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ABSTRACT 

Flux  e n t r y  i n t o  a n  a n i s o t r o p i c  type  I1 superconductor was i n v e s t i g a t e d  

us ing  magnet iza t ion  measurements on s i n g l e  c r y s t a l s  of NbSe2. 

Demagnetization e f f e c t s  were l a r g e  and were taken  i n t o  account  

q u a n t i t a t i v e l y .  F lux  e n t r y  measurements were a l s o  performed on an i s o t r o p i c  

superconductor ,  Nb 48 atomic % Ti ,  a s  a  check on the  exper imenta l  method. 

The measured c r i t i c a l  f l u x  e n t r y  f i e l d s  f o r  NbSe2 were l a r g e r  t han  t h e  

expected lower c r i t i c a l  f i e l d s  c a l c u l a t e d  u s ing  l i t e r a t u r e  v a l u e s  of t h e  

upper c r i t i c a l  f i e l d  and a n i s o t r o p i c  Ginzburg-Landau theory .  For  f i e l d s  

app l i ed  p a r a l l e l  t o  t h e  c r y s t a l  l a y e r s ,  t h e  en t r ance  f i e l d  was found t o  

have a  small dependence on the  c r y s t a l  s i z e .  It is suggested t h a t  t he se  

obse rva t ions  could be expla ined  us ing  c r i t i c a l  s t a t e  theory.  A p l o t  of t h e  

c r i t i c a l  e n t r y  f i e l d  a g a i n s t  t he  angle  of t h e  app l i ed  magnetic f i e l d  with 

r e s p e c t  t o  t h e  c r y s t a l  c -ax is ,  shows an  anomalous cusp- l ike  f e a t u r e .  This 

cusp is  not  exp la ined  f o r  NbSe2 by t h e  a n i s o t r o p i c  Ginzburg-Landau theory.  

I t  can be exp la ined  by assuming t h a t ,  a t  t h e  c r i t i c a l  en t r ance  f i e l d ,  t h e  

f l u x  l i n e s  a r e  no t  p a r a l l e l  t o  the  magnetic f i e l d ,  but are e i t h e r  n e a r l y  

p a r a l l e l  t o  o r  n e a r l y  perpendicular  t o  t he  c r y s t a l  l a y e r s  depending on the  

d i r e c t i o n  of t h e  a p p l i e d  f i e l d .  
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I. I n t r o d u c t i o n  

An i so t rop i c  type  I1 superconductors  have been t h e  o b j e c t  of much 

i n t e r e s t  i n  r e c e n t  yea r s .  There have been cons ide rab l e  t h e o r e t i c a l  and 

experimental  i n v e s t i g a t i o n s  of t h e  p r o p e r t i e s  of a n i s o t r o p i c  

superconductors ,  i n  p a r t i c u l a r ,  t h e  an i so t ropy  of t h e  upper c r i t i c c  1 f i e l d  . 
Only r e c e n t l y ,  however, has  t h e r e  been a t h e o r e t i c a l  t rea tment  of  t h e  lower 

c r i t i c a l  f i e l d  HC1.l To d a t e ,  t h e r e  has  no t  been an experimental  

de te rmina t ion  of t h e  an i so t ropy  of H 2. The most commonly s t u d i e d  
c 1 

a n i s o t r o p i c  superconductors  a r e  l aye red  t r a n s i t i o n  meta l  d icha lcogenides .  

C r y s t a l s  of t h e s e  subs tances  grow i n  t h e  shape of p l a t e l e t s .  A 

superconductor  nea r  H is  i n  a s t r o n g l y  diamagnetic s t a t e .  The re fo re ,  c 1 

l a r g e  demagnetizing e f f e c t s  due t o  t h e  shape of t he se  c r y s t a l s  complicate  

t h e  measurement of H 
c 1 ' 

I n t i m a t e l y  connected wi th  t h e  lower c r i t i c a l  f i e l d  i s  t h e  e n t r y  of 

magnetic f l u x  i n t o  a superconductor .  For a p p l i e d  f i e l d s  above Hcl i t  i s  

thermodynamically f avo rab l e  f o r  f l u x  t o  e n t e r  a superconductor .  But i n  a 

r e a l  superconductor ,  t he re  can e x i s t  i r r e v e r s i b l e  e f f e c t s  which oppose t h e  

movement of  f l u x .  Th i s  can de lay  t h e  en t r ance  of f l u x  u n t i l  an a p p l i e d  

f i e l d  somewhat l a r g e r  than H is reached. It is  t h e  en t rance  of f l u x  i n t o  
c 1 

a superconductor  which marks t h e  t r a n s i t i o n  from t h e  f u l l y  diamagnet ic  

(Meissner)  s tate t o  t h e  p a r t l y  diamagnet ic  (mixed) s t a t e .  The measurement 

of magnet izat ion of a c r y s t a l  can be used t o  determine the  onse t  of f l u x  

e n t r y  which marks t h e  phase change. 

I n  Chapter I1 of t h i s  t h e s i s ,  a t h e o r e t i c a l  d e s c r i p t i o n  of an 

i s o t r o p i c  t ype  I1 superconductor is  given a long  wi th  a d e r i v a t i o n  of  t h e  



value  o f  H T h i s  i s  then  gene ra l i zed  t o  i nc lude  demagnet izat ion e f f e c t s .  
c l '  

The theo ry  developed by K l e m  and cleml f o r  a n i s o t r o p i c  superconductors  is 

presen ted  i n  t h e  same way a s  t h e  theory  of t h e  i s o t r o p i c  case.  F i n a l l y ,  

Chapter I1 g i v e s  a d i s c u s s i o n  of t h e  p o s s i b i l i t y  of delayed f l u x  en t ry .  

Chapter I11 g i v e s  t h e  c o n s t r u c t i o n  d e t a i l s  and ope ra t i ng  p r i n c i p l e s  of t h e  

magnetometer used t o  measure t h e  magnet izat ion of samples. I n  Chapter I V Y  

f l u x  e n t r y  measurements f o r  a n  i s o t r o p i c  superconductor  Nb48%Ti, a r e  

r epo r t ed .  These r e s u l t s  a r e  used a s  a  check on demagnet izat ion c a l c u l a t i o n s  

and t o  i n v e s t i g a t e  delayed f l u x  e n t r y  f o r  t h e  i s o t r o p i c  ca se .  The f l u x  

e n t r y  measurements f o r  an  a n i s o t r o p i c  superconductor ,  NbSe2, a r e  given i n  

Chapter V. Also  i n  Chapter V ,  i s  a  d i s cus s ion  of  t he  exper imenta l  r e s u l t s  

and a  comparison w i t h  theory .  Chapter V I  summarizes t h e  work presen ted  i n  

t h i s  t h e s i s  and sugges t s  some p o s s i b l e  f u t u r e  work. 



11. Theory 

I s o t r o p i c  -- Type I1 Superconductors 

This  s e c t i o n  w i l l  use  Ginzburg-Landau theo ry  t o  show how t o  f i n d  t h e  

lower c r i t i c a l  f i e l d  Hcl of an i s o t r o p i c  type  I1 superconductor.  F i r s t  Hcl 

w i l l  be found f o r  a long  cy l inde r  p a r a l l e l  t o  an  a p p l i e d  f i e l d ,  and then  

demagnet izat ion e f f e c t s  w i l l  be taken i n t o  account .  The f i r s t  p a r t  of t h i s  

c a l c u l a t i o n  i s  done i n  any textbook covering type  I1 superconduct ivi ty .  3,4 

Type I1 superconductors  can be cha rac t e r i zed  by two l eng ths .  F i r s t l y ,  

t h e  coherence l e n g t h  5 , which i s  t h e  l eng th  s c a l e  over which t h e  o rde r  

parameter can vary .  Secondly, the  p e n e t r a t i o n  depth X , which is  t h e  l eng th  

s c a l e  over  which t h e  microscopic  magnetic f i e l d  can vary. Both of t he se  

parameters  have t h e  same temperature  dependence n e a r  . This  l eads  t o  t he  Tc 

d e f i n i t i o n  of  t h e  temperature  independent parameter K = X / ~  Y which i s  used 

t o  c l a s s i f y  t h e  behavior  of a superconductor.  

When a sma l l  magnetic f i e l d  is  app l i ed  t o  a type  I1 superconductor ,  

it w i l l  be i n  t h e  Meissner s t a t e  where t h e  magnetic i nduc t ion  is  zero i n  

t h e  bu lk  of t h e  superconductor .  The superconductor  i s  now a p e r f e c t  

diamagnet w i t h  magnet iza t ion  M=-H/4x. I f  t h e  a p p l i e d  f i e l d  i s  increased  t o  

t h e  lower c r i t i c a l  f i e l d  Hcl,  it w i l l  be e n e r g e t i c a l l y  f avo rab l e  f o r  t he  

superconductor  t o  a l low the  e n t r y  of some magnetic f l u x .  Th i s  marks t h e  

t r a n s i t i o n  t o  t he  mixed s t a t e .  The f l u x  e n t e r s  i n  t h e  form of f l uxo ids .  An 

i s o l a t e d  f l u x o i d  can  be modeled, f o r  l a r g e  K Y as a c y l i n d e r  ex tending  



through t h e  superconductor  i n  t he  d i r e c t i o n  of t h e  app l i ed  f i e l d .  The co re  

of t h e  f l u x o i d  i s  i n  t h e  normal s t a t e  and has  a r a d i u s  of 5 .  The 

microscopic magnetic f i e l d  i s  a t  a maximum w i t h i n  t h e  core.  Shie ld ing  

c u r r e n t s  around t h e  core  cause t h e  f i e l d  t o  decrease ,  over a length  s c a l e  

A ,  t o  zero i n  t h e  superconducting bulk.  The magnetic f l u x  contained i n  a 

f l u x o i d ,  i nc lud ing  both t h e  core  and t h e  s h i e l d i n g  cu r ren t  a r e a s ,  is one 

quantum of magnetic f l u x  +. A s  t he  app l i ed  f i e l d  i s  f u r t h e r  increased  more 

f l u x o i d s  e n t e r  t h e  superconductor.  When t h e  app l i ed  f i e l d  reaches the  upper 

c r i t i c a l  f i e l d  Hc2 t he  e n t i r e  bulk of t h e  superconductor makes a second 

o rde r  t r a n s i t i o n  t o  t he  normal s t a t e .  

A va lue  f o r  H can be found by cons ider ing  t h e  Gibbs f r e e  energy 
c 1 

per u n i t  volume of t h e  superconductor ( i n  c g s  u n i t s ) ,  
3 

F is  t h e  se l f -energy  of a f l ux iod .  It c o n s i s t s  of t h e  l o s t  condensation' 1 

energy of t h e  normal core  p lus  the  k i n e t i c  energy of t he  sh i e ld ing  

supe rcu r ren t s .  n i s  t h e  number of f l u x o i d s  per  u n i t  a r e a .  Since each 

f l u x o i d  con ta ins  one quantum of f l u x ,  n can be expressed i n  terms of t h e  

average  magnetic i nduc t ion ,  n=B/ @ . The second term expresses  t h e  

i n t e r a c t i o n  energy  between f luxo ids .  Near Hcl the  d i s t a n c e  between f l u x o i d s  

is  l a r g e  compared t o  A and the  i n t e r a c t i o n  term can be neglected.  The 

t h i r d  term i s  t h e  energy dens i ty  of a magnetic f i e l d .  The f i n a l  term g ives  

t he  energy of a magnetized m a t e r i a l  i n  an e x t e r n a l l y  appl ied  f i e l d .  The 

magnet izat ion can be expressed a s  4nMzB-H where H is the  i n t e r n a l  
i ' i 

magnetic f i e l d .  For a long cy l inde r  p a r a l l e l  t o  Ha, Hi=Ha and B w i l l  be 

p a r a l l e l  t o  Ha. Near Hcl, B w i l l  be small and terms i n  B~ can be 



k 
F 

neglec ted .  The Gibbs energy near Hcl can then  be w r i t t e n  

The Gibbs energy can be decreased f o r  non-zero B,  i f  

Hcl is t h e  l i m i t  of H a s  B goes t o  zero.  This  de f ines  t he  lower c r i t i c a l  a 

f i e l d  Hcl. The self-energy of a f l uxo id  9 can be found using 

Ginzburg-Landau theory.  One f i n d s  

where H is  t h e  thermodynamical c r i t i c a l  f i e l d .  
C 

For o t h e r  shapes and o r i e n t a t i o n s  of a magnetic (superconduct ing)  

sample demagnetizing e f f e c t s  must be considered.  The demagnetization 

problem can be so lved  a n a l y t i c a l l y  f o r  a magnetic m a t e r i a l  i n  t h e  shape of 

an  e l l i p s o i d ,  whose magnet izat ion i s  given by M = X H .  I n  t h i s  case  H can be 

descr ibed  by a s c a l a r  p o t e n t i a l ,  H = V @ ,  and t h e  s c a l a r  p o t e n t i a l  is  t h e  

s o l u t i o n  t o  Laplace's equat ion .  5 ' 6 9 7  For a uniform appl ied  f i e l d  Ha, t h e r e  

w i l l  be  a uniform f i e l d  Hi i n s i d e  t h e  e l l i p s o i d .  I f  t he  coord ina tes  a r e  

chosen a long  t h e  symmetry axes of t h e  e l l i p s o i d ,  the  components of t h e  

i n t e r n a l  f i e l d  a r e  given by 



where L, M, and N a r e  geometr ical  demagnetization f a c t o r s  i n  t h e  x, y,  and 

z d i r e c t i o n s ,  r e s p e c t i v e l y .  The gene ra l  express ions  f o r  t h e  demagnet izat ion 

f a c t o r s  i n c l u d e  e l l i p t i c  i n t e g r a l s  and a r e  q u i t e  complicated. I n  t h e  case  

of an  o b l a t e  sphe ro id  with semiaxes a ,  b, and c  i n  t h e  x, y, and z 

d i r e c t i o n s ,  and where a=b>c the  demagnetization f a c t o r s  a r e  
6 

