e r e  I s :

^_T A

B e h a v i o r
r" 1

B e h a v i o r

1 6 . 9 3 6  X 1 1 . 6 3 6  K
t o  1 1 . 6 7 9  K t o  1 1 . 5 9 6  K 
( T = 5 . 2 6  K) ( T = 4 0 m K )

1 4 . 4 4 4  K 1 0 . 5 1 4  K
t o  1 0 . 5 1 4  K t o  1 0 . 4 4 0  K 
( T = 3 . 93 K) ( 1 = 7 4 . mK)

1 2 . 4 6 2  K 1 1 . 6 6 2  K
t o  1 1 . 6 6 2  K t o  1 1 . 6 3 6  K 
( T = . 8 4 6  X) ( T = 2 6 :mK)*

S a m p le  R e s i s t a n c e  I n t e r v a l  
O v e r  Which  T h e r e  I s :

B e h a v i o r
Y

B e h a v i o r

4 2 1 . 6 9 1 1  3 6 0 . 2 1 X L
t o  3 7 6 .0 5 X 1  t o  3 3 1 . 3 9 X 1

324.66XL 2 8 1 . 52XI
t o  281.52X1 t o  246.33X1

3 3 1 . 77X1  3 0 I . 6 1 XI*
t o  3 0 1 . 6 l X l  t o  2 9 6 . 5 6 X I*

I n t e r v a l  i n  (R /R  ) max
O ver  Which T h e r e  I s :

- I'~ 'k

B e h a v i o r

. 9 9 9
t o  0 . 8 9 0

. 9 9 6
t o  0 . 8 6 4

. 9 7 8
t o  O . 8 8 9

1
B e h a v i o r

0 . 8 5 3
t o  O . 7 8 5

0 . 8 6 4
t o  0 . 7 5 6

0 . 8 8 9 *  ,
t o  0 . 8 7 5

I n t e r v a l  i n
O v e r  Which T h e r e  I s :

■r'k' Y  ' Y
B e h a v i o r  B e h a v i o r

0 . 0 2  t o  0 . 1 5  0 . 2  t o  0 . 3

0 . 0 3  t o  0 . 1 9  0 . 1 9  t o  0 . 3 6

0 . 0 3  t o  0 . 1 4  0 . 1 4 *  t o  0 . 1 6

* T h e s e  n u m b e r s  c o r r e s p o n d  t o  o n l y  two d a t a  p o i n t s  on t h e  " l o g -  
l o g ’' p l o t .
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a r e  o b s e r v e d  c a n  be c o m p a r e d  w i t h  t h e  c o r r e s p o n d i n g  t e m p e r a 

t u r e  r a n g e s  f o r  w h i c h  t h r e e  d i m e n s i o n a l  (3D) and  two d i m e n 

s i o n a l  (2D) b e h a v i o r  i s  p r e d i c t e d  by AL. We r e c a l l  t h a t  2D 

b e h a v i o r  i s  e x p e c t e d  when * w h e r e  d = s a m p l e  t h i c k 

n e s s .  3D b e h a v i o r  i s  e x p e c t e d  when d  ^ C t ') ^  £  , w he re

£  = l e n g t h  a s s o c i a t e d  w i t h  g r a n u l a r  s t r u c t u r e  o f  t h e  f i l m s .

We l i s t  t h e s e  t e m p e r a t u r e  i n t e r v a l s  b e l o w .  We h a v e  u s e d  

d = 1 5 0 o 8 ,  <f =20oX, 3  C o ) = 3 5 8 ,  T = 1 1 . 0  K an d  t h e  a p p r o x i m a t e  

r e l a t i o n :  ^ ( 0 ) / J (T )=  T ^ .

T e m p e r a t u r e  I n t e r v a l  T e m p e r a t u r e  I n t e r v a l
O ver  W hich  2D B e h a v i o r  O v e r  Which 3D B e h a v i o r
I s  P r e d i c t e d  I s  P r e d i c t e d

O < Vscr) < 1. 0< 45 £  < V*r) < J
dl

$ 0 - )'

6 mK 1.5mK 0 . 3 4  K

We s e e  f r o m  t a b l e  2 t h a t  t h e  e x p e r i m e n t a l  t e m p e r a t u r e  

i n t e r v a l s  a r e  l a r g e r  t h a n  t h e  p r e d i c t i o n s  o f  AL. The em

p i r i c a l  o b s e r v a t i o n  c a n  be  m a d e ^  a t  t h i s  p o i n t j t h a t  t h e  r e 

p l a c e m e n t  o f  3  ( 1 )  w i t h  2 5 ( T )  i m p r o v e s  t h e  s i t u a t i o n :

P r e d i c t e d  2D T e m p e r a t u r e  P r e d i c t e d  3D T e m p e r a t u r e
I n t e r v a l  U s i n g  2 ^ ( T )  I n t e r v a l  U s i n g  2 3  (T)

0 <  ^/l%(t ) <  1. 0 < ^/zX(r)^0.S f < 2 5 C T ) < J .

24 mK 6 mK 1 . 4  K

We l i s t  n e x t  t h e  v a l u e s  f o r  t h e  p r e f a c t o r s  o f  X *  i m p l i 

ed  by o u r  d a t a .  I f  we w r i t e

)
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we r e c a l l  f rom  c h a p t e r  1 c h a t

r >  -  * > /  O X  K *  A

w h e re  ^  i s  d e f i n e d  by

( A4-1)ZX

D - A &
T a b l e  3 l i s t s  t h e  r e l e v a n t  i n f o r m a t i o n .

The n u m b e r s ,  , w e r e  o b t a i n e d  by d r a w i n g  s t r a i g h t

l i n e s  o f  a p p r o p r i a t e  s l o p e  t h r o u g h  d a t a  p o i n t s .  An e r r o r  

a n a l y s i s  snow s  t h a t  i s  m o s t  s e n s i t i v e  t o  R ^ ,  and  t h a t

-j* is- JT* a t  t h e  u p p e r  p o r t i o n  o f  t h e  r e s i s t i v e  t r a n s i -  
PA

t i c n .  The g r e a t e s t  s o u r c e  o f  e r r o r  i n  ( f^  (a )  i s  = n o r m a l  

c o n d u c t i v i t y ,  b e c a u s e  s a m p l e  g e o m e t r y  e n t e r s  h e r e .  The e s t i 

m a te  o f  e r r o r s  shown i n  t a b l e  3 i s  c o n s e r v a t i v e :  3% f o r  b o t h

R and  T . n c

The  p r e f a c t c r s  i n  t a b l e  3 c a n  be c o m p a r e d  w i t h  t h e  m o d e l s  

o u t l i n e d  i n  c h a p t e r  1 w h i c h  p r e d i c t  p o w e r  l aw  b e h a v i o r .  Ac

c o r d i n g  t o  AL we s h o u l d  h a v e

ri <">) *  " A w n )  -  2 7  / a ( - 1 O  

r!ĉ  * eYcn^j) = 1 / - f l -cu , .  ( t 3  ? . )

The 2D e x p r e s s i o n  a g r e e s  w i t h  o u r  d a t a ,  b u t  t h e  3D p r e f a c t o r  

se em s  t o  oe o f f  by a  f a c t o r  o f  t w o .  We n o t e  t h a t  i f  we were  

t o  r e p l a c e  by 2 , t h e  s i t u a t i o n  w ou ld  be i m p r o v e d .

I n  t h e  w e a k  d e o a i r i n g  m o d i f i c a t i o n  o f  AL due  t o  Maki  and



Table 3

E x p e r i m e n t a l  C o e f f i c i e n t s ,  (T^C1) , o f  ' Y  ^  f o r  Pow er  Law

B e h a v i o r  o f  F l u c t u a t i o n  C o n d u c t i v i t y

D a t a  Used t o  O b t a i n

S a m p le
T

( * K )
R

( J L ) ^  X-(JL Cw ) ■ c f & r
f t  V

C s l  \ 0

92 D 1 1 . 5 432 6 9 0 0 . 5 7 0 . 0 9 6

92A 1 0 . 4 535 730 0 . 5 1 0.097

92DX 1 1 . 5 343 6 8 0 1 . 4 ( o : . i9 ) ‘

e r r o r 5% 5% 10% 5% 5 %

P r e f a c t o r s From t h e  D a t a

S a m p le • * * 1  
L i 2-Ak)

s V . )
1 c j i c * * y '

92 D 9 1 . 5

92A 12 2 . 2

92 DX 7 ( 0 . 9 )  *

e r r o r  10% 15%

* C o r r e s p o n d  t o  o n l y  two d a t a  p o i n t s ,  p r o b a b l y  n o t  m e a n i n g 
f u l  n u m b e r s .
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T hom pson .

< r \ ( 0  =  6 e y ( 3 Z i i 3 C o ) )  ' =  H O  / _ s l c «  C * 1 t )

y ( l )  = C ( r )  ^ / ( i t f c d )  j

+  Z - t u  / J - L K

I + ( V - r ' )  (

R e f e r r i n g  t o  t h e  e x t e n t  o f  'T'  * b e h a v i o r  a b o v e , i t  i s  c l e a r  

t h a t  t h e r e  a r e  p r o b l e m s  i n  e s t i m a t i n g  /1“ . The i n a c c u r a c y  

a s s o c i a t e d  w i t h  o u r  g u e s s  a t  Tfi e x c e e d s  i n  s i z e  t h e  r e g i o n  

o v e r  w h i c h  we s e e  s l o p e  2 .  I f  we l o c a t e  T a t  t h e  low  end 

o f  t h e  T ~ '  r e g i o n ,  we g e t  X  *=■ • I f  we a s s o c i a t e  Tc

w i t h  t h e  c e n t e r  o f  t h e  r e g i o n  i n  w h i c h  t h e  s l o p e  i s  l e s s  t h a n
A

1 ,  we g e t  T  ' »  (0  . T h e s e  n u m b e r s  s h o u l d  be c o m p a r e d  w i t h  

T  <y* g o t t e n  f r o m  Tc o = 18  K, t h e  t r a n s i t i o n  t e m 

p e r a t u r e  o f  b u l k  NbN. The M a k i -T h o m p so n  e x p r e s s i o n  i s  i n 

t e n d e d  f o r  X  V',e a r e  n o * s u r p r i s e d  t o  f i n d  t h e  M a k i -

Thompson  p r e d i c t i o n  Q f / r )  ~ (0  f o r  b o t h  c h o i c e s  o f  Tfi , i n  

d i s a g r e e m e n t  w i t h  o u r  d a t a .

I n  t h e  s t r o n g  d e p a i r i n g  l i m i t  we h a v e  o n l y  t h e  p r e d i c t i o n

(,  3 8 5 ^  X  ea /  C 32- ^

f o r  t h e  3D r e g i o n .  T a k i n g  a g a i n  X  ^  ,~f we f i n d  = £ ,

I f  we t a k e  D a s  r e p r e s e n t a t i v e  o f  o u r  d a t a ,  * f^  2 4  K

I f  we i n t r o d u c e  t h e  s t r o n g  c o u p l i n g  p a r a m e t e r ,  o4. , t h e  

a b o v e  r e s u l t s  a r e  r e d u c e d  by a  f a c t o r  . 8  ( i f  o C = l • 2 ) .  I n  

t h e  a b s e n c e  o f  a n y  c o r r e c t i o n  t o  AL due  t o  d e p a i r i n g ,  o u r  3D
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d a t a  w ou ld  i n d i c a t e  ok. = 2 ,  b u t  o u r  d a t a ,  o<. =1 .

W i t h  t h e  a s s u m p t i o n  o f  s  t r o n g  d e p a i r i n g  and  s t r o n g

c o u p l i n g ,  o u r  d a t a  i m p l i e s  X , /a L  = 1 . 1 .  I f  T cq = l 8 ° K ,

eC £  1 .  I f  oL  = 1 . 2 ,  T = 26°K ( i n t e r m e d i a t e  d e p a i r i n ? ) .co   .

A l l  t h i s  i s  s u m m a r i z e d  i n  t a b l e  4 .  The t h e o r e t i c a l  p r e -

f a c t o r s  l i s t e d  t h e r e  a r e  a l l  c a l c u l a t e d  f o r  oC = 1 •

cC  = 3 wou ld  d e c r e a s e  t h e  p r e i a c t o r s  t o  1 / 3  t h e  l i s t e d  v a l u e s .

A l e a s t  s q u a r e s  f i t t i n g  p r o g r a m  was u s e d  on a  CDC 6600

t o  e x t e n d  c o m p a r i s o n  o f  d a t a  w i t h  t h e  m o d e l s  d e s c r i b e d  i n

. #c h a p t e r  1 beyc.oc t h e  s e a r c n  f o r  p o w e r  l a w  d e p e n d e n c e . T h e r e

a r e  o n l y  two c o m p l e t e  e x p r e s s i o n s  f o r  CT f a )  w h i c h  d i f f e r  f rom

s i m p l e  'Y~/x d e p e n d e n c e . One i s  t h e  AL i n t e r p o l a t i o n  f o r m u l a

( 34 )g i v e n  by T e s t a r d i  e t  a l . ,

 ̂ ( 1 +  $cr)<0*' per)

I C r )  -  -  /  ( A C ^ )

The  o t h e r  i s  t h e  weak  d e p a i r i n g  c o r .  e c t i o n  o l  due- t o  Malti

( 4 3 )and  Thompson

_  f  /  /
T  = XT -4 r  M r  AL. M

\

r '  ^  I d  f  ./ 4 . > Z 1 S
______? T < I \  (  d r .*  i f . )  I  2. -n

* As n o t e d  on p . 2 1 ,  t h e  M a r c e l j a  2D e x p r e s s i o n  f o r  O'^ i s  i n 
a p p r o p r i a t e  f o r  o u r  s a m p l e s . 2D r e s i s t a n c e s  c a l c u l a t e d  w i t h
t h i s  e x p r e s s i o n  w e r e  i n  e r r o r  by more  t h a n  100% f o r  a n y  K .co
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Table 4
- A .

E x p e r i m e n t a l  a nd  T h e o r e t i c a l  P r e f a c t o r s  o f  /T‘

The P r e f a c t o r  ( r / O )  , i n  <S~/(*r) = ( r [  (j )  / - T * ( j L e m )

Sa m p le  E x p e r i m e n t a l  T h e o r e t i c a l  (o£ = 1)

92D 9 - 1

AL( a )  MT(b)  
2 2  1 1 0

Hoh
6

92A 1 2  -  1 2 2  1 1 0 . 6

92 DX 7 - 1 22  1 1 0 6

/  N
The P r e fa c to r  <T, f  i) , in -  o / f O / r

Sample Experimental' T h e o r e t i c a l (0 6 = 1 )

92D 1 . 5 - 0 . 2

AL( a )  MT(b) 

1 1 0

Hoh

92A 2 . 2 - 0 . 3 1 1 0 . -

92DX 0 .9!  0 . 1 1 : 10 -

a )  AL = A s l a m a s o v  L a r k i n  F o r m u l a  ( n o  d e p a i r i n g )
b ) iMT = weak  c e p a i r i n g  Maki  Thompson f o r m u l a  (T = 18 K i n  2D)
c )  Hoh = s t r o n g  c e p a i r i n g  H o h e n b e r g  e x p r e s s i o n  t  ^ CQ-  18 K)
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V.'e u s e d  b o t h  o f  t h e s e  f o r m u l a s , e v e n  t h o u g h  a l l  e v i d e n c e  i n d i 

c a t e s  t h a t  o u r  m a t e r i a l  i s  a n  i n t e r m e d i a t e  o r  s t r o n g  d e p a i r 

i n g  s u p e r c o n d u c t o r .

The  K a k i - T h o . p s o n  e x p r e s s i o n  f a r e d  by f a r  t h e  w o r s t  o f  

t h e  two i n t e r p o l a t i o n  f o r m u l a s  i n  c o m p a r i s o n  w i t h  t h e  d a t a . 

Hence  e x t e n s i v e  u s e  was made o n l y  o f  t h e  AL e x p r e s s i o n ,  w h i c h  

we d i s c u s s  f i r s t .

The AL i n t e r p o l a t i o n  f o r m u l a  h a s  more t r o u b l e  a c c o u n t i n g  

f o r  t h e  d a t a  w h i c h  a p p e a r s  a s  s l o p e  2 on  t h e  l o g - l o g  a n a l y s i s , 

t h a n  i t  d o e s  w i t h  t h e  d a t a  t h a t  e x h i b i t s  s l o p e  3• T h e s e  two

s e c t i o n s  o f  d a t a  w e re  t h e r e f o r e  t r e a t e d  s e p a r a t e l y  i n  t h e  

c o m p u t e r  f i t s .

t o  a s s u m e  f i t - o p t i m i z i n g  v a l u e s  i n  v a r i o u s  c o m b i n a t i o n s .  F i n a l 

l y  a m u l t i p l i c a t i v e  f u d g e  f a c t o r  was i n t r o d u c e d  t o  t h e  AL e x 

p r e s s i o n  and  a l l o w e d  t o  v a r y . The c o h e r e n c e  l e n g t h  was  d e 

t e r m i n e d  s e l f  c o n s i s t e n t l y  w i t h  t h e  r e l a t i o n s h i p :

To a t t e m p t  t o  b r i n g  t h e  AL f o r m u l a  i n t o  c o i n c i d e n c e  w i t h  

t h e s e  two s e c t i o n s  c f  d a t a ,  Rn (T) , T £ and %(x>) w e r e  a l l o w e d

i n  corn-cuter  p r o g r a m s  w h e r e  i t  was h e l d  f i x e d  b u t  T v a r i e d  r  c

T h a t  i s ,  t h e  s l o p e r a t h e r  t h a n
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The b e g i n n i n g  v a l u e s  o f  t h e  p a r a m e t e r s  w '- ich  w e r e  v a r i e d  

i n  t h e  f i t t i n g  p r o g r a m  w e r e :

Sa m ple  R (T)  ( o h m s )n

92D 4 3 7 . 7  -  0 . 4 4 7 T

92A 3 4 0 . 5  -  0 . 4 7 4 T

92DX 3 4 7 . 4  -  0 . 3 5 2 T

T (K) c

- 1 1 .5

1 0 . 4

1 1 . 5

1 ( C )  ( 2 )

34

34

34

T h e s e  w e r e  t h e  same n u m b e r s  t h a t  w e r e  u s e d  i n  " the  " l o g - l o g "  

a n a l y s i s . I f  t h e s e  a r e  u s e d  t o  c a l c u l a t e  t h e  s a m p l e  r e s i s 

t a n c e ,  R ^  , t h e n  t h i s  q u a n t i t y  f a l l s  o f f  t o o  r a p i d l y  a p 

p r o a c h i n g  T c . R ^  i-s  l Q f l  t o o  low  i n  t h e  3D r e g i o n , f a l l i n g  

t o  100„fl  b e lo w  Rgxp i n  t h e  2D r e g i o n ,  f o r  a l l  s a m p l e s .  The 

r e s u l t s  o f  t h e  c o m p u t e r  f i t s  c a n  now be s u m m a r i z e d .