Now, t h e  a p p l i e d  c r i t i c a l  f i e l d  can be found f o r  a n  o b l a t e  sphero id ,  

with i t s  s h o r t  a x i s ,  c ,  i n  t he  z d i r e c t i o n ,  f o r  an a r b i t r a r y  d i r e c t i o n  of 

t he  appl ied  f i e l d  . S t a r t i n g  from equat ion (2-l) , neg lec t ing  t h e  i n t e r a c t i n g  

2 term and t h e  B term,  gives f o r  the  Gibbs energy 

where % depends on t h e  i n t e r n a l  f i e l d ,  so  t h a t  

S u b s t i t u t i n g  f o r  li using  equat ion  (2-5) l e a d s  t o  

7b 
where D is t h e  demagnet izat ion tensor .  I t  can be expressed as a d iagonal  

ma t r ix  with L ,  M, and M a s  i t s  d iagonal  elements.  Doing t h e  dot product 

and omi t t i ng  terms independent on B g ives  



where 8 is t h e  ang le  of B with r e spec t  t o  t he  z  a x i s .  (B i s  i n  t he  same 
B 

d i r e c t i o n  a s  t h e  f luxo ids  .) The Gibbs energy can be decreased by choosing 

B=O when 

I f  ea i s  t h e  a n g l e  between the  appl ied  f i e l d  and t h e  z a x i s ,  

equat ion  (2-11) can be solved t o  g ive  Ha, 

4 v40 
a 

Ha ) sine, sines cos @a cos QB 

I - L  
I 

I - N  

The a n g l e  9 i s  s t i l l  undetermined. It can be found by cons ider ing ,  f o r  a B 

f i x e d  ang le  of t h e  appl ied f i e l d ,  i n  which d i r e c t i o n  t h e  f i r s t  f l uxo id  

l i e s ,  g iv ing  t h e  sma l l e s t  value of H I n  o t h e r  words, minimizing H with 
c  1 ' c 1 

re spec t  t o  e g ,  which gives 

The a n g l e  Bi which the  i n t e r n a l  f i e l d  Hi makes wi th  r e spec t  t o  t he  z  

a x i s ,  can be found using equat ions (2-5) t o  be 

t a n  €3; 

That i s ,  f o r  a n  i s o t r o p i c  superconductor t h e  f i r s t  f l u x  l i n e  a t  H e n t e r s  
c l  

i n  t h e  d i r e c t i o n  p a r a l l e l  t o  t he  i n t e r n a l  f i e l d .  The app l i ed  c r i t i c a l  f i e l d  

given by equa t ion  (2-12) is  the  same a s  u s ing  t h e  i n t e r n a l  c r i t i c a l  f i e l d  

(equat ion  (2-3)) transformed t o  t he  app l i ed  f i e l d  u s i n g  equat ions  (2-5) and 



1 Aniso tsopic  -- Type I1 Superconductor 

I n  t h i s  s e c t i o n  an express ion  i s  found f o r  Hcl f o r  an a n i s o t r o p i c  

superconductor  and t h e  i n t e r e s t i n g  f e a t u r e s  of t h i s  s o l u t i o n  w i l l  be 

descr ibed .  

The u s u a l  way t o  desc r ibe  an a n i s o t r o p i c  superconductor  is  t o  use  an 

a n i s o t r o p i c  e f f e c t i v e  e l e c t r o n  mass i n  t h e  Ginzburg-Landau theory.  1 , 8  

Consider a  l aye red  substance wi th  conduct ing  l a y e r s  i n  t h e  x-y p lane  

s epa ra t ed  by van d e r  Waals gaps.  The e f f e c t i v e  mass i n  t h e  z  d i r e c t i o n  

would be  l a r g e r  than  i n  t he  x  and y  d i r e c t i o n s ,  m z h  =a . The e f f e c t i v e  * Y 
mass model i s  i n  good agreement w i t h  exper imenta l  r e s u l t s  f o r  t h e  upper 

c r i t i c a l  f i e l d .  9 

We found t h a t  t h e  c a l c u l a t i o n  of  H f o r  an a n i s o t r o p i c  
c 1 

superconductor  can be done i n  t h e  same way a s  t h e  above c a l c u l a t i o n  f o r  an 

i s o t r o p i c  superconductor .  The on ly  d i f f e r e n c e  i s  i n  t h e  c a l c u l a t i o n  of t h e  

se l f -energy  of a  f l uxo id ,  F1(og). The se l f -energy  w i l l  depend on t h e  

d i r e c t i o n  i n  which t h e  f l uxo id  l i e s .  Th i s  c a l c u l a t i o n  is  somewhat 

complicated. It has  been done by R. A. K l e m  and J. R. ~ 1 e m . l  The i r  r e s u l t  

ha s  t h e  same form a s  the  i s o t r o p i c  t heo ry ,  but they use an a n i s o t r o p i c  

.c 

Ginzburg Landau parameter K g iven by 

where K~ =K(m/m ) and K is an average  va lue  of t h e  Ginzburg Landau 
Z 

parameter ,  m=(m m m )V: and cslx/mz. The se l f -energy  of a  f l u x o i d  i s  
X Y Z  

t o  be 

found 



Put t ing  t h i s  i n t o  equation (2-12) gives 

Minimizing equation (2-17) with respect  t o  eB gives the  condit ion f o r  eB, 

g cosea 
(In2 + 0.497) - 

( l - N )  cos eB 

This equation must be solved numerically f o r  each f ixed angle of the  

applied f i e l d .  I n  t h e i r  c a l c u l a t i o n ,  Klemm and Clem f ind  only the  i n t e r n a l  

lower c r i t i c a l  f i e l d .  I n  a  l a t e r  paper, ~ l e m '  transforms the  i n t e r n a l  

c r i t i c a l  f i e l d  t o  the  applied c r i t i c a l  f i e l d  using demagnetization f a c t o r s .  

These ca lcu la t ions  of K l e m  a r e  equivalent  t o  our much simpler and more 

t ransparent  ca lcu la t ion .  

The d i r e c t i o n s  of H Hi,  and B r e l a t i v e  t o  the c r y s t a l  axes of a  a  ' 
sample a r e  drawn i n  Fig.11 .l. Fig.II.2a shows H p lo t t ed  agains t  ea f o r  

c  l a  

a  s p h e r i c a l  sample with ~ = 9 ,  f o r  two an i so t rop ies  ~=0.119 and ~=0.01.  The 

demagnetization f a c t o r s  f o r  a  sphere a r e  L = M = N = ~ / ~ ,  so  Fig.II.2a i s  the  

same a s  a  p lo t  f o r  the i n t e r n a l  c r i t i c a l  f i e l d .  For a  mildly an i so t rop ic  

superconductor ( ~ = 0 . 1 1 9 )  the  curve i s  continuous, but there  is  a break i n  

the  curve f o r  a  very an i so t rop ic  superconductor. Changing the  parameter K 

has l i t t l e  e f f e c t  on the shape of the  curve. A p lo t  of eB agains t  ea i s  

shown i n  Fig.II.2b. For E=0.119 t h e  curve i s  continuous, but shows tha t  

the  i n i t i a l  f luxo id  i s  not p a r a l l e l  t o  the  i n t e r n a l  f i e l d .  I f  it were, 

then . eB would equal  ei, a s  i n  t h e  i s o t r o p i c  case.  The curve f o r  c=0.01 is 



Fig. 11.1- Sketch showing de f i n  i t  i o n  s of the angles 



Fig . I I .2a-  Hcl r r s  9 us ing  K l e ~ m  and Clem-s theory1 f o r  s p h e r i c a l  
a  

samples w i t h  K, =9 f o r  ~ = 0 . 0 1  ( s o l i d )  and ~=O.119  (dashed).  

Fig.II .2b- O B  vs 9 -  
a f o r  t h e  two c a s e s  i n  F ig . I I . 2a .  The d o t  and dash 

7.ine shows t h e  curve O B = O i .  

11 



discont inuous .  There i s  a range of ang le s  8 which g ive  d i r e c t i o n s  i n  
B 

which t h e  i n i t i a l  f  luxiod w i l l  never l i e .  That is ,  t h i s  range of angles  i s  

not  allowed. T h i s  d i s c o n t i n u i t y  i n  Og marks the  p o s i t i o n  of t he  break i n  

H c l a *  

The e f f e c t s  of demagnetization a r e  shown i n  F ig . I I .3 ,  f o r  t he  ca se  

~ = 0 . 0 1 .  Here Hcla vs 0 i s  shown f o r  an o b l a t e  spheroid with a  r a t i o  of 
a  

t h e  axes  of c/a=O.l. S ince  B=O a t  Hcl, x=-1/4. and the  i n t e r n a l  f i e l d  i s  

given by 

The magnitudes of H near t he  8-0 d i r e c t i o n  f o r  t h e  o b l a t e  spheroid a r e  
c  l a  

much reduced compared t o  t he  values f o r  t h e  sphere because the  

demagnetizing e f f e c t s  a r e  l a r g e  i n  t h i s  d i r e c t i o n .  A t  t he  same time, the  

p o s i t i o n  of f e a t u r e s  i n  H move from sma l l e r  ang le s  f o r  the sphere t o  
c l a  

l a r g e r  a n g l e s  f o r  t h e  spheroid.  

I t  is  t h e  appearance of the  d i s c o n t i n u i t y  i n  Og v s  8 which is  
i ' 

r e f l e c t e d  i n  t h e  break of H vs 8 t h a t  t r i g g e r e d  t h e  p re sen t  research .  
c  1 i i ' 

Up t o  now, t h e s e  unusual f e a t u r e s  have never  been observed experimental ly .  

Flux Entry -- 

The theo ry ,  so  f a r ,  has considered only  an i d e a l  t ype  I1 

superconductor ,  f o r  which f l u x  begins e n t e r i n g  t h e  bulk of t h e  

superconductor  a t  H I n  a  r e a l  superconductor t h e r e  may be e f f e c t s  which 
c l '  



1 
Fig.II.3- H vs 1.3 us ing  K l e m m  and ClemPs theory  f o r  o b l a t e  

r S$heroi&l 1 samples wi th  r a t i o  of  axes  c/a=O.l,  wi th  ~ ~ 4 4  
f o r  ~ = 0 . 0 1  ( s o l i d )  and ~ = 0 . 1 1 9  (dashed).  



de lay  t h e  e n t r y  of f l u x .  A su r f ace  b a r r i e r  t o  f l u x  e n t r y  can e x i s t ,  f o r  an  

app l i ed  f i e l d  p a r a l l e l  t o  t he  su r f ace  of a superconductor ,  when a f l uxo id  

s e e s  i t s  image i n  t h e  f l a t  s ~ r f a c e . ~  This  w i l l  d e l ay  f l u x  e n t r y  t o  a f i e l d  

H which is  l a r g e r  than H A roughened o r  sc ra tched  s u r f a c e  w i l l  
en c l '  

minimize t h e  s u r f a c e  b a r r i e r .  Another p o s s i b l e  cause of  delayed f l u x  e n t r y  

is  f l u x  p inning .  A s  t h e  f l u x  begins t o  e n t e r  a superconductor ,  t h e  f l u x o i d s  

can become pinned on d e f e c t s  i n  t he  superconductor.  A f i e l d  l a r g e r  than Hcl 

is  needed t o  move t h e  f l u x o i d s  p a s t  t h e  pinning c e n t e r s .  This  s i t u a t i o n  is  

descr ibed  by t h e  t heo ry  of t h e  C r i t i c a l  S t a t e .  *lo y l1 This  t h e o r y  assumes 

t h a t  any emf, however sma l l ,  w i l l  induce a t r a n s p o r t  s u p e r c u r r e n t  which is 

equa l  i n  magnitude t o  t h e  c r i t i c a l  c u r r e n t  of t h e  superconductor .  When f l u x  

f i r s t  c r o s s e s  t h e  s u r f a c e  of t h e  superconductor t h i s  i r r e v e r s i b l e  t r a n s p o r t  

c u r r e n t  i s  induced i n  a l a y e r  a t  t he  su r f ace  which s h i e l d s  a g a i n s t  f u r t h e r  

f l u x  e n t r y .  A s  t h e  e x t e r n a l l y  app l i ed  f i e l d  i s  increased  t h e  l a y e r  

con ta in ing  t h e  s h i e l d i n g  c u r r e n t  grows. 

The s o l i d  l i n e  i n  F ig . I I .4  shows a magnet izat ion curve  f o r  an  i d e a l  

type  I1 superconductor .  A t  Hcl t he re  i s  l i t t l e  r e s i s t a n c e  t o  f l u x  e n t r y  and 

t h e  magnet iza t ion  dec reases  sha rp ly .  The magnet izat ion curve  f o r  an  i d e a l  

superconductor  i s  r e v e r s i b l e .  E f f e c t s  which de lay  f l u x  e n t r y  w i l l  cause  an 

i r r e v e r s i b l e  magnet iza t ion  curve a s  shown by the  dashed l i n e  i n  Fig.II .4.  

Magnet izat ion measurements of a superconductor w i l l  g i v e  t h e  f i e l d  Hen 

where t h e  f l u x  f i r s t  e n t e r s  a superconductor.  Th i s  e n t r y  f i e l d  may be 

l a r g e r  than  t h e  lower c r i t i c a l  f i e l d .  



Fig.II.4- Ideal magnetization curve (solid) and irreversible 
magnetization curve (dashed) for type I1 superconductors. 
Only the initial branch of the irreversible curve is shown. 



111. SQUID Magnetometer 

The magnetometer has  t he  c a p a b i l i t y  t o  measure changes i n  e i t h e r  t h e  

dc o r  t h e  a c  magnet izat ion of a  sample. I t  can  be opera ted  wi th  a  f i x e d  

app l i ed  f i e l d  where t h e  temperature of a  sample i s  va r i ed  o r  t h e  

temperature can be held constant  and t h e  app l i ed  f i e l d  va r i ed .  

An o v e r a l l  view of t h e  magnetometer is shown i n  F i g . I I I . l .  The sample 

holder  s i t s  i n  an evacuated tube t o  i n s u l a t e  t h e  sample from the  l i q u i d  

hel ium bath.  An O-ring s e a l  and an in - l i ne  va lve  a t  t h e  top  of t he  

magnetometer a l low the  sample holder  t o  be removed without  l e t t i n g  a i r  i n t o  

t h e  magnetometer. Thin walled s t a i n l e s s  s t e e l  tubes  run from room 

temperature i n t o  the  l i q u i d  helium t o  minimize h e a t  conduction i n t o  t h e  

r, bath .  A vacuum t i g h t  j o in t  between the  pyrex tube  and the  copper tube was 

made us ing  Epibond 1266 epoxy mixed wi th  a n  equa l  amount, by weight,  of 

powdered pyrex g l a s s .  The cons t ruc t ion  and ope ra t ion  of each pa r t  of t h e  

magnetometer i s  discussed i n  t h i s  chapter .  

SQUID 

The SQUID u n i t  i s  made by SHE,12 model 330. The SQUID probe i t s e l f  

i s  contained i n  a superconducting case  and l o c a t e d  near  t he  bottom of t he  

magnetometer (see F ig . I I I . l ) .  An inpu t  s i g n a l  i s  brought t o  t h e  SQUID probe 

us ing  superconduct ing niobium wire  which makes superconduct ing connect ion 

wi th  t h e  SQUID probe us ing  niobium screws. The SQUID funct ions  a s  a  

microammeter w i th  a  maximum s e n s i t i v i t y  of 0.0952 PA input  g iv ing  1-98 V *  

output .  Th i s  i s  about 0.05 vA/V.  
O l O Y 6 4  
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Fig.III.l- Dia~ran showing the construction of the SQUID magnetometer. 
Tt~e lower portion is shown in cross-section. 



Flux Transformer 

A sample i s  p laced  a t  t h e  c e n t e r  of one of two pickup c o i l s  a s  

shown i n  F ig . I I I . 2 .  The c o a x i a l  pickup c o i l s  a r e  i d e n t i c a l  but wound i n  

oppos i t i on  from a s i n g l e  superconduct ing w i r e .  A complete superconduct ing 

pa th  i s  made by connec t ing  the  pickup c o i l s  t o  a s i g n a l  c o i l  which is 

i n s i d e  t h e  SQUID. Connecting l e a d s  a r e  t i g h t l y  tw i s t ed  t o  minimize t h e i r  

s e l f  induc tance .  A change i n  magnet izat ion of t h e  sample w i l l  induce a 

c u r r e n t  i n  t h e  t op  pickup c o i l  due t o  t h e i r  mutual inductance.  Th i s  c u r r e n t  

then couples  t h e  change i n  magnet izat ion t o  t h e  SQUID through t h e  s i g n a l  

c o i l .  S ince  t h e  f l u x  t ransformer  is superconduct ing,  it  works even f o r  dc 

s i g n a l s .  I f  t h e  two pickup c o i l s  a r e  i n  p e r f e c t  balance a changing uniform 

f i e l d  w i l l  no t  i nduce  a c u r r e n t  i n  t h e  f l u x  t ransformer.  

Since t h e  t o t a l  f l u x  l i nked  by a superconduct ing loop  must remain 

c o n s t a n t ,  t h e  t o t a l  f l u x  l i n k e d  by t h e  f l u x  t ransformer  w i l l  remain 

cons t an t .  Let  4ext be t h e  f l u x  l i nked  by one loop of t h e  top  pickup c o i l  

due t o  a change i n  magnet iza t ion  of t h e  sample. The f l u x  l i nked  by t h e  

pickup c o i l  w i l l  be  N4ext, where N i s  t h e  number of t u r n s  on t h e  pickup 

c o i l .  I n  o r d e r  t o  keep t h e  t o t a l  f l u x  cons t an t  a supercur ren t  J is induced 

i n  t h e  superconductor .  The f l u x  l i n k e d  by t h e  f l u x  t ransformer  due t o  J is  

j u s t  J L ,  where L is  t h e  t o t a l  s e l f  inductance of t h e  f l u x  t ransformer .  I f  

L L and Lld a r e  t h e  induc tances  of t h e  s i g n a l  c o i l ,  one pickup c o i l ,  sg' pu' 

and t h e  tw i s t ed  l e a d s  r e s p e c t i v e l y ,  then 

L =  L r g  + Lid + l L p u  ( 1 )  
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Fig.III.2- Diagram showing t h e  flux t ransformer  and t h e  magnets. 



I 

S ince  t h e  f l u x  l i n k e d  due t o  J must balance t h e  f l u x  l i nked  due t o  t h e  

sample, 

The f l u x  l i n k e d  by t h e  SQUID due t o  t h e  c u r r e n t  J is 

where M i s  t h e  mutual inductance of t h e  SQUID and t h e  s i g n a l  c o i l .  
s g  

Combining t h e  l a s t  two equat ions g ives  t h e  b a s i c  equa t ion  f o r  a  f l u x  

t r ans fo rmer  
1 3  

I n  des ign ing  a f l u x  t ransformer one u s u a l l y  a t t empt s  t o  maximize t h e  f l u x  

t r a n s f e r e d  t o  t h e  SQUID. I n  our  comercial  SQUID, M and L a r e  p a r t  of 
s g s g 

t h e  SQUID probe and a r e  f i xed .  The inductance of t h e  tw i s t ed  l e a d s  is  very 

small (about  0.3 Y H  per meter1)) and w i l l  be neglec ted .  Maximizing 4 is  
SQ 

a m a t t e r  of  making N a s  l a r g e  a s  pos s ib l e  whi le  keeping L a s  small  a s  
PU 

2 
p o s s i b l e .  S i n c e  L i s  p ropor t i ona l  t o  N , t he  cond i t i on  f o r  maximizing $ 

PU S Q 
is 2 1  =L . N and 4ext a r e  maximized by making t h e  pickup c o i l  a s  small 

PU s g  

a s  p o s s i b l e  (with i t  s t i l l  being i n  the  l i q u i d  hel ium ba th) .  The pickup 

c o i l s  used were made of 0.003 inch diameter  niobium wire .  Each was a seven 

t u r n  s i n g l e  l aye red  c o i l  wi th  L =0 .8~H.  The s i g n a l  c o i l  has  L = 1 . 8 ~ H ,  
PU s g 

which i s  about  t h e  same a s  2L . 
PU 

The h e a t  swi tch  (Fig.III .2)  does not  a f f e c t  t h e  normal ope ra t i on  of. 

t h e  f l u x  t ransformer .  It i s  operated when a  l a r g e  dc f i e l d  is being 

a p p l i e d ,  and keeps t h e  c u r r e n t  i n  t he  f l u x  t ransformer  equa l  t o  zero .  A 



l a r g e  c u r r e n t  could put t he  SQUID out  of i t s  range of  l i n e a r  oppera t ion  

and could even damage t h e  Josephson junct ion.  The h e a t  switch is 

cons t ruc ted  by p l ac ing  a s e c t i o n  of t h e  superconduct ing l e a d s  a g a i n s t  a 

l O K R  meta l  f i l m  r e s i s t o r  and encasing these  wi th  epoxy. Applying a few 

1 
I milliamps t o  t h e  r e s i s t o r  h e a t s  t he  f l u x  t ransformer wire  above i ts  

c r i t i c a l  temperature.  Any supercur ren t  i n  t h e  f l u x  t ransformer w i l l  decay 
I 

r ap id ly .  

Magnets 

A magnetic f i e l d  can be app l i ed  by one of two so l eno ids  (F ig . I I I .2 ) .  

The dc magnet i s  used t o  apply a cons t an t  magnetic f i e l d  i n  t h e  p e r s i s t a n t  

mode. The a c  magnet is  used t o  apply a changing (or  ramped) dc f i e l d  o r  an 

a c  f i e l d .  Both c o i l s  a r e  wound from superconduct ing wire  wi th  copper 

c ladding  (supercon,14 T48B). The ends of t h e  dc magnetes windings a r e  spo t  

welded toge the r  t o  form a complete superconduct ing path.  A s e c t i o n  of t h e  

wire  can be d r iven  normal u s ing  a hea t  swi tch ,  s i m i l a r  t o  the  hea t  switch 

used wi th  t h e  f l u x  t ransformer.  A cu r r en t  i s  induced i n  t he  magnet by 

applying a v o l t a g e  a c r o s s  t he  normal s e c t i o n .  When the  heat  switch is 

turned o f f ,  t h e r e  is  a closed superconduct ing pa th  and t h e  cu r r en t  is 

maintained wi thout  an e x t e r n a l l y  app l i ed  vo l t age .  Since t h e  f l u x  l i nked  by 

a superconduct ing loop must remain cons t an t ,  the dc magnet g ives  a very 

s t a b l e  f i e l d .  

The a c  magnet does not opera te  i n  t he  p e r s i s t a n t  mode. Any e l e c t r i c a l  

n o i s e ,  from t h e  c u r r e n t  supply o r  picked up i n  t he  l eads ,  w i l l  a f f e c t  t h e  

app l i ed  f i e l d .  I n  p a r t i c u l a r ,  even a small  amount of r f  no ise  w i l l  

i n t e r f e r e  w i t h  t h e  ope ra t ion  of t he  SQUID. R f  no ise  is  f i l t e r e d  out  u s ing  



low pass  R-C f i l t e r s  placed j u s t  above t h e  a c  magnet and compensation c o i l .  

I d e a l l y  a ramped o r  a c  f i e l d ,  app l i ed  i n  t h e  absence of a sample,  would 

not  induce a s i g n a l  i n  t he  f l u x  t ransformer .  I n  p r a c t i c e  t h e  pickup c o i l s  

a r e  no t  q u i t e  i d e n t i c a l  and t h e  f i e l d  is no t  q u i t e  uniform. There w i l l  be 

a small  "out of balance" s i g n a l .  Th i s  ou t  of balance s i g n a l  is  cance l l ed  

u s ing  a smal l  compensation c o i l  placed around t h e  lower pickup c o i l  

(F ig . I I I .2 ) .  I n  t h e  c a s e  of an  a p p l i e d  a c  f i e l d ,  both t h e  ampli tude and 

phase of t h e  c u r r e n t  i n  t he  compensation c o i l  must be ad jus t ed  t o  g ive  a 

n u l l  s i g n a l .  T h i s  

RBU . 
The magnets 

superconduct ing , 

was accomplished us ing  a n  SHE impedance b r i d g e ,  model 

- 

and pickup c o i l s  a r e  encased i n  a closed-bottom, 

l e a d  c y l i n d e r .  Th i s  i s  an e f f e c t i v e  s h i e l d  a g a i n s t  

magnetic n o i s e  from t h e  environment. 