1 )  I f  R (T)  a l o n e  i s  a l l o w e d  t o  v a r y ,  i t  a s s u m e s  a v a l u en

o f  a p p r o x i m a t e l y  l k j f l  f o r  t h e  d a t a  w h i c h  showed s l o p e  2 i n  t h e  

" l o g - l o g "  a n a l y s i s . Rn (T)  l i k e s  a v a l u e  30 . f l  t o  40 j fL  a b o v e  

t h e  b e g i n n i n g  Rfi(T)  f o r  t h e  " s l o p e  3 d a t a " . F o r  t h e  r i g h t  

f u n c t i o n a l  fo rm  o f  Rfi( T ) , o f  c o u r s e ,  t h e  f i t  c a n  be made 

a r b i t r a r i l y  g o o d .

2 )  The g o o d n e s s  o f  f i t  i s  i n s e n s i t i v e  t o  T . When T
c c

a l o n e  i s  v a r i e d , i t  i s  r e d u c e d  by a b o u t  0 . 1  K from, t h o s e  val .u  

v a l u e s  l i s t e d  a b o v e .

3 )  I f  5 ( 0 )  i s  l e i  t  f r e e , t h e  AL i n t e r p o l a t i o n  f o r m u l a  

a c c o u n t s  f o r  t h e  d a t a  t o  b e t t e r  t h a n  4%. The f o l l o w i n g  o p 

t im um v a l u e s  a r e  f o u n d .
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s l o p e  3 d a t a s l o p e  2 d a t a

Sam ple

op t im um g o o d n e s s  
o f  f i t

op t im um g o o d n e s s  
o f  f i t

92D 798  • 2% 4 9 8 4%

92  a 6 2 8 2% 4 o 8 3%

92 DX 978 2% 4 9 8 3%

The n u m b e r s  l a b e l e d  " g o o d n e s s  o f  f i t "  a r e  RMS a v e r a g e s  o f

(R „ -  R ) / R  o v e r  a l l  d a t a  p o i n t s  ( t i m e s  1 0 0 ) .AL e x p .  e x p .

G o o d n e s s  o f  f i t  s h o u l d  be c o m p a r e d  w i t h  t h e  c o r r e s p o n d i n g  

v a l u e s  o f

=  ( R k -  ' R . )  / R  ,

w h e r e  0 . 0 3  <  0 . 1 5  f o r  " s l o p e  3 d a t a "  and  0 . 2  < ^ <  0 . 3

f o r " s l o p e  2 d a t a " .

4 )  I f  t h e  f u d g e  f a c t o r  a l o n e  i s  a l l o w e d  t o  v a r y ,  a g r e e 

m en t  w i t h  s l o p e  3 d a t a  i s  b e t t e r  t h a n  1%. The s i t u a t i o n  i s  

r a t h e r  p o o r  r e g a r d i n g  t h e  s l o p e  2 d a t a !
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s l o p e  3 f i a t a  s l o p e  2 d a t a

Sam ple

op t im u m  
f u d g e  f a c t o r

g o o d n e s s  
o f  f i t

op t im um  
f u d g e  f a c t o r

g o o d n e s s  
o f  f i t

92D 0 . 3 5 0 .5 % 0 . 2 9 5%

92 A 0 . 4 7 0 .7% 0 . 2 3 30%

92DX 0 . 2 8 0 .0 3 % 0 . 1 8 15%

The a t t e m p t s  t o  f i t  t h e  @eak d e p a i r i n g  M a k i - T h o m p so n

f o r m u l a s  t o  o u r  d a t a  w e r e  u n s u c c e s s f u l . The " b e s t "  v a l u e  o f

T was g e n e r a l l y  a b o u t  20  mK a b o v e  T . W i t h  t h i s ,  and  t h e  
CO c

Rn ( T ) 1s  u s e d  i n  t h e  " l o g - l o g "  a n a l y s i s ,  c a l c u l a t e d  v a l u e s

o f  s a m p l e  r e s i s t a n c e  w e r e  0 . 5  t o  0 . 1  t h a t  m e a s u r e d . R = 100  kJTL• n

and  Tc = 5 K, o r  >  105  X w e r e  n e c e s s a r y  t o  i m p r o v e  t h e

f i t  t o  n e a r  10S&*

To s u m m a r i z e , we f o u n d  t h a t  t h e  d a t a  i n  t h e  h i g h  t e m p e r a 

t u r e  end  o f  t h e  t r a n s i t i o n  e x h i b i t s  p o w e r  l a w  d e p e n d e n c e  o f  

(T^ on f o r  t h e  m o s t  e l e m e n t a r y  c h o i c e  o f  R ( T ) .  I f  we 

r e s t r i c t  o u r s e l v e s  t o  t h e  p r o m i n e n t  T  r e g i o n  o f  d a t a ,  

q u a n t i t a t i v e  c o m p a r i s o n  w i t h  m o d e l s  p r e d i c t i n g  p o w e r  l a w  

i n d i c a t e  e i t h e r  e f f e c t i v e l y  w eak  c o u p l i n g  an d  Tc q  u p  t o  25  K, o r  

0C= 2 and  no  d e p a i r i n g  c o r r e c t i o n .  The T ~ 6 d a t a  a g r e e s  w e l l  

w i t h  t h e  o r i g i n a l  AL e x p r e s s i o n  i n  t h e  2D l i m i t  ( e x c e p t  f o r
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t h e  f a c t  t h a t  t h e  t e m p e r a t u r e  r a n g e  i s  t o o  l a r g e ) .

The s i m p l e s t  m o d i f i c a t i o n  o f  AL w h ic h  wou ld  p r o d u c e  

q u a n t i t a t i v e  a g r e e m e n t  f o r  a l l  o u r  d a t a  i n  t h e  u p p e r  p o r 

t i o n  o f  t h e  t r a n s i t i o n  i s  t h e  ad hoc  s u b s t i t u t i o n  o f  2:^(6) f o r  

^ ( o )  • C o m p u t e r  f i t s  o f  t h e  AL i n t e r p o l a t i o n  f o r m u l a  a r e  

c o n s i s t e n t  w i t h  t h i s  l a t t e r  o b s e r v a t i o n .

Zero Magnetic F ie ld  Data Below the Mean F i e ld  T r a n s i t i o n  

Temperature

F i g u r e s  1 8 t o  20  show t h a t  a s  one  p r o c e e d s  t o  l o w e r  

t e m p e r a t u r e s ,  f ro m  t h e  r e g i o n  o f  t h e  t r a n s i t i o n  w h e r e  Y  

and  T  b e h a v i o r  a r e  o b s e r v e d , t h e  s T c p e  o f  t h e  d a t a ,  o C  , 

i n  t h e  l o g - l o g  a n a l y s i s  t e n d s  t o  a  v a l u e  l e s s  t h a n  o n e .  W i t h 

i n  t h e  c o n t e x t  o f  t h i s  a n a l y s i s , t h e  a s s u m p t i o n  o f  power  l aw

d e p e n d e n c e  o f  C ^ o n  <T '  f o r c e s  u s  t o  a s s o c i a t e 1 w i t h  T T , 

and  w i t h  T ^  Tc ( s e e  p a g e  2 9 ) .  The t e m p e r a t u r e  t h a t

c o r r e s p o n d s  t o  oC  = 1 i s  i d e n t i f i e d  w i t h  t h e  mean f i e l d

MFt r a n s i t i o n  t e m p e r a t u r e ( T  ‘ ) .

MFI f  we c o n t i n u e  t h e  l o g - l o g  a n a l y s i s  b e lo w  , h o w e v e r ,

v.e f i n d  t h a t  oC  b e g i n s  t o  i n c r e a s e , r i s i n g  a g a i n  t o  a

v a l u e  g r e a t e r  t h a n  1 ,  w h i c h  t h e n  r e m a i n s  c o n s t a n t  f o r  more

t h a n  a  d e c a d e  o f  s a m p l e  r e s i s t a n c e . T h i s  i s  i l l u s t r a t e d  i n

f i g u r e s  22  t o  2 4 .  1 ,  h e r e , i m p l i e s  T >  T , y e t  l o g -
c

l o g  a n a l y s i s  o f  t h e  d a t a  f rom  t h e  u p p e r  p o r t i o n  o f  t h e

t r a n s i t  i o n ( d i s c u s s e d  i n  t h e  l a s t  p a r a g r a p h )  i n d i c a t e s  t h e s e

MFt e m p e r a t u r e s  a r e  b e lo w  Tc (Tc ) .  I f  t h e  f i t  t o  p o w e r  l aw  

i s  n o t  f o r t u i t o u s ,  two t r a n s i t i o n  t e m p e r a t u r e s  a r e  n e c e s s a r y  t o  

p a r a m e t r i z e  t h e  c o m p l e t e  t r a n s i t i o n .  The l o w e r  t r a n s i t i o n
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Figure 22
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Log-Lo.g P lo t  o f  Data for  Sample 92D : Lower P o r t io n  o f  T ra n s it io n
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Figure 2 5

9 2 A H = 0  2 /2 8  /  70  I ,  VARIABLE

R *(T )=  340 .5  -  (0 .4 7 4 )7 CJ

SLOPE

CM

CD
CM

ro

(R .-R 1 /R

10° 10* «» I0810" '

Log-Log P lo t  o f  Data fo r  Sample 92A : Lower P o r t io n  o f  T r a n s it io n
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F ig u r e  24

92 DX H -0  5 / 2 2 / 7 0  I,=25 j<A P P  ♦

R ,(T )=  3 4 7 .4 1 0 -  (0 .3 5 2 )7

SLOPE i

(Vi

ce t-

I*  » « "

(O' 10* 10s 10®

Log-Log P lo t  o f  Data for Sample 92DX : Lower P o r t io n  o f T r a n s it io n
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t e m p e r a t u r e  w i l l  be c a l l e d  T c .