The magnetic f i e l d  produced by t h e  dc c o i l  i n  f r e e  space was found 

by us ing  t h e  s t anda rd  formula f o r  a so l eno id  of i n f i n i t e  l e n g t h ,  then 

applying a c o r r e c t i o n  f o r  f i n i t e  l e n g t h  from a t a b l e  (Lorra in  and Corson 
15 

page 347). T h i s  f i e l d  cons tan t  f o r  t he  dc c o i l  i n  f r e e  space is  

H/I=1.066 Oe/ma. When t h e  c o i l  i s  placed i n s i d e  a superconduct ing c y l i n d e r  

t h e  f i e l d  changes.  F ig .  111.3 shows t h e  s i t u a t i o n .  Applying Ampere's law 

twice a long  t h e  pa ths  shown and no t ing  t h a t  t h e  f l u x  through a 

c ross -sec t ion  of t h e  superconduct ing c y l i n d e r  must remain c o n s t a n t ,  g ives  

H is t h e  f i e l d  i n s i d e  t h e  so l eno id ,  H is t h e  f i e l d  i n s i d e  t h e  so lenoid  
i 0 

without  t h e  superconduct ing s h i e l d ,  A is t h e  c ros s - sec t iona l  a r e a  of t h e  
S 

s h i e l d ,  and A. is  t h e  c ros s - sec t iona l  a r e a  of t he  so lenoid .  Applying t h i s  



magnet 

d shield 

Fig.III.3: Line integrals used for the field calculation. 



c o r r e c t i o n  g i v e s  f o r  t h e  dc c o i l ,  Hi/I=0.85 Oelma. 

This  f i e l d  c a l i b r a t i o n  was checked exper imenta l ly  i n  two ways. F i r s t  

by measuring t h e  he igh t  of t he  superconduct ing t o  normal t r a n s i t i o n  of a 

sample wi th  known volume and demagnet izat ion.  Knowing t h e  c h a r a c t e r i s t i c s  

of t h e  f l u x  t r ans fo rmer ,  the  f l u x  l i n k e d  from t h e  sample t o  t he  pickup 

c o i l , 1 6  and t h e  SQUID s e n s i t i v i t y ,  t h e  va lue  of t h e  appl ied  f i e l d  can be 

deduced. Two measurements gave va lues  of H/I=(0.82 f0.05)0e/ma and 

H/I=(O.84 '0.05)OeIma. Th i s  i s  i n  good agreement w i t h  t h e  c a l c u l a t i o n .  The 

o t h e r  exper imenta l  check was made by measuring t h e  temperature dependence 

of t h e  c r i t i c a l  f i e l d  of a lead  sample and comparing t h i s  wi th  t h e  

l i t e r a t u r e  r e s u l t .  Th i s  gave a f i e l d  c a l i b r a t i o n  of H/I=(0.86+0.04)0e/ma. 

Again t h e r e  i s  good agreement. 

The f i e l d  c a l i b r a t i o n  of t h e  a c  c o i l  was made by comparing t r a n s i t i o n  

h e i g h t s ,  produced by the  dc and a c  c o i l s .  The f i e l d  cons tan t  f o r  t he  a c  

c o i l  i s  H/I=(O.49 kO.O4)0e/ma. 

Sample Holder 

The sample holder  p o s i t i o n s  t h e  sample i n s i d e  the  pickup c o i l  a s  

shown i n  F i g . I I I . l .  The thermal br idge  i s  made of copper and makes 

mechanical c o n t a c t  w i th  the  sample holder .  Th i s  c e n t e r s  and holds  t he  lower 

end of t h e  sample holder .  The t h e r m l  br idge  a l s o  pu t s  t h e  sample holder  

i n  c o n t a c t  w i t h  t h e  4.2 K l i q u i d  hel ium ba th .  

F ig . I I I . 4  shows t h e  lower end of t h e  sample holder .  It is  t h e  thermal 

anchor s e c t i o n  of t h e  sample holder  which makes contac t  wi th  t h e  thermal. 

br idge.  The f u n c t i o n  of t he  r a d i a t i o n  s h i e l d  and t h e  thermal anchor is t o  

prevent  hea t  from t h e  top of the  sample ho lde r  from warming t h e  thermometer 



Fig. I I1 .b-  D e t  
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a i l s  of t h e  lower p o r t i o n  of the sample ho lde r .  



o r  t h e  sample i t s e l f .  Heat conducted down t h e  e l e c t r i c a l  l e a d s  and t h e  

s t a i n l e s s  s teel  t u b e  is  absorbed by t h e  thermal anchor .  The r a d i a t i o n  

s h i e l d  c o n s i s t s  o f  a  number of meta l  d i s c s  h e l d  a t  4.2 K. I t  a b s o r b s  t h e  

300 K r a d i a t i o n  which comes from t h e  t o p  of t h e  sample h o l d e r .  The e n t i r e  

sample h o l d e r  i s  evacua ted .  The sample i s  h e l d  on t h e  bottom o f  t h e  sample 

h o l d e r  (F ig . I IT .4 ) .  I n  o r d e r  t o  minimize t h e  magnetic background s e e n  by 

t h e  magnetometer,  t h e  thermometer and h e a t e r  must be k e p t  some d i s t a n c e  

away from t h e  p ickup  c o i l .  Thermal c o n t a c t  between t h e  h e a t e r  and 

thermometer i s  made by a s a p p h i r e  rod .  Sapphi re  is  a  good the rmal  conduc tor  

and y e t  i s  a n  e l e c t r i c a l  i n s u l a t o r .  T h i s  i s  of p a r t i c u l a r  impor tance  i f  

t h e r e  is an a c  a p p l i e d  f i e l d ,  s i n c e  a  conduc tor  w i l l  g i v e  a l a r g e  magnet ic  

response due t o  induced eddy c u r r e n t s .  The s a p p h i r e  rod is s e t  i n t o  a  

c l o s e - t o l e r a n c e  h o l e  i n  t h e  copper  thermometer hous ing  u s i n g  Apiezon 

g r e a s e .  The Hcl  measurements r e p o r t e d  i n  t h i s  t h e s i s  were made w i t h  dc 

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

h o l d e r s  a t  t h e  bot tom of t h e  s a p p h i r e  rod.  These f i x  t h e  a n g l e  o f  t h e  

sample r e l a t i v e  t o  t h e  a p p l i e d  f i e l d .  The copper  a n g l e s  and t h e  samples a r e  

a l s o  h e l d  on w i t h  Apiezon g r e a s e .  The thermometer i s  a c a l i b r a t e d  carbon 

g l a s s  r e s i s t a n c e  thermometer.  The h e a t e r  i s  a  b i f i l a r l y  wound c o i l  o f  

manganin w i r e .  A th in-wal led cuprous  n i c k e l  t u b e  connec t s  t h e  thermometer 

housing t o  t h e  the rmal  anchor ,  t o  a l l o w  o n l y  a s m a l l  the rmal  conductance 

between t h e  two. Tn a d d i t i o n ,  t o  minimize thermal  conductance,  t h e  

thermometer and h e a t e r  l e a d s  up t o  t h e  thermal  anchor  a r e  t h i n  c o n s t a n t a n  

wi re  and t h i n  manganin w i r e ,  r e s p e c t i v e l y .  

Heat ing t h e  sample is accomplished by a p p l y i n g  c u r r e n t  t o  t h e  h e a t e r .  

The sample is coo led  by thermal  conduct ion t o  t h e  the rmal  a n c h o r ,  r a d i a t i o n  



t o  t h e  l i q u i d  hel ium ba th ,  and conduction through a sma l l  amount of helium 

exchange gas ( l e t  i n t o  t he  vacuum space i n  which t h e  sample holder  s i t s ) .  

For tempera tures  l e s s  than 10 K ,  the  dominant form of coo l ing  i s  through 

the  exchange gas .  S ince  t h e  thermometer is some d i s t a n c e  from t h e  sample, 

when h e a t i n g  o r  coo l ing  t h e  sample, t he re  w i l l  be a temperature l a g  between 

t h e  thermometer and t h e  sample. To minimize t h i s ,  t h e  temperature should be 

changed s lowly .  A t y p i c a l  r a t e  of temperature i n c r e a s e  would be about ha l f  

a degree i n  f i v e  minutes. Even a t  a cons tan t  tempera ture ,  t h e  sample w i l l  

be somewhat c o o l e r  than the  thermometer. Th i s  tempera ture  d i f f e r e n c e  was 

found t o  be abou t  0.05 K by measuring Tc f o r  a l e a d  sample and comparing 

it t o  t h e  accep ted  value. I t  var ied  f o r  d i f f e r e n t  amounts of exchange gas.  

This d i f f e r e n c e  was found t o  remain cons tan t  over a smal l  range of 

temperatures  (about ha l f  a degree)  by measuring t h e  temperature dependence 

of Hc f o r  a l e a d  sample. 

Magnetization Measurements 

This  appa ra tus  does not  measure abso lu t e  magnet izat ion.  Rather ,  i t  

measures changes i n  magnetization. There a r e  two ways t o  induce a change i n  

t he  magnet izat ion of a sample. The temperature can be va r i ed  o r  t h e  appl ied  

f i e l d  can be va r i ed .  I n  order  t o  measure the  temperature induced 

superconduct ing t r a n s i t i o n ,  the sample is  f i r s t  cooled t o  we l l  below T i n  
C 

zero app l i ed  f i e l d .  Then a cons tan t  f i e l d  i s  app l i ed  us ing  t h e  dc magnet 

i n  t h e  permanent mode. The temperature is  then r a i s e d  s lowly and t h e  SQUID 

output  i s  recorded.  A t y p i c a l  t r a n s i t i o n  is  shown i n  Fig.III .5 .  A t  low . 

temperatures  t h e  sample i s  i n  t h e  Meissner s t a t e  and i ts  magnet izat ion is 

M=-HI.. A t  t empera tures  above Tc, the  sample i s  normal and i t s  magnet izat ion 



is p r a c t i c a l l y  zero.  The t r a n s i t i o n  h e i g h t  i s  t h e  t o t a l  change i n  SQUID 

output  from t h e  Meissner s t a t e  t o  t he  normal s t a t e .  This  is p ropor t iona l  t o  

t h e  i n t e r n a l  f i e l d  i n  the  sample when it  was i n  t h e  Meissner s t a t e .  I n  

a d d i t i o n  t o  t h e  dc f i e l d ,  an a c  f i e l d  can be appl ied .  I n  t h i s  case,  both 

t h e  i n  phase and 90•‹ out of phase responses can be recorded. Ac 

measurements a r e  not repor ted  i n  t h i s  t h e s i s ,  bu t  t h i s  technique i s  

descr ibed  elsewhere. l7 The o the r  mode of o p e r a t i o n  of t h e  magnetometer is  

t h e  f i e l d  sweep mode. The temperature of t h e  sample is  lowered i n  ze ro  

f i e l d  t o  below T . The temperature is  he ld  f i x e d  while  a  dc f i e l d  i s  
C 

s lowly app l i ed  us ing  the a c  c o i l s .  The ba l anc ing  cu r ren t  which is i n  t h e  

compensation c o i l  changes a t  the  same rate a s  t he  c u r r e n t  i n  t h e  main a c  

c o i l .  The SQUID output  g ives  the  changing magnet iza t ion  of t he  sample. 
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I V .  Resu l t s  - I s o t r o p i c  Superconductor 

Samples 

I n  order  t o  i n v e s t i g a t e  the  e f f e c t s  of demagnetization and a s  a 

check on the  magnetization method f o r  measuring Bcl a l a rge  K ,  i s o t r o p i c  

superconductor was f i r s t  used. Samples were made from a bar of niobium 48 

atomic percent  t i tanium.  This  bar was obtained from ~ u ~ e r c 0 n . l ~  The Nb48%Ti 

was annealed, i n  vacuum, i n  an induction oven a t  1200 C f o r  four  hours. A 

small amount of evaporat ion of the  sample occurred. I t  was assumed t h a t  

more t i tanium was l o s t  than niobium s ince  t i tanium has the  higher vapor 

pressure.  The r e s u l t i n g  sample would conta in  a small amount l e s s  than 48% 

ti tanium. The exact  composition of t h e  sample i s  not important f o r  our 

inves t iga t ion .  There a r e  no measurements of H f o r  Nb48XTi i n  the  
c 1 

l i t e r a t u r e  t o  compare wi th  the  r e s u l t s  he re ,  but the  main i n t e r e s t  i n  

measuring H f o r  an i s o t r o p i c  superconductor i s  t o  inves t iga te  the  e f f e c t s  
c 1 

of demagnetization. It is important t h a t  the  sample be uniform and 

i so t rop ic .  Annealing i s  necessary t o  obta in  t h i s .  Samples i n  t h e  shape of 

o b l a t e  spheroids were made from the  annealed Nb48%Ti using a l a t h e ,  a small 

f i l e ,  and emery paper. Thei r  surfaces  were smoothed by etching i n  a f r e s h  

mixture of two p a r t s  H2S04, one pa r t  HF, and one par t  30% hydrogen 

peroxide f o r  f i v e  minutes. The surfaces  were smooth but not shiny. 



Demagnetization 

The h e i g h t  of t h e  magnetic t r a n s i t i o n  from t h e  Meissner s t a t e  t o  

normal can be used t o  f i n d  t h e  demagnetization of t h e  sample. S ince  t h e  

magnet izat ion i s  p ropor t iona l  t o  t h e  i n t e r n a l  f i e l d ,  t he  demagnetizing 

f a c t o r s  can  be found by measuring t h e  t r a n s i t i o n  h e i g h t s  a long t h e  axes  of 

s y m e t r y  of t h e  sample. These measurements were made us ing  two Nb48ZTi 

e l l i p s o i d s  of d i f f e r e n t  shapes. 
t 

For a n  e l l i p s o i d  wi th  the  appl ied  f i e l d  a long  i ts  z-axis,  a s  shown i n  

Fig.IV.la, t h e  e x a c t  f l u x  l i nked  t o  t he  pickup loop can be c a l c u l a t e d .  The 

f i e l d  d i s t r i b u t i o n  o u t s i d e  an e l l i p s o i d  i n  a uniform app l i ed  f i e l d  can be 

found us ing  e l l i p s o i d a l  coord ina tes  i n  t h e  same way a s  demagnetizing 

f a c t o r s  a r e  found a s  mentioned i n  Chapter 11. The i n t e g r a l  of f i e l d  over  

t h e  a r e a  of t h e  pickup loop can be done a n a l y t i c a l l y .  These c a l c u l a t i o n s  

have been pub l i shed  elsewhere.16 For an o b l a t e  sphero id  of he igh t  2c i n  t h e  

z d i r e c t i o n  and diameter  2b i n  t he  x-y p lane  i n  a pickup loop of r a d i u s  P ,  

t h e  f l u x  l i n k e d  by the  pickup loop is  

where a=b/coshrl,  s=a rc s inh (b /c ) ,  and m i s  t h e  magnetic d i p o l e  moment m=MY 

where M is t h e  magnet izat ion and V i s  the  sample volume. For o t h e r  a n g l e s  

between t h e  c a x i s  and the  app l i ed  f i e l d  the f l u x  i n t e g r a l  can not  be done 

a n a l y t i c a l l y .  For  a sample which is much smal le r  than the  pickup loop t h e  

f l u x  l i n k e d  approaches t h e  form of t he  f l u x  l i nked  f o r  a d ipo le  ( s p h e r i c a l  

sample) which is  



Fip.IV.la- An o b l a t e  e l l i p s o i d  i n  t h e  pickup l o o p  w i t h  t h e  a p p l i e d  
f i e l d  p a r a l l e l  t o  t h e  c -ax i s .  

Fig.IV.lb- The sample r o t a t e d  a n  a n g l e  O a  w i t h  r e s p e c t  t o  t h e  
- a p p l i e d  f i e l d .  



The d i f f e r e n c e  between t h e  exac t  f l u x  c a l c u l a t i o n  and t h e  d ipo le  

approximation w i l l  be g r e a t e s t  when t h e  app l i ed  f i e l d  i s  a long  the  c  a x i s ,  

s i n c e  t h i s  i s  when the  sample f i l l s  t h e  g r e a t e s t  a r e a  i n  t he  plane of t h e  

pickup loop. I f  t h e  d ipole  approximation is  good when the  f i e l d  is  a long  

t h e  c  a x i s ,  it  w i l l  be good f o r  a l l  d i r e c t i o n s .  

Using t h e  d i p o l e  approximation t h e  r a t i o  of t h e  t r a n s i t i o n  he ight  

S(0)  f o r  a  f i e l d  a long  t h e  c  a x i s  t o  t h e  t r a n s i t i o n  he ight  S(90) f o r  a  

f i e l d  a long  t h e  b  a x i s  is 

us ing  M=-Hi and equat ion  (2-5). Using t h e  i d e n t i t y  L+MCN=l f o r  t h e  

demagnetizing f a c t o r s  and us ing  the  measured t r a n s i t i o n  he igh t s ,  the  

demagnetizing f a c t o r s  f o r  t h e  two samples were found. These r e s u l t s  a long  

with t h e  c a l c u l a t e d  demagnetizing f a c t o r s ,  u s ing  equat ions  (2-6), a r e  given 

i n  Table I V . l .  The d ipo le  approximation was good f o r  t h e  smal le r  more 

s p h e r i c a l  sample, Nb48%Ti#1, and t h e  measured t r a n s i t i o n  h e i g h t s  were used 

f o r  S i n  equat ion  (4-3). But f o r  t he  l a r g e r  f l a t t e r  sample, whose r a d i u s  

was about  114 the  r ad ius  of t h e  pickup c o i l  r a d i u s ,  the  exact  f l u x  l i nked  

g iven  by equat ion  (4-1) i s  2% l a r g e r  than  t h a t  of t h e  d ipole  equat ion  

(4-2). Therefore  t h e  measured t r a n s i t i o n  he igh t  when t h e  f i e l d  was a long  

t h e  c  a x i s  was reduced by 2% t o  f i n d  S(0).  It was assumed t h e  d ipo le  

approximation was s t i l l  good when t h e  f i e l d  was a long  the  b  ax i s .  The 

c a l c u l a t e d  and measured va lues  of L  and M i n  Table I V . l  a r e  i n  good 

agreement. 

A s  a  check on c a l c u l a t i o n s  of i n t e r n a l  f i e l d  f o r  in te rmedia te  ang le s  

between t h e  a p p l i e d  f i e l d  and t h e  c  a x i s ,  t he  t r a n s i t i o n  he igh t s  were a l s o  



, 

f 

measured over  a range of angles .  Th i s  s i t u a t i o n  is shown i n  Fig.IV.lb. The 

i n t e r n a l  f i e l d  and t h e  magnet izat ion a r e  no longer  i n  t h e  same d i r e c t i o n  as 
I 

t h e  app l i ed  f i e l d .  Th i s  s i t u a t i o n  can be t r e a t e d  e x a c t l y  i n  t h e  case  of a 

d ipo le .  I f  t h e  ang le  between the  magnetic moment of t h e  d ipo le  and t h e  

I a x i s  of the  pickup loop is a t he  f l u x  l i nked  by the pickup loop is  

The angle  a is  t h e  d i f f e r e n c e  between t h e  angle  of t he  app l i ed  f i e l d  8 
a 

and t h e  angle of t he  i n t e r n a l  f i e l d  6 Using t h e  demagnet izat ion formula 
i 

from Chapter 11, 

Since t h e  d i p o l e  moment i s  p ropor t iona l  t o  t h e  i n t e r n a l  f i e l d  H t h e  
1 ' 

t r a n s i t i o n  he igh t  S is p ropor t iona l  t o  Hi,  

K is a normal iza t ion  cons t an t  and H can be found from 
i 

Measured S ( 8  ) f o r  Nb48%Tiif2 a r e  shown i n  Fig.IV.2 along wi th  t h e  curve 
a 

c a l c u l a t e d  from equat ion  (4-6). There is  f a i r l y  good agreement between t h e  

measurements and t h e  c a l c u l a t i o n s .  The measurements f a l l  below t h e  

c a l c u l a t i o n  a s  cr g e t s  l a r g e r .  This  sugges ts  t h a t  t h e  c o r r e c t i o n  f o r  a 

d i p o l e ,  cos a, does not  q u i t e  hold f o r  t he  sample ~b48%Ti#2.  

This s e c t i o n  shows t h a t  demagnetizing e f f e c t s  can be taken i n t o  

account q u a n t i t a t i v e l y .  



Fig.IV.2- Measured ( d o t s )  and c a l c u l a t e d  t r a n s i t i o n  h e i g h t s  p l o t t e d  
a g a i n s t  t h e  a p p l i e d  f i e l d  f o r  ~ b 4 8 % ~ i # 2 .  



Measurement of  t h e  Entry F i e ld  -- 
The tempera ture  induced magnetic t r a n s i t i o n  i s  used t o  f i n d  Hen. 

Fig.IV.3 shows a t y p i c a l  s e t  of t r a n s i t i o n s  f o r  d i f f e r e n t  a p p l i e d  f i e l d s ,  

wi th  t h e  sample he ld  a t  a f i x e d  angle .  I n  each case  t h e  sample is  cooled 

from above t h e  t r a n s i t i o n  temperature  T t o  w e l l  below Tc i n  ze ro  appl ied  
C 

f i e l d .  Then a c o n s t a n t  f i e l d  i s  app l i ed  u s i n g  t h e  dc magnet i n  t h e  

p e r s i s t e n t  mode. The sample temperature  is r a i s e d  s lowly and t h e  

magnet iza t ion  i s  recorded.  A t  low tempera tures  t h e  sample is  i n  t h e  

Meissner s t a t e  and t h e  curves  a l l  f o l l ow  t h e  same path.  A s  t h e  temperature 

r i s e s ,  t h e  cu rve  coresponding t o  t h e  h i g h e s t  a p p l i e d  f i e l d  breaks away from 

t h e  o t h e r  curves .  Th i s  po in t  i s  where t he  f i r s t  f l u x  e n t r y  occurs .  It 

g ives  t h e  temperature  T(H ) f o r  which t h a t  p a r t i c u l a r  app l i ed  f i e l d  is 
en 

H . The dashed l i n e  shows t h e  i r r e v e r s i b l e  curve  ob ta ined  upon cool ing  t h e  
en  

sample from above T with an app l i ed  f i e l d  of 3.4 Oe.  
C 

Fig.IV.4 shows a p l o t  of Hen vs T us ing  t h e  va lues  of T(Hen) 

determined from Fig.IV - 3 .  Theory p r e d i c t s  t h a t  t h e  curve  Hcl vs T should be 

l i n e a r  n e a r  T . The s l c p e  d ~ ~ ~ / d ~  is found from graphs l i k e  Fig.IV.4 f o r  
C 

v a r i o u s  0 . R e s u l t s  f o r  t he  two samples,  ~ b 4 8 % ~ i # l  and #2, a r e  given i n  
a 

Table IV.2. The s l o p e s  of t h e  i n t e r n a l  f i e l d  a r e  found from t h e  measured 

a p p l i e d  f i e l d  va lues  u s ing  equa t ion  (4-7). The f o u r  va lues  f o r  t h e  i n t e r n a l  

f i e l d  dHeni/dT a r e  i n  good agreement w i t h  each  o the r .  This  shows t h a t  t h e  

on ly  e f f e c t  t h a t  t h e  shape of t he se  samples has  on t h e  va lue  of Hen i s  .due 

t o  demagnet izat ion.  

Hen was measured f o r  some in t e rmed ia t e  a n g l e s  u s ing  Nb48%Ti#2. 



Table  I V . l  

The serniaxes of  t h e  two Nb48%Ti samples a l o n g  w i t h  t h e  c a l c u l a t e d  and 
measured demagne t iza t ion  f a c t o r s .  

c a l c u l a t e d  measured 

sample b(mm) c(mm) L N L N 

# 1 0.47 0.245 0.242 0.516 0.239 0.522 

# 2 0.79 0.064 0.0576 0.885 0.0576 0.887 

Table  I V  .2 

The measured Hen(0) and Hen(90) f o r  t h e  Nb48%Ti samples a l ong  w i th  t h e  
c a l c u l a t e d  i n t e r n a l  f i e l d s ,  Heni(o) and H 

e n i  

sample dHen( O)/dT dHen ( 90) /dT dHeni ( 0)  / d ~  

# 1 -34 '4(0e/K) -5625(0e/K) -7158(0e/K) 

# 2 -8.220.4 -68 k5 -725 5 



Fig. IV. 3- Temperature induced magnetic transitions for Nb48%Ti#2 with 
=90. The cooling curve (dashed) is shown for an applied 

ffeld of 3.4 Oe. 



Fig.IV.4- A plot of experimentally determined H vs T 
en f o r  Nb48%Ti#2 for  8 =90. 

a 



Fig.IV.5- H vs 0 for ~b48Ti12 at T=(Tc-O.05)K. Data points 
en a 
~ n d  theoretical curve are shown. 