Belov.- w ha t  we i n t e r p r e t  t o  be Tc M*', a l l  t h r e e  s a m p l e s

e x h i b i t  a  s u b s t a n t i a l  r e g i o n  o f  s t r a i g h t  l i n e  b e h a v i o r  on t h e  

p l o t s  o f  l o g ( 0  ) v s  l o g ( ( ^ ) .  I n  e a c h  c a s e ,  a  l i n e  o f  s l o p e  

7 / 5  c o i n c i d e s  w e l l  w i t h  t h e  d a t a .  T a b l e  5 d e s c r i b e s  t h e  e x 

t e n t  o f  t h i s  s l o p e  7 / 5  b e h a v i o r .

We b e g i n  d i s c u s s i o n  o f  t h e s e  o b s e r v a t i o n s  by n o t i n g  t h a t

t h e  l o g - l o g  a n a l y s i s  h e r e  i s  l e s s  s e n s i t i v e  t o  .our  e x t r a p o l a -

MF- i o n  o f  Rn (T)  t h a n  i t  was a b o v e  T . U s i n g  t h e  f a c t  t h a t

1. b e lo w  Tc ^ ,  we f i n d  t h a t  t h e  l a r g e s t  c o n t r i o u t i o n

t o  e r r o r  i s  s t i l l  R ( T ) :n ■= ,

°4» Rvx

S i n c e  i t  i s  u n l i k e l y  t h a t  ^ ( T )  i s  i n  e r r o r  by 40%

(1 5 0 JX )  we c a n  s a y  t h a t  a  p o w e r  l a w  p r o v i d e s  a t  l e a s t  a  p h e n o 

m e n o l o g i c a l  f i t  t o  t h e  d a t a  i n  t h i s  r e g i o n  c f  t h e  t r a n s i t i o n .

T h e r e  i s  s t r o n g  e v i d e n c e  t h a t  t h e  two T ' s  a r e  n o t  a r t i -c

f a c t s  due  t o  s a m p l e  n c n h o m o g e n e i t i e s . P r e s u m a b l y  t h e  n o n 

h o m o g e n e i t y  i s  t w o - f o l d .  I f  t h e  two c o m p o n e n t s  c o m b i n e  e l e c 

t r i c a l l y  i n  s e r i e s ,  R/R l o c a t i n g  t h e  b e g i n n i n g  o f  t h emax 0

t r a n s i t i o n  o f  l o w e r  Tc i s  n o t  l i k e l y  t o  c h a n g e  i n  a  m a g n e t i c

f i e l d .  T h i s  R/R i n  z e r o  f i e l d  f o r  s a m p l e  92D w o u ld  be max

0 . 6  -  0 . 1 5 .  T h e r e  i s  no e v i d e n c e  o f s t r u c t u r e  i n  t h e  t r a n s i 

t i o n  a t  t h i s  R/R f o r  92D i n  lO k Q e .  The two  c o m p o n e n t s  max r

* The lOkCe d a t a  h a s  two p o w e r  l a w  r e g i o n s .  The s l o p e  i s  
a l w a y s  g r e a t e r  t h a n  o n e .  The t r a n s i t i o n  b e t w e e n  t h e  two 
p o w e r  l a w  r e g i o n s  o c c u r s  a t  R/R ' = O . 6 5  -  0 . 0 5 .  See  t h e  
n e x t  s e c t i o n ,  on m a g n e t i c  f i e l d mo e h a v i o r .



146

Table 5

E x t e n t  o f  R e g i o n s  o f  S l o p e  7 / 5  o n  P l o t s  o f  L o g ( 0 )  v s  Log(G^)

S a m p le  I l l u s t r a t e d  T e m p e r a t u r e  S a m p le  R e s i s t a n c e
i n  f i g u r e  #  Range  Range

9ED 22  1 1 . 4 2  K 1? 6  t o  10  A .
t o  1 1 . 1 6  K 
. 2 6  K)

92A 23  1 0 . 3 0  K 65 i l  t o  5 H
t o  1 0 . 2 0  K 
.10 K)

92DX 24  1 1 . 4 2  K 216  Cl t o  3 A
t o  1 0 . 9 5  K 
. 4 9  K)

Sa m p le  Range  i n  ^ / ^ max R a n g e  i n

92D 0 . 4 1 6  t o  0 . 0 2 4  1 . 4 6  t o  42

92A 0 . 2 0  t o  0 . 0 2 3  4 . 1  t o  43

92DX 0 . 6 2 3  t o  0 . 0 1 2  0  . 6 3  t o  8 5
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c a n n o t  be i n  p a r a l l e l ,  e i t h e r .  The p o r t i o n  w h i c h  c a u s e s  

s a m p l e  r e s i s t a n c e  t o  c h a n g e  t h e  m o s t  i s  t h e  p o r t i o n  w i t h  l o w 

e s t  Tc ( s e e  t a b l e  5 ) •  The p a r t  w i t h  h i g h e r  Tq s h o u l d , h o w e v e r , 

s h o r t  o u t  t h e  l o w e r  Tfi p o r t i o n .  So f a r  a s  g r a d e d  o r  d i s t r i b u t 

ed  n o n u n i f o r m i t i e s  a r e  c o n c e r n e d , i t  s e e m s  u n l i k e l y  t h a t  t h e s e  

w o u ld  p r o d u c e  s u c h  a n  u n u s u a l  and  e x t e n s i v e  p o w e r  l a w  b e h a v i o r , 

t h e  same i n  b o t h  s a m p l e s . '.Ve c a n n o t ,  h o w e v e r ,  e n t i r e l y  e x c l u d e  

a n y  o f  t h e s e  p o s s i b i l i t i e s .

We w i l l  a s s u m e  t h a t  O’* i n  o u r  s a m p l e s  f o l l o w s  p o w e r

MFla w  i n  '7*,  an d  t h a t  on e  t r a n s i t i o n  t e m p e r a t u r e , Tfi , g o v e r n s

t f \  x. MFt h e  t e m p e r a t u r e  d e p e n d e n c e  o f  <r (Tfc) f o r  T /  Tfi , an d  t h a t

i s  d o m i n a t e d  by T* T M r >
c '

We l i s t  i n  t a b l e  6 t h e  r a n g e s  o v e r  w h i c h  d a t a  i n  t h e  l o g -  

l o g  a n a l y s i s  h a s  s l o p e  « C <  1 .  T h i s  i n t e r p r e t a t i o n  i s  c o n s i s 

t e n t  w i t h  t h e  r a n g e s  o f  p o w e r  l a w  b e h a v i o r  e x p e c t e d  on  t h e  

b a s i s  o f  AL. A d e t a i l e d  e r r o r  a n a l y s i s  s h o w s ,  h o w e v e r , t h a t  

i n  t h i s  r e g i o n  o f  t h e  t r a n s i t i o n  ( J ^ 2 ! l )

, MFSo i n  t a b i e  b we w i l l  a s s o c i a t e  T w i t h  t h e  c e n t e r  o f  t h ec

r e g i o n  i n  w h i c h  ot <  1 ,  and  u s e  t h e  e x t e n t  o f  t h i s  r e g i o n  t o

MFa s s i g n  a n  e s t i m a t e  o f  e r r o r  t o  T 3 c
MFT£ c a n  a l s o  be g o t t e n  by f i t t i n g  p o r t i o n s  o f  t h e  d a t a  

t o  t h e  a p p r o p r i a t e  p o w e r  l a w s .  T h i s  h a s  n o t  y e t  b e e n  d one  

w i t h  a  c o m p u t e r . E s t i m a t e s  made w i t h  r e p r e s e n t a t i v e  p a i r s  

o f  d a t a  p o i n t s  f r o m  b o t h  2D an d  3D r e g i o n s  y i e l d  t h e  same
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MF rTc a s  i s  l i s t e d  i n  t a b l e  o f o r  e a c h  s a m p l e ,

I f  we a s s u m e  t h a t  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  o u r  d a t a

* MFi s  g o v e r n e d  by T b e l o w  T , t h e nn J c:.. c *

,  ,  s k  , _  t - t l *
O r'f-r*) -  rs, W) /  T T*« —— "

2, \ <L

, -  X
3y u s i n g  <Tg 6 l )  = <Th .

*
we c a n  e s t i m a t e  T :c

T,"- r> , (I ) / ( { t K « . V r ) )

The n u m b e r s  t a k e n  f r o m  o u r  d a t a  w h i c h  l e a d  t o  o u r  e s t i m a t e s  o f
S

T , a nd  t h e  e s t i m a t e s , a r e  l i s t e d  i n  t a b l e  7•  L i s t e d  t h e r e

a l s o  a r e  t h e  c o e f f i c i e n t s  Q~c 0 )  . t h a t  go w i t h  t h e  - 5 / 2  powe r
2

l a w .

F o r c i n g  t h e  d a t a  w i t h  s l o p e  7 / 5  t o  t h e  c o r r e s p o n d i n g
*

p o we r  l aw  p r o v i d e s  a n o t h e r  means  o f  e s t i m a t i n g  Tc . T h e s e  e s t i

m a t e s  a g r e e  w i t h  t h o s e  l i s t e d  i n  t a b l e  7 .

f  MF,
i - i a r c e l j a 1 s  e x p r e s s i o n  f o r  <T^p b e l o w  ( s e e  p a g e s

* MF2 2 - 3 3 )  l e a d s  t o  a s e c o n d  t r a n s i t i o n  t e m p e r a t u r e  Tc Tfi , 

w h i c h  d e p e n d s  on Hc q . A l t h o u g h  t h e  r e a s o n i n g  l e a d i n g  t o  t h e  

e x p r e s s i o n  f o r  T* r e s t s  on an  i n c o n s i s t e n c y ,  we m i g h t  s t i l l

s e e  wha t  i t  g i v e s  f o r  H . The n u m b e r s  i n  t a b l e  7 andc o
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Table 6

E x t e n t  o f  R e g i o n s  on P l o t s  o f  L o g ( D ) v s  L o g ( ^ )  o f  S l o p e
L e s s  Tha n  One

Sa mp l e  T e m j e r a t u r e  R a n g e  i n  R/R Range  i n  6 L  
Ra n g e  max

92D 1 1 . 4 1  K o . 4 2  t c  0 . ? 4  0 . 4  t o  1 . 5
t o  1 1 . 5 8 - K

92A 1 0 . 3 2 6  K 0 . 2 8  t o  0 . 4 5  1 . 3
t o  I O . 3 6 5  K . : ■

92-DX 1 1 . 4 2  K 0 . 6 2  t o  O . 8 3  O . 1 8  t o  O. 6 3
t o  1 1 . 5 9  K

S a m p l e  E s t i m a t e d  T ^  , L o c a t i o n  o f  T MF
. i n  R/R c

max

52D 1 1 , 5  -  0 . 1 K  0 . 6  1 0 . 1

92A 1 0 . 3 5  -  0 . 0 2 K  0 . 3 5  i  0 . 1

92DX 1 1 . 5  -  0 . 1 K  0 . 7  -  0 . 1
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Table 7

* yp
E s t i m a t e  o f  T From ^ a t a  Be l ow T ‘ W i t h  C o e f f i c i e n t s  Of  - 5 / 2  c c

Power  Law C a l c u l a t e d  From Tc

Sa mp l e  ^  T(;MF ( K)- ( ^ ( T c KF) T(
*

-  Tc

92D 1 . 3  x 1 0 - 2  1 1 . 5  -  0 . 1  '0 - 6  -  0 . 5  0 - 5  -  0 . 3

92A 3 - 1  x 1 0 - 2  .. 1 0 . 3 5  -  0 . 0 2  1 . 8  - . 0 . 6  0 . 1 9  -  0 . 0 4

92DX 1 . 5  x 1 0 "2  1 1 . 5  -  0 . 1  0 . 4  ± 0 . 2  . 0 . 7  -  0 . 2

S a m p l e  Tc ( K) 0 | C | )  (XiCm)

92D 1 1 . 0  i  0 . 4 .  0 . 2 2  -  0 . 0 2

9 2 A , 1 0 . 1 6  -  0 . 0 6  0 . 0 5 2  - 0 . 0 0 4

92DX 1 0 . 8  -  0 . 3  0 . 2 9  -  0 . 0 2

-»
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^ ( o )  -  3 5  A  l e a d  t o - H  = 6 00 O e .

The  a p p e a r a n c e  o f  a  s e c o n d  T t u r n s  o u t  t o  be w h a t  we wou l d  

e x p e c t  i n  t h e  p r e s e n c e  o f  a  m a g n e t i c  f i e l d . I t  i s  i n t e r e s t i n g  

t o  c o n j e c t u r e  t h a t  d e p a i r i n g  i n t r i n s i c  t o  o u r  s a m p l e s  p r o d u c e s  

t h e  same e f f e c t  a s  a  m a g n e t i c  f i e l d  i n  t h i s  r e s p e c t . The  t e m 

p e r a t u r e  d e p e n d e n c e s  a r e  n o t  r i g h t ,  t h o u g h ,  a s  we w i l l . s e e  i n  

t h e  n e x t  s e c t i o n ,  w h e r e  we w i l l  d i s c u s s  m a g n e t i c  f i e l d  e f f e c t s .  

We w i l l  r e t u r n  t o  t h i s  c o n j e c t u r e  i n  t h e  c o n c l u d i n g  s e c t i o n  o f  

t h i s  c h a p t e r .

D a t a  i n  P e r p e n d i c u l a r  M a g n e t i c  F i e l d s

The q u a l i t a t i v e  b e h a v i o r  e n c o u n t e r e d  i n  l a r g e  f i e l d s  when 

t r y i n g  t o  q u e n c h  s u p e r c o n d u c t i v i t y  h a s  b e e n  d i s c u s s e d  i n  c h a p 

t e r  1 ( p a g e s  6 1 - 6 2 ) ,  c h a p t e r  2 ( p a g e  5 2 ) a nd  i n  t h i s  c h a p t e r  

( p a g e  1 2 8 ) .  We w i l l  d i s c u s s  h e r e  d a t a  t a k e n  i n  s m a l l e r  f i e l d s .

The t h e o r e t i c a l . e x p r e s s i o n s  c h o s e n  f o r  c o m p a r i s o n  w i t h  

t h e  d a t a  w e r e  t h o s e  o f  S t e v e n s  a nd  Ab r a h a m,  P r a n g e , and  S t e v e n s  

( h e r e a f t e r  APS; s e e  p a g e s  3 0 - 3 1 ) •  T h e s e  e x p r e s s i o n s  g i v e  

i n  t e r m s  o f  • Thus  t h e  d a t a  a t  c o n s t a n t

t e m p e r a t u r e , w h e r e  a  m e a s u r e m e n t  o f  R( H=0)  i s  t a k e n  w i t h  e v e r y  

s e t  o f  R(H)  d a t a , i s  m o s t . a p p r o p r i a t e  f o r  g e n e r a l  c o m p a r i s o n  

w i t h  t h e o r y .  The d a t a  a t  c o n s t a n t  ,f i e l d  i s  u s e d  i n  a  s e a r c h  

f o r  power  l a w  b e h a v i o r  p r e d i c t e d  by APS i n  c e r t a i n  l i m i t s .  We 

w i l l  d i s c u s s  t h e  s e a r c : :  f o r  p o we r  l aw.  b e h a v i o r  f i r s t .

L o g - l o g  p l o t s  o f  t h e  m a g n e t i c  f i e l d  d a t a  t a k e n  i n  c o n 

s t a n t  f i e l c s  a r e  shown i n  f i g u r e s  25  a nd  2 6 .  . D a t a  o f  t h i s  

s o r t  was  o n l y  t a k e n  on  s a m p l e  92D.  The  n o r m a l  r e s i s t a n c e
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11/10/69 I s =l2/iA P.P.
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F i g u r e  26:  Log-Log P l o t  Of  Da t a  Taken I n  A lOkOe P e r p e n d i c u l a r  
Magnet i c  F i e l d .

92 D H -10 KOe ( PERPENDICULAR TO SAMPLE ) 
10/10/69 I s ■ 12 #*A P.P.

-  Rn (T) -437.994 -(0 .448 ) T

10.16 K

SLOPE 7/6»-T3

ctr

i -■o

- o:

11.54 K

-3

SLOPE 3-4
13.42 K,

( R - R n ) / R



u s e d  i n  t h i s  a n a l y s i s  was  t h e  same l i n e a r  e x t r a p o l a t i o n  f r om 

h i r h  t e m p e r a t u r e s  u s e d  i n  t h e  z e r o  f i e l d  a n a l y s i s .

L o o k i n g  f i r s t  a t  t h e  2tc Oe d a t a ,  we s e e  t h a t  t h e  s l o p e  o f  

t h e  l o g - l o g  p l o t  i s  n o t  m o h o t o n i c ,  r e m i n i s c e n t  o f  t h e  t w o f o l d  

b e h a v i o r  i n  z e r o  f i e l d ,  However  t h e  s l o p e  i s  n o w h e r e  l e s s  t h a n  

o n e .  T h e r e  i s  a  s u g g e s t i o n  o f  p o w e r  l a w  d e p e n d e n c e  w i t h  a  p e 

c u l i a r  e x p o n e n t ,  i n  t h e  l ow r e s i s t a n c e  end o f  t h e  t r a n s i t i o n .

The d a t a  l o o k s  o t h e r w i s e  u n i n t e r e s t i n g .

The 1 0 k  Oe d a t a  l o o k s  e n t i r e l y  d i f f e r e n t .  T h e r e  i s  no 

e v i d e n c e  o f  t h e  t w o f o l d  b e h a v i o r  s e e n  i n  s m a l l e r  f i e l d s .  I n  

f a c t ,  she  e n t i r e  t r a n s i t i o n  s e e ms  t o  f o l l o w  some p o we r  l a w o r  

a n o t h e r .  ^ o s t  i n t e r e s t i n g l y *  t h e r e  i s  a r e g i o n  o f  s l o p e  3 w i t h 

i n  t h e  same r e g i o n  o f  s a m p l e  r e s i s t a n c e  t h a t  showed  t h i s  b e 

h a v i o r  i n  z e r o  f i e l d .  The  l o w e r  p o r t i o n  o f  t h e  t r a n s i t i o n  f o l -  

l o w s  a  d i f f e r e n t  p o w e r  l a w  ( o n e  c o r r e s p o n d i n g  t o  v y  ) ,  and  

c o e s  s o  f o r  n e a r l y  f o u r  d e c a d e s  o f  s a m p l e  r e s i s t a n c e .  T h i s ,  

t o g e t h e r  w i t h  t h e  z e r o  f i e l d  b e h a v i o r ,  s t r o n g l y  s u g g e s t s  s a m p l e  

u n i f o r m i t y .

T a b l e  8  s hows  t h e  e x t e n t s  o f  t h e  c o n s t a n t  s l o p e  p o r t i o n s  

o f  t h e  d a t a .  The c o r r e s p o n d i n g  p o w e r  l a w s  a r e  i n d i c a t e d  t h e r e  

a l s o .