Fig.IV.5 shows t h e  data.  The t h e o r e t i c a l  curve is  found by solv ing 

equation (4-7) f o r  Ha and using 72 OeiK fo r  Hi. The graph shows Hen f o r  a 

p a r t i c u l a r  temperature (T=T -0.05K). This  i s  equivalent  t o  p l o t t i n g  dHen 
C 

( e)/dT s ince  

H vs T is  a s t r a i g h t  l ine .  Again the  measurements agree with the  theory. 
en 

The angular  dependence of H i s  explained by only considering 
en 

demagnetization. 

Measurements of H f o r  Nb-Ti a l l o y s  have not been given i n  the  
c 1 

l i t e r a t u r e .  An est imate of K can be found using measurements of dH / d ~  
c 2 

and normal s t a t e  r e s i s t i v i t y  P. Using the  formula given by Orlando e t  

a1,18 i n  the  d i r t y  limit, K is given by 

7.99 x lo3 (d2aP P" = [C. 9 8 X 1 O*]la 
0 

T =Tc 

An es t imate  of dH /dT can be obtained us ing data  from Neuringer and 
c2 

Shapira , lg  who give f o r  Nb37XTi a value  dHc2/dT=-15 ,400 Oe/K and f o r  

Nb56%Ti a value of -25,900 Oe/K. I n t e r p o l a t i n g  between these  r e s u l t s  gives 

dH /dT=-20,000 Oe/K fo r  Nb48XTi. The normal r e s i s t i v i t y  jus t  above Tc was 
c 2 

measured f o r  our  annealed Nb48XTi t o  be 6 x l 0 - ~  Q *em using a four  probe 

technique. Put t ing  these  values i n t o  t h e  above equation y i e l d s  K=39. Using 

Ginz burg-Landau theory,  the r e l a t i o n  between dHcl/dT and dHc2/dT is 

This gives an estimated value  f o r  dHcl/dT of 27 Oe/K. 

The measured value of dH /dT=72 Oe/K is much l a r g e r  than the  . 
e n i  

expected dH /dT value. Evidently t h e r e  i s  some mechanism which delays the  
c 1 

en t ry  of f l u x  i n t o  the  superconductor. I f  the  cause of the  delayed f l u x  



was a su r face  e f f e c t ,  it  should have a d i f f e r e n t  magnitude f o r  d i f f e r e n t  

s i z e s  and shapes of surfaces .  The four  measured values of d~ , ,~ /dT  a r e  the  

same. This would i n d i c a t e  t h a t  the  cause of the  delayed f l u x  e n t r y  was a 

bulk e f f e c t  r a t h e r  than a surface  e f f e c t .  I n  add i t ion ,  the  appearance of 

the  surfaces  was d u l l  and the  surface  b a r r i e r  t o  f l u x  ent ry  is maximum f o r  

shiny surfaces ,  so  the  e f f e c t  of a surface  b a r r i e r  is  expected t o  be 

small.  As pointed out  i n  Chapter 11, the presence of delayed f l u x  e n t r y  is  

accompanied by an i r r e v e r s i b l e  magnetization curve. Curves f o r  the  Nb48ZTi 

were found t o  be very i r r e v e r s i b l e  (see Fig.IV.3), whereas, f o r  an i d e a l  

superconductor, a l l  t h e  f l u x  should be expelled below T(Hcl). The 

measrurement of H i n  t h i s  case i s  not jus t  a measurement of H but i t  
en ' c 1 

a l s o  includes the  e f f e c t s  of f l u x  pinning, which appear t o  be i s o t r o p i c .  



V. R e s u l t s  - Aniso t rop i c  Superconductor 

Samples 

S ing le  c r y s t a l s  of 2H-NbSe2 were ob ta ined  

(ba tch  R ) .  The c r y s t a l s  were grown by t h e  i o d i n e  

from D r .  R. F. F r i n d t  

vapor t r a n s p o r t  method. 
2 0 

The s t r u c t u r e  of NbSe2 is  of e l e c t r i c a l l y  conduct ing l a y e r s  which a r e  

l o o s e l y  bound t o g e t h e r  by van d e r  Waals gaps. The spac ing  of t h e  l a y e r s  is  

about  6 A. The c r y s t a l s  grow i n  t he  shape of t h i n  p l a t e l e t s  w i th  t h e  

l a y e r s  p a r a l l e l  t o  t h e  broad s u r f a c e s  of t h e  p l a t e l e t .  Samples were 

c a r e f u l l y  chosen s i n g l e  c r y s t a l s  wi th  smooth s u r f a c e s  and uniform 

th i cknes s .  NbSe2 i s  a s o f t  subs tance  and t h e  c r y s t a l s  were handled wi th  due 

ca re .  Each sample was weighed on a Cahn model G-2 e l ec t roba l ance .  The 

dimensions of t h e  broad s u r f a c e s  were measured under a microscope. Using 

t h e  measured a r e a  and mass of a c r y s t a l ,  i t s  th i cknes s  was c a l c u l a t e d ,  

t a k i n g  t h e  d e n s i t y  of NbSe2 t o  be 6.45 g l cc .  The fo l l owing  convent ion was 

used when l a b e l i n g  t h e  dimensions of t h e  broad su r f aces .  A s  shown i n  

Fig.V.la, f o r  a magnetic f i e l d  a p p l i e d  p a r a l l e l  t o  t h e  l a y e r s ,  t h e  he igh t  h 

of t h e  c r y s t a l  is t h e  dimension i n  t h e  d i r e c t i o n  of t h e  app l i ed  f i e l d ,  

whereas t h e  wid th  w of t h e  c r y s t a l  is  taken t o  be t h e  dimension of t h e  

broad s u r f a c e  pe rpend icu l a r  t o  t h e  app l i ed  f i e l d .  Fig.V.lb shows how h and 

w change f o r  a d i f f e r e n t  o r i e n t a t i o n  of t h e  app l i ed  f i e l d  ( s t i l l  p a r a l l e l  

t o  t h e  l a y e r s ) .  Ex tens ive  magnet izat ion measurements were made on t h r e e  

c r y s t a l s  which w i l l  be c a l l e d  NbSe2#l, NbSe #2, and NbSe2#3. Fig.V.2 and 2 

Table V . l  show t h e  shapes and t h e  dimensions of t he  samples. 



Fig.V.la- Sketch of a  sample i n  a  f i e l d  a p p l i e d  p a r a l l e l  t o  t h e  
l a y e r s .  h i s  t h e  dimension of t h e  sample p a r a l l e l  t o  t h e  f i e l d .  

Fig.V.lb- Sketch showing how h  changes when the  sample is  r o t a t e d  
from i t s  p o s i t i o n  i n  Fig.V.la. The a p p l i e d  f i e l d  i s  s t i l l  
p a r a l l e l  t o  t he  l a y e r s .  



Fig.V.2- Sketches of t h e  shapes of t h e  t h r e e  NbSe2 samples drawn 
app rox ina t e ly  t o  s c a l e .  



Demagnetization 

Demagnetization f a c t o r s  f o r  t h e  NbSe2 samples were found from t h e  

measured t r a n s i t i o n  he igh t s  us ing  t h e  method descr ibed  i n  Chap. IV. The 

r e s u l t s  a r e  summarized i n  Table V.1.  Fig.V.3 shows measured t r a n s i t i o n  

he igh t s  f o r  NbSe2#l p l o t t e d  a g a i n s t  t h e  ang le  of t h e  app l i ed  f i e l d .  (When 

0 =O the  app l i ed  f i e l d  is perpendicular  t o  t h e  c r y s t a l  l a y e r s  .) The s o l i d  
a 

curve shows t h e  c a l c u l a t e d  t r a n s i t i o n  he igh t s .  There is  good agreement 

between t h e  measurements and t h e  c a l c u l a t i o n ,  but t h e  measured p o i n t s  l i e  

s l i g h t l y  below the  ca l cu la t ed  curve. Th i s ,  aga in ,  is probably due t o  t h e  

d ipo le  assumption used i n  t h e  c a l c u l a t i o n .  

Unlike t h e  Nb48%Ti samples, which were shaped i n t o  e l l i p s i o d s ,  t he  

NbSe samples a r e  somewhat i r r e g u l a r  i n  shape. When a magnetic f i e l d  is  
2 

app l i ed  perpendicular  t o  t h e  p l a t e l e t s  t h e  demagnetizing f a c t o r  w i l l  be 

somewhat sma l l e r  a t  corners  than  it i s  i n  t h e  bulk.) The average 

demagnetizing e f f e c t ,  which i s  measured by t h e  t r a n s i t i o n  h e i g h t s ,  w i l l  be 

somewhat sma l l e r  than the  c a l c u l a t e d  demagnetizing e f f e c t  u s ing  t h e  average 

sample dimensions. The samples NbSe2#l and #2 were not f a r  from e l l i p s o i d a l  

i n  shape and t h e  measured demagnetizing e f f e c t  i n  t h e  z -d i r ec t ion  was about  

10% smaller  than  t h e  c a l c u l a t i o n s .  The shape of NbSe2#3 d e v i a t e s  

cons iderably  from an  e l l i p s o i d .  The i n t e r n a l  f i e l d  near  t h e  edges w i l l  be 

smal le r  than  t h e  f i e l d  near  t h e  c e n t e r  of t he  p l a t e l e t .  Since t h e  f l u x  

l i n e s  e n t e r  a t  t h e  edges, a c a l c u l a t i o n  of i n t e r n a l  H due t o  en 

demagnetizing e f f e c t s  w i l l  overes t imate  i t  f o r  NbSe2#3. 



Fig.V.3- Measured and calculated transition heights for NbSe #1. 2 



Entrance F i e l d  Measurements 

Temperature induced magnetic t r a n s i t i o n s  were recorded f o r  t h e  NbSe2 

samples i n  t h e  same way a s  f o r  t h e  Nb48XTi samples.  A sample would be 

cooled i n  z e r o  f i e l d ,  then a cons t an t  f i e l d  a p p l i e d  and t h e  temperature  of 

t h e  sample r a i s e d  s lowly.  Fig.V.4 shows examples of magnetic t r a n s i t i o n s  

f o r  NbSe #3 wi th  t h e  app l i ed  f i e l d  p a r a l l e l  t o  t h e  l a y e r s .  A s  f o r  t h e  
2 

Nb48%Ti, t h e s e  t r a n s i t i o n s  were found t o  be i r r e v e r s i b l e .  Upon coo l ing  t h e  

sample i n  a c o n s t a n t  f i e l d  most of t h e  o r i g i n a l  f l u x  through t h e  sample 

remained t rapped .  The amount of f l u x  t rapped  depended on t h e  d i r e c t i o n  of 

t h e  a p p l i e d  f i e l d  r e l a t i v e  t o  t h e  c r y s t a l  l a y e r s .  (This  i s  not  shown i n  

t h e  f i g u r e . )  T(H ) i s  t h e  po in t  where a curve breaks away from a lower 
en 

f i e l d  curve.  For  each f i x e d  angle  of t h e  sample i n  t h e  app l i ed  f i e l d ,  

e n t r y  p o i n t s  T(Hen) were found f o r  a number of a p p l i e d  f i e l d s .  The p l o t  of 

H vs  T, Fig.V.5, shows t h e  expected l i n e a r  r e l a t i o n s h i p ,  near  T . Values 
en  c 

of dHen/dT f o r  t h e  a p p l i e d  f i e l d  perpendicu la r  t o  and p a r a l l e l  t o  t h e  

l a y e r s  f o r  t h e  t h r e e  samples a r e  given i n  Table  V.2. A graph showing t h e  

angular  dependance of H f o r  NbSe2#3 is shown i n  Fig.V.6. I n  o r d e r  t o  en 

o b t a i n  t h e  angu la r  dependence, t he  sample was r o t a t e d  i n  s t e p s  from being 

perpendicu la r  w i th  r e s p e c t  t o  t h e  f i e l d  t o  be ing  p a r a l l e l .  I n  Fig.V.6, f o r  

t h e  sample p a r a l l e l  t o  t h e  f i e l d ,  h was t h e  l a r g e s t  sample dimension a s  

shown i n  Fig.V.la. Data f o r  t h e  same c r y s t a l  a r e  given i n  Fig.V.7, but 

he re  t h e  sample r o t a t i o n  is done s o  t h a t  when i t  i s  p a r a l l e l  t o  t h e  f i e l d ,  

h i s  t h e  sma l l e r  dimension a s  i n  Fig.V.lb. Data f o r  ~ b ~ e ~ # l  and 12 a r e  

shown., i n  Fig.V.8 and Fig.V.9. I n  both ca se s  h i s  t h e  l a r g e r  dimension. 



Table V .1 

The approximate l a r g e s t  and sma l l e s t  d i s t a n c e  a c r o s s  t h e  NbSe2 samples a r e  
given f o r  t h e  two d e f i n i t i o n s  of h  and w. Also given a r e  t he  sample 
th ickness  t and a r e a  of the  broad s u r f a c e s  A. The l a s t  columns g ive  the  
measured demagnet izat ion f a c t o r s .  

2  
sample w(mm) h(mm) t(mm) A(mm) 111-L 111-M 1 1 1 - N  

# 1 0.77 1 .15 0 .041 0.877 1.04 - 12.82 

# 2 0.63 0.43 0.014 0.27 1.02 1.03 19.2 

Table V.2 

The measured H ( 0 )  and H (90)  f o r  t h e  NbSe samples a long  wi th  t h e  
c a l c u l a t e d  i n t e e h a 1  f  i e l d z r  Heni  

( 0 )  and H ($0). The rows correspond t o  
e n i  

t h e  rows i n  Table V.1 .  

sample 



Fig .V. 4- K a p e t i c  transitions for NbSe2#3 for ea=90. 





Fig.V.6- Experimental H en (dots) and A*,, (crosses) for ~ b ~ e ~ t 3  
with h equal to the largest sample dimension. 



Fig.V.7- Experimental H ( d o t s )  and H* ( c r o s s e s )  f o r  ~ b S e ~ # 3  
with  h beingenthe sma l l e r  sam$?e dimension. 



F i g . V . 8 -  Experimental H (do t s )  and H*en ( c r o s s e s )  f o r  NbSe2#l. 

Hen was founedl by both f i e l d  sweep and temperature sweep 
techniques.  



Fig.V.9- Experimental H* for NbSe2#2. 
en 



There s t i l l  may be some concern t h a t  t h e  measured va lues  of Hen a r e  

lowered by inhomogenious regions of t h e  sample o r  by i r r e g u l a r i t i e s  i n  t h e  

shape of t h e  sample. An ind ica t ion  of how the  f l u x  e n t e r s  t he  bulk of a  

sample i s  found by cons ider ing  t h e  main reg ion  of t h e  t r a n s i t i o n  where a 

l a r g e  q u a n t i t y  of f l u x  is  en te r ing  the  sample. Th i s  p a r t  of t h e  t r a n s i t i o n  

is  l i n e a r  and can be ex t rapola ted  back t o  lower temperatures a s  shown by 

t h e  d o t t e d  l i n e s  i n  Fig.V.4. The poin t  where t h i s  e x t r a p o l a t i o n  c r o s s e s  an  

e x t r a p o l a t i o n  of t h e  low temperature curve g ives  a  va lue  which w i l l  be 

c a l l e d  T(H*,,). The q u a n t i t y  H* w i l l  be somewhat l a r g e r  than t h e  a c t u a l  
en 

c r i t i c a l  e n t r y  f i e l d  Hen. H* should be r e l a t e d  t o  t h e  bulk p r o p e r t i e s  of 
en 

t h e  c r y s t a l .  (S i ze  and shape a r e  included i n  "bulk proper t ies" . )  The s lopes  

dH*en/dT can be found near  Tc. These r e s u l t s  a r e  shown f o r  NbSe2#3 i n  

Fig.V.6 and Fig.V.7, p l o t t e d  a g a i n s t  t h e  ang le  of t h e  app l i ed  f i e l d .  The 

d a t a  f o r  H*en show the  same f e a t u r e s  a s  those  f o r  H but a r e  l a r g e r  by en 

about  a  f a c t o r  of 1.4. This  would i n d i c a t e  t h a t  t h e  f e a t u r e s  of t h e  

measured H a r e  not  due t o  inhomogeneities of composition o r  
en 

i r r e g u l a r i t i e s  i n  shape of t he  sample. The curve H (8,) i s  a proper ty  of en 

t h e  whole c r y s t a l  ( i e .  a  bulk proper ty) .  

A f i e l d  sweep method was a l s o  used t o  measure Hen. The sample was 

cooled  i n  ze ro  f i e l d  t o  a  temperature below T . The sample i s  then  held a t  
C 

a f i x e d  tempera ture  whi le  a  gradual ly  i nc reas ing  f i e l d  i s  appl ied .  The 

magnet iza t ion  i s  measured a s  a  func t ion  of t h e  app l i ed  f i e l d .  The ac  magnet 

was used t o  apply  t h e  f i e l d  a s  descr ibed i n  Chapter 111. There was 

cons ide rab ly  more n o i s e  i n  t he  SQUID s i g n a l  i n  t h e  f i e l d  sweep method than  

i n  t h e  c o n s t a n t  f i e l d  method. Examples of magnet izat ion curves  f o r  ~ b ~ e ~ # l  

a t  .a f i x e d  a n g l e  a r e  shown i n  Fig.V.lO. I d e a l l y ,  f o r  low f i e l d s ,  when t h e  



Fig.V.10- Lkasured u a g n e t i z a t i o n  cu rves  f o r  NbSeZRl wi th  t h e  a p p l i e d  
f i e l d  perpendicu la r  t o  t h e  l a y e r s .  



sample is i n  t h e  Meissner s t a t e ,  the  magnetization vs f i e l d  would g ive  a 

l i n e a r  p lo t .  The non-l ineari ty of the  low temperature curve i s  due t o  a 

background s i g n a l  from the  magnetometer i t s e l f  and was present  even i n  the  

p absence of a sample. 
? 
I To f i n d  Hen from the  f i e l d  sweep da ta ,  the curve f o r  the  lowest 

temperature, a t  which the  sample was i n  the  Meissner s t a t e ,  was used a s  a  

base. The value  of Hen. i s  taken from where a f ixed temperature curve 

breaks away from the  Meissner s t a t e  curve. The values of H found using 
en 

the  f i e l d  sweep method agreed wi th in  e r r o r s  with the  values of H found 
en 

using the  temperature sweep method. The r e s u l t s  f o r  Hen(ea) f o r  NbSe2#1 a r e  

shown i n  Fig.V.8. Also i n  Fig.V.8 a r e  the  r e s u l t s  of H*en(9a) found by 

ext rapola t ion  of the  bulk of the  temperature swept t r a n s i t i o n s .  H is en 

again smaller than H* by a constant  f a c t o r .  
en 

The temperature induced t r a n s i t i o n  curves,  Fig.V . 4 ,  show a slowly 

decreasing magnetization even before T(Hen) i s  reached. This is  probably 

due t o  the  temperature dependence of the  penet ra t ion  depth. The pene t ra t ion  

depth w i l l  reduce the  volume i n  which f l u x  i s  excluded i n  the  Meissner 

s t a t e .  When t h e  appl ied  f i e l d  i s  p a r a l l e l  t o  the  p l a t e l e t ,  the thickness of 

the  Meissner region w i l l  be reduced by an amount 21(T). Where A is the  

d i s t ance  the  induction pene t ra te s  i n t o  the  broad surfaces  of the  p l a t e l e t s  

i n  a d i r e c t i o n  perpendicular  t o  t h e  c r y s t a l  layers .  The surface  a r e a  of the  

edges of the  p l a t e l e t s  a r e  small and the  penet ra t ion  here is  neglected.  For 

f i e l d s  smaller  than Hen, the magnetization should be propor t ional  t o  

( t  - 2A(T)), where t is  the  p l a t e l e t  thickness.  Near Tc the  pene t ra t ion .  

depth has the  form 2 1 



where X(0) i s  t h e  London p e n e t r a t i o n  depth a t  T=O. The magnet izat ion curve 

f o r  NbSe2#l d i d  f i t  t h i s  f u n c t i o n a l  r e l a t i o n s h i p  g i v i n g  a(O)=110 nm. F in ley  

and Deaver Jr. measured A f o r  NbSe us ing  a  SQUID magnetometer .22 Their  
2 

r e s u l t  f o r  t h e  p e n e t r a t i o n  depth perpendicu la r  t o  t h e  l a y e r s  was 124 nm. 

Using s p e c i f i c  h e a t  measurements, Schwa11 e t  a18 c a l c u l a t e d  A t o  be 115 

nm. Th i s  agreement confirms t h a t  t h e  decrease  of magnet iza t ion  below H is  en 

due t o  t h e  i n c r e a s i n g  pene t r a t i on  depth. 

Comparison of Resu l t s  and Theory - - 
Table V.2 g i v e s  a  summary of t h e  d a t a  f o r  t h e  t h r e e  NbSe2 samples. 

The i n t e r n a l  e n t r y  f i e l d  p a r a l l e l  t o  t h e  l a y e r s  Hen(90) v a r i e s ,  not on ly  

from c r y s t a l  t o  c r y s t a l ,  but f o r  t h e  same c r y s t a l  w i t h  t h e  f i e l d  i n  t h e  x 

o r  t h e  y d i r e c t i o n  ( see  Fig.V.1). Th i s  imp l i e s  t h a t  t h e  cause of t h e  

d i f f e r e n t  v a l u e s  f o r  Hen(90) would no t  be d i f f e r e n c e s  i n  composition. 

Keeping t h e  t h i c k n e s s  of a  c r y s t a l  c o n s t a n t ,  Hen(90) g e t s  l a r g e r  a s  t h e  

r a t i o  h/w g e t s  sma l l e r .  This  is  seen  by looking a t  two va lues  of Hen(90) 

f o r  NbSe #2 o r  #3. Comparing a l l  of t h e  va lues  of H (90)  f o r  t h e  t h r e e  
2 en 

c r y s t a l s ,  i t  would appear t h a t  H (90) g e t s  l a r g e r  a s  t g e t s  smal le r .  By en 

t r i a l  and e r r o r  it was found t h a t  a  sy s t ema t i c  r e s u l t  i s  achieved by 

p l o t t i n g  Hen(90) v s  (h/w)(A/t) ,  which is  shown i n  Fig.V.11. Consider ing t h e  

s i z e  of t h e  e r r o r  b a r s ,  the da t a  p o i n t s  f a l l  on a  remarkably s m o t h  curve. 

This  would sugges t  t h a t  t h e  e r r o r s  a r e  over-estimated. However, t h e  exac t  

po in t  of T(Hen(90)) on t h e  magnet izat ion curves  i s  d i f f i c u l t  t o  choose and 

t h e  au tho r  f e e l s  t h e  quoted e r r o r s  a r e  r e a l i s t i c .  The g e n e r a l  t r end  which 

t h e  da t a  i m p l i e s  i s  f o r  H (90) t o  i nc rease  a s  t h e  s i z e  of a  c r y s t a l  
en 

dec reases ,  w h i l e  Hen(90) decreases  s lowly or  perhaps approaches a  cons t an t  



.- 
Ill- = -0 u 

Fig.V.ll- Graph showing the  dependence of dH (90)/dT on t h e  s i z e  of 
NbSel c r y s t a l s .  A smooth curve  ise%awn t o  connect da t a  
poin ts .  

Heni  
is t h e  i n t e r n a l  f i e l d  corresponding t o  H . 

en 

Fig .P. 12- Graph showing the  approximate empi r i ca l  r e l a t i o n  be tween 
dH ./dT and c r y s t a l  s i z e  f o r  NbSe f o r  the  d a t a  from 
~.;'1.+.11. 2' 



a s  t h e  s i z e  of a c r y s t a l  i nc reases .  The shape of t h e  curve of Hen(90) vs 

( h / w ) ( ~ / t  ) sugges ts  a  logar i thmic  dependence. A p lo t  of Hen(90) v s  

ln(h/w)(A/t)  i s  given i n  F1g.V. 12. The f u n c t i o n a l  dependence is  

approximately logar i thmic ,  a l though somewhat u n c e r t a i n  because of t h e  l a r g e  

e r r o r  ba r s  and t h e  small  range of c r y s t a l  s i z e s .  There is,  a t  p re sen t ,  no 

t h e o r e t i c a l  explana t ion  f o r  t h i s  r e l a t i o n s h i p .  

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

l a y e r s  H ( 0 )  a l s o  show some v a r i a t i o n .  The demagnetizing e f f e c t  f o r  a  
en  

perpendicular  f i e l d  has  l a r g e  u n c e r t a i n t i e s ,  e s p e c i a l l y  f o r  NbSe2#3, and 

t h i s  can account f o r  the  d i f f e r e n t  va lues  completely. The r e s u l t s  f o r  NbSe2 

#1 and 82 of approximately 150 Oe/K w i l l  be taken a s  t h e  b e s t  va lue  of 

Heni ( 0) ' 

Pred ic t ions  f o r  t he  va lue  of H can be made us ing  measurements of c  1 

Hc2 and K found i n  the  l i t e r a t u r e .  Using Ginzburg-Landau theory  a s  i n  

Chapter I V ,  

Schwa11 , Stewart  , and ~ e b a l l e ~  use  s p e c i f i c  hea t  measurements t o  f i n d  

dHc2(90)/dT=25,700 0e/K, dHc2(0)/d~=6450 Oe/K, K,, =54, and K, -13.5. P u t t i n g  

these  values i n t o  t h e  equat ion  f o r  dH /dT gives dHcl(90)/dT=20 Oe/K and c  1 

dH (O)/dT=55 Oe/K. A s  f o r  t h e  Nb48%Ti, measured va lues  of t h e  i n t e r n a l  
c l  

f i e l d s  f o r  NbSe2, dHen(90)/dT=50 Oe/K and dHen(0)/dT=150 OelK, a r e  l a r g e r  

than  t h e  expected va lues .  The cause  bf t h i s  delayed f l u x  e n t r y  would agaJn 

be t h e  presence of f l u x  pinning fo rces .  