The  l i m i t i n g  f o r m s  o f  t h e  APS e x p r e s s i o n s  w h i c h  a r e  a p p l i 

c a b l e  h e r e ,  f o r

Z T  - T ^ C o )

 ̂ Tc C o P

where Tc (0)  i s  the t r a n s i t i o n  temperature in  zero f i e l d ,  are:
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Table 8

E x t e n t  o f  l e s i o n s  o f  Powe r  Law B e h a v i o r  i n  P e r p e n d i c u l a r  M a g n e t i c

F i e l d s  F o r  Sa m p l e  92D

T e m p e r a t u r e  I n t e r v a l  
Over  Which T h e r e  I s  
A p p r o x i m a t e  T* 

B e h a v i o r  
1 1 . 3 2 4  K t o  1 1 . 0 3 1  K

H = 2 k 0 e

S a m p l e  R e s i s t a n c e  
I n t e r v a l  O v e r  Which 
T h e r e  I s  A p p r o x i m a t e  

' f *  B e h a v i o r  
1 7 0 . 9 2 1 1  t o  2 0 . 1 1 J I

I n t e r v a l  I n  R/R max
O v e r  Which T h e r e  
I s  A p p r o x i m a t e  

B e h a v i o r
0 . 4 0 4  t o  0 . 0 4 8

I n t e r v a l  I n  f y c  
Ove r  Which T h e r e  
I s  A p p r o x i m a t e

'T*"4’B e h a v i o r
1 . 5  t o  2 1  ■:

H = lOkOe

T e m p e r a t u r e  I n t e r v a l  Ove r  
Which T h e r e  I s :

r ' k Be ha v  i o r

1 3 . 4 2  K t o
1 1 . 5 3 8  K

7* B e h a v i o r

1 1 . 5 3 8  K t o  
1 0 . 1 6  K

Sa mp l e  R e s i s t a n c e  I n t e r v a l  
O v e r  Which T h e r e  I s :

•‘A B e h a v i o r

4 1 7 . 2 6  t o
3 8 2 . 0 7

T  B e h a v i o r

3 8 2 . 0 7  t o  
0 . 1

I n t e r v a l  i n  R/Rmax Ove r  Whi ch

T h e r e  I s :

- f B e h a v i o r

O.9&7 t o

'T''*’ B e h a v i o r

0 . 9 0 4  t o
0.0002

I n t e r v a l  i n  ( ^ ^ O v e r  Which 
T h e r e  I s :

*/-'*■ B e h a v i o r  T  B e h a v i o rr
0 . 0 3 5  t o 0 . 1 3  t o  4 3 1 0
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i — lt  Co)

T i t o - )

a b o v e  Tfi( 0 ) ,  ( x  »  1 ) ,

i - 1 - 0 ^ n e a r  T ( 0 ) ,  c

( f o r  | x | < T < l ,  b o t h  2D and  3D)

T  -  T«Th) 

Tc fM)

n e a r  T (H), ( x  t  -S4).

The p o we r  l a w s  we do s e e  a r e  n o t  e n t i r e l y  c o n s i s t e n t  w i t h

t h e s e  p r e d i c t i o n s .  We do s e e  t h e  -}•£ p o w e r ,  b u t  i t  s h o u l d  be

e a s i e r  t o  s e e  i n  t h e  s m a l l e r  f i e l d ,  w h e r e  i t  i s  a b s e n t . I n  

t h e  l OkOe d a t a ,  whe r e  t h e r e  two p o w e r  l a w s ,  t h e r e  i s  n o t  t h e  

c l e a r  e v i d e n c e  t h a t  t h e y  a r e  r e f e r r e d  t o  d i f f e r e n t  t r a n s i t i o n  

t e m p e r a t u r e s  t n a t  t h e r e  wa s  i n  z e r o  f i e l d .  E s t i m a t e s  o f  T£ 

o b t a i n e d  by i o r c i n g  r e p r e s e n t a t i v e  p a i r s  o f  p o i n t s  t o  a p p r o 

p r i a t e  p o w e r  l a w s  s h o w , h o w e v e r ,  t h a t  t h e  two p o w e r  l a w s  go 

w i t h  d i f f e r e n t  t r a n s i t i o n  t e m p e r a t u r e s  s e p a r a t e d  mer e  t h a n  

o e f o r e . The t r a n s i t i o n  t e m p e r a t u r e s , t o g e t h e r  w i t h  p o w e r  l a w  

c o e f f e c i e n t s  c a l c u l a t e d  f rom t h e m ,  a r e  l i s t e d  i n  t a b l e  9 •

f h e  p r e f a c t o r  t o  t h e  T  ^  e x t r a  c o n d u c t i v i t y  s h o u l d  be

t h e  same a s  t h a t  o b t a i n e d  i n  z e r o  f i e l d  a c c o r d i n g  t o  APS.

He f  e r r i n g  t o  p a g e  1 3 9 ,  we s e e  t h a t  i t  i s ,  b u t  i t  a g a i n  02 £♦)
v
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Table 9

T r a n s i t i o n  T e m p e r a t u r e s  And C o e f f i c i e n t s  Of  D e t e r m i n e d  From

Power  Law P o r t i o n s  Of D a t a  'Taken .In' ;  M a g n e t i c  F i e l d s  ( S a mp l e  92D)

M a g n e t i c  Power  Law , \ - 1 T ( °K)
F i e l d  ( O e ) E x p o n e n t  ( - r ) ^  \SL  ' t j

2 3 . 6 3  1 . 4 3  x 1 0 * 2  1 0 . 7 6

1 0  0 . 5  5 - 1  x  1 0 " 1 1 1 . 4 0

1 0  6 1 . 3 5  x  1 0 " 2 1 0 . 6 6

E r r o r  5% 5%

c

Power  Law P r e f a c t o r s  E r r o r
E x p o n e n t  ( - r ) / .  x / .

3 . 8 3  , 1 . 2 2  x 1 0 - 2  2 0 %

0 . 5  9 . 7  1 0 %
„ „4
6 5 - 6  x 10  20%
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d o e s  n o t  a g r e e  w i t h  a n y  o f  t h e  z e r o  f i e l d  p r e d i c t i o n s .

A t t e m p t s  t o  f i t  t h e  APS e x p r e s s i o n s  t o  t h e  d a t a  a t  c o n 

s t a n t  f i e l d  w e r e  i n . g e n e r a l  u n s u c c e s s f u l . G i v i n g  t h e  a v a i l 

a b l e  p a r a m e t e r s  (Rn , T a n d  3 M  ) t h e  v a l u e s  l i s t e d  o n  p a g e

1 ^ 1 ,  APS o v e r e s t i m a t e s  t h e  i n c r e a s e  i n  s a m p l e  r e s i s t a n c e  due 

t o  m a g n e t i c  f i e l d  by a o o u t  20%.  V a r y i n g  Rfi d o e s n ' t  i m p r o v e  

t h e  f i t ;  i n s t e a d ,  Rfi s e e k s  a n  " o p t i m u m "  v a l u e  l e s s  t n a n  t h e

x i x e c  t e m p e r a t u r e .

T o • s u m m a r i z e  t h e  b e h a v i o r  we f o u n d  i n  m a g n e t i c  f i e l d s ,  we 

n o t e  t h a t  t h e  - h  p o we r  l a w  we f o u n d  i n  z e r o  f i e l d  d i s a p p e a r s  

i n  2x0e  , t h e n  r e t u r n s  i n  10  k O e . I t  r e t u r n s  t o  t h e  same p o r 

t i o n  o f  t h e  t r a n s i t i o n ,  w i t h  t h e  same p o w e r  l a w  p r e f a c t o r .  

A g a i n  t h i s  p r e f a c t o r  w o u l d  a g r e e  w i t h  mean f i e l d  t h e o r y  p r e -

d i f i e r e n t  p o r t i o n s  o f  t h e  t r a n s i t i o n  r e f e r r e d  t o  d i f f e r e n t  

t r a n s i t i o n  t e m p e r a t u r e s , a s  s u g g e s t e d  by APS.  We o b s e r v e d  t h i s

p a r e d  w i t h  0 . 5 K  i n  z e r o  f i e l d . I f  we c a l c u l a t e  A JA.//& T f o r

m e a s u r e d  R(H ) a t  e a c h  f i x e d  t e m p e r a t u r e . The f i t  i s  i m-  max r

p r o v e d  o n l y  by n o n p h y s i c a l  T c 1s  a nd  ^ £ 0 ) £  , d i f f e r e n t  f o r  e a c h

I n  t h e  10 k()e d a t a  we f i n d

i n  z e r o  f i e l d  d a t a  t o o ,  o u t  i n  1 0 kOe t h e  "  A.T "  i s  0« ?K com*
c

t h e  two p o r t i o n s  o f  t h e  t r a n s i t i o n , we o b t a i n

f r om t h e  u p p e r  p a r t  i s  h a l f ; f r o m  t h e  l o w e r  p a r t ,
1 0 0  kOe

( S e e  d i s c u s s i o n  i n  m i d d l e  o f  pa ge
100  kOe •

6 1 . )

T

I n  t h e  l o w e r  p o r t i o n  o f  t h e  t r a n s i t i o n ,  w h e r e  we f o u n d
- 4  - 6,

i n  z e r o  f i e l d ,  we f i n d  T  i n  2 kOe a nd  ~  i n  10 kOe
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T h i s  r e f l e c t s  a  b r o a d e n i n g  t r a n s i t i o n  i n  i n c r e a s i n g  f i e l d  w h e r e  

T- C. I . None o f  t h e s e  p o w e r  l a w s  a r e  p r e d i c t e d  ( a t  l e a s t  i n  an  

o b v i o u s  way)  by  a n y  o f  t h e  mea n  f i e l d  t h e o r i e s .

V o l t a g e  D e p e n d e n c e  o f  Sa m p l e  R e s i s t a n c e

The d a t a  o n  t h e  n o n o h m i c  b e h a v i o r  o f  o u r  s a m p l e s  i s  com

p l i c a t e d  a n d  i n c o m p l e t e . We n o t e  i m m e d i a t e l y  t h a t  t h e  v o l t a g e  

d e p e n d e n c e  o f  r e s i s t a n c e  i s  n o t  g e n e r a l l y  m o n o t o n i c , n o t  t h e  

s ame  f o r  b o t h  s a m p l e s  and  a l s o  p e r s i s t s  up  t o  room t e m p e r a 

t u r e .  The e f f e c t  i s ,  a t  l e a s t ,  s m a l l , e x c e p t  f o r  t h e  l o w e s t  

r e s i s t a n c e s .

C h e c k s  p e r f o r m e d  w i t h  t h e  s a m p l e  r e p l a c e d  by v a r i o u s  

r e s i s t o r s  c o n f i r m e d  t h a t  t h e  e f f e c t  i s  n o t  i n s t r u m e n t a l .  H e a t 

i n g  due  t o  m e a s u r i n g  c u r r e n t  c o u l d  n o t  p r o d u c e  wh a t  we s e e , 

s i n c e  i t  d o e s  n o t  c h a n g e  when t h e  s l o p e  o f  s a m p l e  R ( T )  

c h a n g e s .

I n  g e n e r a l ,  t h e  r e s p o n s e  i n  o u r  s a m p l e s  t o  i n c r e a s i n g  

v o l t a g e  i s  f i r s t  a  d e c r e a s e ,  t h e n ,  w i t h  s u f f i c i e n t  v o l t a g e , 

a n  i n c r e a s e  i n  r e s i s t a n c e s  The v o l t a g e  a t  w h i c h  t h i s  c h a n g e  

o c c u r s  d e c r e a s e s  when t e m p e r a t u r e  d e c r e a s e s .

The  d e c r e a s i n g  c o n t r i b u t i o n  t o  R(  V) i s  p r o b a b l y  u n r e 

l a t e d  t o  s u p e r c o n d u c t i v i t y ,  s i n c e  i t  e x i s t s  e v e n  a t  room t e m 

p e r a t u r e .  F o r  t h i s  r e a s o n ,  a nd  s i n c e  a l l  t h r e e  m o d e l s  f o r  

n o n o h m i c  b e h a v i o r  d i s c u s s e d  i n  c h a p t e r  1  p r e d i c t  i n c r e a s i n g  

R ( V ) , we w i l l  d i s r e g a r d  d a t a  d o m i n a t e d  by t h e  d e c r e a s i n g  

c o n t r i b u t i o n  t o  R ( V ) .

E x c e p t  a t  t h e  l o w e s t  r e s i s t a n c e s ,  I T ^ V )  c h a n g e s  s o  s l o w l y  

t h a t  a  c o m p a r i s o n  w i t h  t h e o r y  r e q u i r e s  a  c o m p u t e r . T h i s  h a s



162

n o t  y e t  b e e n  d o n e . V.e o u t l i n e  b e l o w a  few r o u g h  c o m p a r i s o n s  

t h a t  h a v e  b e e n  made w h e r e  t h e  e f f e c t  i s  m o s t  p r o n o u n c e d .

The m o d e l s  d i s c u s s e d  i n  c h a p t e r  1 ( p a g e s  3 2 - 3 4 )  c a n  be 

w r i t t e n , f o r  o u r  p u r p o s e s . ,

~  1 "  a- £  » *O^Co) Vc

2  f»r

C &

r ^ o )  v ^ v t

vx •= stoiaalif
7

Vc -  (7 X lo3 volts) x T Vx

S i n c e  o u r  s a m p l e  v o l t a g e s  a r e  a l m o s t  c e r t a i n l y  l e s s  t h a n  

V , we t r y  t h e  f i r s t  e x p r e s s i o n .  A c c o r d i n g  t o  t h i s  e x p r e s s i o n ,

£CV) -  ZCo)  2
 _____________ ___ o u g h t  t o  be  l i n e a r  i n  V f o r  s m a l l  r e s i s t a n c e s .

fLCV)

A p l o t  o f  o u r  d a t a  woul d  show t h i s  i s  n o t  t h e  c a s e . T h i s  e x 

p r e s s i o n  u n d e r e s t i m a t e s  R (V)^ y i e l d i n g  a  V ^ ( e x p . ) a t  l e a s t  a n  

o r d e r  o f  m a g n i t u d e  t o e  l o w .

G o r ’k o v ' s  f o r m u l a  ( p a g e  3 4 )  p r e d i c t s  l o g ( R ( Q ) / R ( V ) ) a p p r o x 

i m a t e l y  l i n e a r  i n  1 / V f o r  s m a l l  R.  Her e  a g a i n  t h e  d a t a  i s  n o t  

l i k e  t h i s ,  t h e  m o d e l  u n d e r  e s t i m a t e s  R ( V ) . by t h e  same a mo u n t  

a s  a b o v e .
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The f o r m u l a  a p p r o p r i a t e  f o r  V >"> p r e d i c t s  l o g ( R ( V ) ) 

l i n e a r  i n  l o g ( V )  : o r  s m a l l  R.  . T h i s  i s  n o t  s o  e i t h e r .  R(V)  

i n  c h i s  c a s e  i s  o v e r e s t i m a t e d . .  The d a t a  d o e s  a p p r o a c h  t h e  a p 

p r o p r i a t e  s l o p e  . f o r  3D b e h a v i o r , a t  t h e  h i g h e s t  v o l t a g e s , i n

t h i s  a n a l y s i s , b u t  t h a t  p a r t  o f  t h e  d a t a  i s  f i t  w i t h  V ~  ,2mV.
c

A t t e m p t s  t o  f i t  t h e  m o d e l s  f o r  n o n o h mi c  b e h a v i o r  t o  o u r  

d a t a  h a v e  b e e n  e n t i r e l y  u n s u c c e s s f u l .
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C o n c l u s i o n

i h e  r e s i s t i v e  t r a n s i t i o n  i n  t h e s e  s a m p l e s  s e e m s  t o  d i v i d e  

i t s e l i  n a t u r a l l y  i n t o  two p o r t i o n s .  I n  t h e  u p r e r  p a r t , we f i n d  

a g r e e m e n t  o n l y  w i t h  A s l a m a s o v  and L a r k i n ,  and : en o n l y  i f  o u r  

m e a s u r e d  ~$C o\ i s  r e p l a c e d  b -■ 2>‘ XCo*) . T h i s  r e s t s  on an a s s u m

ed n o r m a l  r e s i s t a n c e  s u g g e . t e d  by h i g h  c m e r e r a u r e  and  h i g h  

m a g n e t i c  i ' i c l c  d a t a . The  l o w e r  p a r t  o f  t h e  t r a n s i t i o n ,  i n s e n 

s i t i v e  t o  R ( T ) ,  c a n  be f i t  t o  a c o w e r  l a w ,  b u t  one  r e f e r r e d  n

t o  a l o w e r  T t h a n  t h a t  e n c o u n t e r e d  a b o v e  t h i s  ■enic . n .  c

P e r h a p s  t h e  - -os t  s t r i k i n g  o u t c o m e  o f  t h i s  a n a l y s i s  i s  t h e  

s u g g e s t i o n  o f  f l u c t u a t i c  c o n d u c t i v i t y  a b o v e  2 0 K. I n  f a c t ,  

r e s i s t a n c e  i n c r e a s e s  i n  v e r y  h i g h  f i e l d s  c o u l d  be d e t e c t e d  

a t  2 0  K.

I n  t h e  u p p e r  p o r t i o n  o f  t h e  t r a n s i t i o n ,  t h e  t h e o r e t i c a l  

t i c t u r e  i s  f a r  f r om c o r - l e t e . A weak d e p a i r i n g  e x p r e s s i o n  

c a n n o t  a c c o u n t  f o r  o u r  d a t a  t h e r e .  The o n l y  s t r o n g  d e p a i r i n g  

e x p r e s s i o n  ( o n e  f o r  3D) i n c i c a t e s  =" J ( i . e . ,  i n t e r m e d

a t e  b e p a i r i n g ,  f o r  w h i c h  t h e r e  i s  no m o o e l ) .

■ The b e h a v i o r  o b s e r v e d  i n  t h e  l o w e r  p a r t  o f  t h e  t r a n s i t i o n  

i s  i n c o n s i s t e n t  w i t h  a n y t h i n g  e x c e p t  t h e  mos t  e x o t i c  s o r t  o f  

g r a d e d  n o n u n i f o r m i t y .  T h e r e  a r e  c l e a r  e v i d e n c e s  o f  n o n u n i f o r 

m i t i e s  = t  t h e  v e r y  l o w e s t  r e s i s t a n c e s .  T h e r e ,  i n  e a c h  s a m p l e ,  

one  s e e s  s e v e r a l  s - i f t s  t o  l o w e r  and  l o w e r  T ^ s ,  e a c h  p r e s e r v 

i n g  t h e  same r o w e r  l a w ( - 5 / 2 )  ( f i g u r e s  2 2 - 2 4 ) .  The  b u l k  o f  t h e  

e vie &uce s.-e.us t o  w e i g h ,  t h o u g h  n o t  c o n c l u s i v e l y ,  a g a i n s t  s am

p l e  n o n u n i f o r m i t y  c a u s i n g  t h e  o t h e r  b e h a v i o r  we s e e .
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The a p p e a r a n c e  01 t h e  v/hole  t r a n s i t i o n  i n  z e r o  f i e l d  i s  

r e m i n i s c e n t  o f  wh a t  mean  i i e l c  t n e c r y  p r e d i c t s  i n  a  m a g n e t i c  

f i e l d .  The e x p o n e n t s  o f  t h e  p o w e r  l a w s  a r e  n o t  r i g h t  , b u t  

t h e  r e f e r e n c e  t o  two t r a n s i t i o n  t e m p e r a t u r e s  a nd  p r o b a b l e  i n 

t r i n s i c  d e p a i r i n g  i n  o u r  s a m p l e s  make t h i s  a n  i n t e r e s t i n g  c o n 

j e c t u r e  . T h e r e  a r e  some d i f f i c u l t i e s  w i t h  t h i s  c o n j e c t u r e :

1 )  An e x t e n s i v e  r e g i o n  o f  p o w e r  l a w  b e h a v i o r  s e e n  i n  z e r o  and

10  k.Oe i s  a b s e n t  i n  a  2 kQe f i e l d .  2 )  T ‘̂ - T  i n  z e r o  f i e l dc c

i n d i c a t e s  a n  e f f e c t i v e  f i e l d  o f  1 3  k Q e ; t h i s  i s  i n c o n s i s t e n t

w i t h  t h e  o o s e r v e d  c h a n g e s  i n  T ' s  w i t h  m a g n e t i c  f i e l d .  3 )

MF *T c - ‘T c o r r e s p o n d s  t o  we a k  d e p a i r i n g ,  w h i l e  t h e r e  h a s  b e e n  no 

s u c c e s s  i n  a t t e m p t s  t o  f i t  t h e  v i ak i - Th o mp s o n  e x p r e s s i o n s  t o  

c u r  c a t a .

The s e  r e s e r v a t i o n s  a r e  l e s s  s e r i o u s  i n  t h e  l i g h t  o f  t h e  

f a c t  t h a t  e x p r e s s i o n s  f o r  t h e  e x t r a  c o n d u c t i v i t y  h a v e  n o t  y e t  

b e e n  wor ke d  o u t  i n  t h e  c a s e  o f  s t r o n g  c o u p l i n g  and i n t e r m e d i a t e  

o r  s t r o n g  d e p a i r i n g . The mo d e l  by w h i c h  we s o u g h t  t o  d e t e r m i n e  

t h e  s t r o n g  c o u p l i n g  n a t u r e  o f  o u r  m a t e r i a l  i s  n o t  e v e n  on f i r m  

g r o u n d . A more  c o m p l e t e  a nd  p e r h a p s  s a t i s f a c t o r y  a n a l y s i s  o f  

t h i s  d a t a  a w a i t s  t h e s e  t h e o r e t i c a l  r e s u l t s .
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aPPEiNIIX I

The s u b r o u t i n e  f o r  c o m p u t e r  c a l c u l a t i o n  o f  t e m p e r a t u r e s  

f r om t h e r m o m e t e r  r e s i s t a n c e s  i s  r e p r o d u c e d  h e r e . T h i s  i l l u s  

t r a t e s  t h e  u s e  o f  t h e  i n t e r p o l a t i o n  f o r m u l a  f o r  t h e r m o m e t e r  

c a l i b r a t i o n  i n  s e c t i o n s  c o v e r i n g  d i f f e r e n t  t h e r m o m e t e r  r e s i s  

t a n c e s  ( RT ) .



SUBROUTINE FOR CALCULATION OF TEMPERATURES*

FROM CRYOCAL THERMOMETER RESISTANCES (FOR H = 0) 

RT = CRYOCAL RESISTANCE

STATEMENT 40 IS THE EXIT FROM THE ROUTINE

1 = 1
A ( 1 « 1 > = 1 0 3 . 8 9 1 8 4 0 9  $ 6 (1 , 2 )  = - 8 5 .  I 4 8 8 i ) 8 5 9  
A (1 » 3 )  = 3 0 « 5 1 2 9 9 A y $ 8  (1 , 4 ) = - 4 . 0  7 4 4 6 7 8 9  
8 ( 2 , 1 > = 1 7 9 . 5 3 6 3 7 9 2  $ 8 ( 2 , 2 ) = - 1 9 3 . 3 1 9 0 2 1 0 3  
8 ( 2 , 3 ) =  8 2 . 0 7 3 0 6 9 1 5  $ 6 ( 2 , 4 ) = - 1 2 . 2 6 6 9 3 5 3 9
H ( 3 . 1 > = 7 9 . 1 5  3 6 4 8 ]  $ 8 ( 3 , 2 )  = - 1 2 . 1 9 4 1 8 9 5
8 ( 3 , 3 )  = - 2 6 . y q 5 Q 7 l 9 7  $ 8 ( 3 , 4 ) = 9 . 6 5 0 9 2 5 6
8 ( 4 , 1 ) = - 1 0 2 6 . 1 3 1 8 2 2 7 8  $ B ( 4 , 2 ) = 4 5 1 2 . 1 5 5 0 2 0 8 8  
8 ( 4 , 3 ) = - 7 4 0 l . 1 8 5 2 4 5 4 3  $ 8 ( 4 , 4 )  = 5 9 9 1 . 8 5 7 1 5 7 8 1
B ( 4 . 5 ) = - 2 4 1 5 , 6 4 0  6 2 5 5 9  $ 8 ( 4 , 6 ) = 3 8 8 . 4 8 2 4 4 0 7 1
8 ( 5 ,  1)  =41. 1 . 3 6 7 6 2 5 2 6  $6  ( 5  , 2 ) = - 1  2 4 4  .  9 8 3 7 0 8 6 4
H ( 5 , 3 )  = 1 7 i ) 9 .  16 )  4 4 9 5 9  $8  ( 5  ,  4 ) = - 1 0 8 9  . 0 8 9 8 5 4 5 1
H ( 5 , 5 ) = 2 6 3 . 2 7 m 6 4 6 9 4  

6 Bt f l O 2 0 , RRT , R R S . RT B R G, R 5 HR G  
2 °  FORMAT ( ? x ,  4 F 1 0 . 0 )

A f =RR T <> A T A R G 
RS=RR54RSbRG  
T ( t ) = 0 .
IF ( R T . L E . : ) .  ) GO TO 4 '
I F ( R T . L F . 1 2 . - )  GO TO 2 )
I F ( R T . U E . 2 6 . ) GO TO 19 
I F ( R T . L F . 4 9 . ) GO TO 17  
IF ( R T . L E . 1 1 2 . )  GO TO 19  
K = 1
L = 4
GO TO 2 5  

1 5  K = 2 
L = 4
GO TO ? 5  

17 K = 3 
L = 4
GO TO 2 5.

) 9  K = 4 

U = ,3
GO TO 2 6  

21 K = 5 
L — 5

85 u<) 26 M = 1 , L 
"26 T I I ) = T ( I  ) ♦ B ( < , m > # ( ( ALOG1 0 ( RT ) ) <to ( m- 2 )  )

See c h a p t e r  t h r e e  f o r  d i s c u s s i o n .
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ApPj-iI'iiLIX I I

C a l i b r a t i o n  o f  N a t i o n a l  C a r b o n  C o . ,  I n c .  t h e r m i s t o r  

( d e s i g n a t e d  by m a n u f a c t u r e r  a s  u n i t  # 4 )  i n  z e r o  m a g n e t i c  

f i e l d .  See  c h a p t e r  3 f o r  f u r t h e r  c i s c u . s s i o n .
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THERMISTOR CALIBRATION DATA 

THERMISTOR UNIT #4 THERMISTOR POWER = 1 Wat t  a t  1 . 5  KHz

PRECISION: RESISTANCE: +3 i n  l a s t  d i g i t  o r  b e t t e r
TEMPERATURE: See s e c t i o n  on CryoCal  c a l i b r a t i o n  i n

c h a p t e r  t h r e e .

TEMPERATURE 
( K)

THERMISTOR 
RESISTANCE 
(ohms) .

TEMPERATURE 
( K)

THERMISTOR
RESISTANCE
(ohms)

4 . 5 43055 . 17.0 23 .160

4 . 7 5 28530 18.0 18.892

5 . 00 19435 19.0 15.732

5.5 10580 2 0 . 0 13 .357

6 . 0 ; 5743.2  " 2 2 . 0 10.080

6 .5 3324.1 24.0 8 . 0154

7.0 2038.2 26.0 6 .6720

7 . 5 1301.0 28 . 0 5 .7900

8 . 0  , 872 .69 30 . 0 5 . 2538

8 ' 5
612 . 86 32 . 0 4 . 7 7 4 4

9 . 0 438 . 34 34 . 0 4 . 22 4 8

'* 9 . 5 328.23 36 . 0 3 . 7378

1 0 . 0 247.70 38 . 0 3 . 3270

1 1 .0 151.75 4 0 . 0 2 . 9807

1 2 . 0 . . 99 . 31 4 5 . 0 2 . 3282

13.0 68 .725 55 . 0 1 . 5826

14.0 49 . 750

15.0 37.392

16.0 29.044
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j  S .  M a r c e l j a ,  W. E .  Ma s k e r  a nd  R.  D. P a r k s ,  P h y s .  R e v .
1 8 8 , 7 4 5 ( 1 9 6 9 ) .
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. K l a u s - D i e t e r  U s a d e l ,  E .  P h y s i k  2 2 7 , 2 6 0 ( 1 9 6 9 )  •
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