. There is a  t h e o r e t i c a l  model (Chapter 11)  which desc r ibes  q u i t e  



t he  c r i t i c a l  s t a t e  model. '3910911 The c r i t i c a l  s t a t e  model has  been used t o  

c a l c u l a t e  t h e  c r i t i c a l  c u r r e n t  dens i ty  (which is  d i r e c t l y  r e l a t e d  t o  f l u x  

p inning)  f o r  l a r g e  app l i ed  f i e l d s  us ing  a  cons tan t  temperature f i e l d  sweep 

technique. I n  t h e  c r i t i c a l  s t a t e  model, i r r e v e r s i b l e  t r a n s p o r t  c u r r e n t s  

provide s h i e l d i n g  from t h e  app l i ed  f i e l d  i n  a d d i t i o n  t o  t h e  s h i e l d i n g  

provided by t h e  r e v e r s i b l e  Meissner c u r r e n t s .  Unfortunately,  a  temperature 

dependent theory  has  not  been developed. A q u a n t i t a t i v e  a n a l y s i s  of t h e  

da t a  r epo r t ed  h e r e  cannot be done a t  p resent .  

A d e s c r i p t i o n  of how the  f l u x  e n t e r s  would be h e l p f u l  i n  

understanding a n i s o t r o p i c  superconductors .  Although t h e  e f f e c t s  of 

r e v e r s i b l e  magnet iza t ion  and f l u x  pinning can not  be separa ted  he re ,  

measurement of H does g ive  the poin t  when f l u x  e n t e r s  a  sample. It i s  
en  

u s e f u l  t o  compare t h e  t h e o r e t i c a l  dependence of Hcl on t h e  angle  of t h e  

app l i ed  f i e l d  ea and t h e  measured angular  dependence of Hen. Graphs 

comparing t h e  H theory ,  ou t l i ned  i n  Chapter 11, and t h e  H da t a  a r e  
c l  en 

given i n  Figs.V.13, 14 ,  15 ,  and 16, u s ing  Schwnll's va lues  of KL=13.5 and 

fiz0.25. The f i g u r e s  show t h a t  t he  a c t u a l  e n t r y  f i e l d  d i f f e r s  i n  behavior  

from the  t h e o r e t i c a l  Hcl .  By us ing  a smal le r  va lue  f o r  E ,  i .e.  h igher  

an i so t ropy ,  Klemm and Clem's theory does show a break i n  t h e  curve,  

Fig.V.14. But t h e  shape of t h e  smal le r  E curve does not agree  wi th  t h e  

shape of t h e  measured curve,  s o  it is reasonable t o  t ake  Schwall's measured 

va lue  f o r  E as being c o r r e c t  f o r  NbSe2. Since t h e  measured Hen has a  

l a r g e r  an i so t ropy  than  t h e  c a l c u l a t e d  H t he  f l u x  pinning which is  c 1 ' 
presen t  i n  t h e  r e a l  c r y s t a l s ,  must add t o  t he  anisotropy.  

. A simple model can be developed t o  show how t h e  f l u x o i d s  might e n t e r  
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Hen 

H," (0) 

Fig.V.13- Experimental H d ta points for NbSe #1 compared with Klernm ;f 
and ClemOs th:%ry for r, ~13.5 and &=ow 25 (solid) and 

- C=0.19  (dotted), and with the parallel/perpendicular model 
(dashed). 



Hen 
Hen (8) 

Fig.V.14- Exper imenta l  H* d a t a  f o r  NbSe #2 compared w i t h  Klemm and 
Clem-s theory le?or  tcA-13.5 and? /T=0.25  ( s o l i d ) ,  and w i t h  t h e  
p a r a l l e l / p e r p e n d i c u l a r  model (dashed) .  



Hen - 

Fig.V.15- E x p e r i m e n t a l  H d a t a  p o i n t s  f o r  ~ b s e * # 3 ,  w i t h  h  e q u a l  t o  
t h e  l o p g  Samp% dimension,  compared w i t h  Klemm and C l e m - s  
t h e o r y  f o r  K, =13.5 and JF=O.25 ( s o l i d ) ,  and w i t h  t h e  
? a r a l l e l / p e r p e n d i c u l a r  model (dashed) .  The i n s e r t  shows t h e "  
a p p l i e d  f i e l  d d i r e c t i o n  f o r  0,=90. 



Fig.V.16- Experimental H d a t a  p o i n t s  f o r  NbSe2#3, w i t h  h  equa l  t o  
en t h e  s y l l e r  dunension, compared w i t h  Klemm and C l e m ' s  

t heo ry  f o r  K~ =13.5 and fi-0.25 ( s o l i d ) ,  and w i t h  t h e  
p a r a l l e l / p e r p e n d i c u l a r  node1 (dashed) .  The i n s e r t  shows t h e v  
d i r e c t i o n  of t h e  a p p l i e d  f i e l d  f o r  8 =90. a 



a  c r y s t a l .  Suppose t h e  f l u x o i d s  a r e  a l lowed t o  l i e  on ly  perpendicu la r  t o  

t h e  c r y s t a l  l a y e r s  o r  p a r a l l e l  t o  t h e  l a y e r s .  S u b s t i t u t i n g  Hen f o r  Hcl i n  

equa t ion  (2-10) and p u t t i n g  eB=O o r  8  =90, g ives  f o r  Hen B 

- (I-L) 4nc/@0 
or He,, (eJ - Hen (90J 

d 9 
Sin 0" s i n  0, 

whichever i s  smaller. H (0 )  and Hen(90) a r e  t h e  measured va lues  of t h e  
en 

e n t r a n c e  f i e l d  a t  0  and 90'. This  model is  compared wi th  t h e  measured d a t a  

i n  Figs.V.13, 14 ,  15, and 16. Agreement is  q u i t e  good. The shape of t h e  

s imple model p r e d i c t s  t h e  shape of t h e  d a t a ,  except i n  Fig.V.16. Th i s  

sugges t s  t h a t  t h e  f l u x  l i n e s  do e n t e r  a  c r y s t a l  e i t h e r  p a r a l l e l  o r  

pe rpend icu l a r  t o  t h e  l a y e r s  and not  p a r a l l e l  t o  t h e  e x t e r n a l  f i e l d .  

Klemm and C l e m ' s  c a l c u l a t i o n  assumes t h a t  t h e  f  luxoids  a r e  symmetric; 

t h a t  i s ,  the  s h i e l d i n g  c u r r e n t s  c i r c l e  i n  p l anes  which a r e  perpendicu la r  t o  

t h e  f l u x o i d  a x i s .  I n  a  r ecen t  paper ,  ~ o ~ a n ~ ~  shows t h a t  s y w e t r i c  f l u x o i d s  

cannot s a t i s f y  t he  a n i s o t r o p i c  London equa t ions .  Kogan sugges t s  t h a t  t h e  

s h i e l d i n g  c u r e n t s  s t a y  i n  t h e  plane of t h e  c r y s t a l  l a y e r s  even i f  t h e  

f l u x o i d  i s  no t  perpendicu la r  t o  t he  l a y e r s .  From t h i s ,  he shows t h a t  t h e  

se l f -energy  should be l a r g e r  f o r  ang le s  where t he  f l uxo id  i s  not  p a r a l l e l  

o r  pe rpend icu l a r  t o  t h e  c r y s t a l  l a y e r s .  The f l u x o i d s  would p r e f e r  t o  l i e  

c l o s e r  t o  e i t h e r  p a r a l l e l  o r  perpendicu la r  t o  t h e  l a y e r s  than Klemm and 

C l e m  p r e d i c t .  T h i s  g ives  t h e o r e t i c a l  j u s t i f i c a t i o n  t o  t h e  above conc lus ion  

of t h e  s imple pa ra l l e l -pe rpend icu l a r  model. 



VI. Summary and Conclusions 

Magnetization measurements were used to find the critical field for 

flux entry into the bulk of superconduct3ng samples. Measurements of H 
en 

for samples of Nb48%Ti, after correction for demagnetization, were found to 

be isotropic as expected. But the measured value of H was found to be en 

higher than the expected value for Hcl. This delayed flux entry is most 

probably caused by pinning effects and can be qualitatively described by 

the theory of the critical state. 

Measurements of H (90) and Hen(0) for the anisotropic superconductor 
en 

NbSe2 were lzrger than the expected values of H c l .  As for the Nb48XTi, 

flux entry is delayed. Small variations of Hen(90) were observed for 

different crystals and even different orjentations of one crystal. An 

empirical relation between H (90) and the dimensjons of the crystals was en 

found. This has not been explained theoretjcally but the variations are not 

due to differences in crystal composition. 

The measured angular dependence of H shows a break or cusp at about 
en 

9-80". This result does not agree with the angular dependence of H 
c 1 

predicted by Klemm and ~1em.l A simple model, assuming that the fluxoids 

enter either parallel or perpendicular to the layers, gives qualltative 

agreement with the observed angular dependence. This would suggest that in 

the actual crystals there is an effect which causes the fluxoids to lie 

closer to parallel or perpendicular than Klemm and Clem predict. In a 

recent paper, Kogan shows that an assumption made by Klemm and Clem is not 

valid for intermediate angles. The self-energy of a fluxoid at an 

intermediate angle should be larger than Klemm and Clem's result. This 

6 8 



would cause t h e  f l u x o i d  t o  l i e  c l o s e r  t o  e i t h e r  p a r a l l e l  o r  perpendicular  

t o  t h e  c r y s t a l  l a y e r s .  F i n a l l y ,  Hen i s  not  on ly  dependent on H but a l s o  c 1 

on the  c r i t i c a l  cu r r en t .  It is most l i k e l y  t h a t  t h e  c r i t i c a l  c u r r e n t  i n  

NbSe2 i s  i t s e l f  a n i s o t r o p i c .  This  would a l s o  have an e f f e c t  on the  angular  

dependence of Hen. 

A mot iva t ion  of t h i s  work was a  d e s i r e  t o  i n v e s t i g a t e  t o  what ex t en t  

low-field magnetic t r a n s i t i o n s  could be used t o  f i n d  superconduct ing 

parameters f o r  a n i s o t r o p i c  m a t e r i a l s .  The p re sen t  experiments show t h a t  t h e  

s t r o n g  demagnetizing e f f e c t s  can be taken i n t o  account q u a n t i t a t i v e l y .  

However t h e  de te rmina t ion  of H and q u a n t i t i e s  r e l a t e d  t o  it is  made c  1 

complicated by t h e  presence of f l u x  pinning. 

The theory  of a n i s o t r o p i c  superconductors  near  Hcl has not  been 

developed t o  a  s a t i s f a c t o r y  degree. Developement a long  t h e  l i n e s  Kogan 

sugges ts  shows promise. I n  a d d i t i o n ,  it  seems poss ib l e  t o  develop a 

workable temperature-dependent theory  of t h e  c r i t i c a l  s t a t e ,  by i n s e r t i n g  a 

temperature-dependent c r i t i c a l  c u r r e n t .  This  would a l low a  de te rmina t ion  of 

both t h e  c r i t i c a l  cu r r en t  and H of a  superconductor from t h e  temperature c l  

induced magnet iza t ion  curves.  It is  poss ib l e  t h a t  such a  c r i t i c a l  s t a t e  

theory could e x p l a i n  t h e  v a r i a t i o n s  of Hen with c r y s t a l  s i z e .  

Experimental ly ,  i t  would be i n t e r e s t i n g  t o  measure Henusing c r y s t a l s  

of l a r g e r  a n i s o t r o p y  ( f o r  example i n t e r c a l a t e d  layered  compounds such a s  

TaS2(pyridine)) .  A r t i f i c i a l l y  produced layered  m a t e r i a l s  show much promise 

i n  i n v e s t i g a t i o n s  of a n i s o t r o p i c  superconduct iv i ty .  24 P r e c i s e  l a y e r s  of 

superconduct ing and non-superconducting m a t e r i a l s  can be ' bu i l t  up by 

processes  such a s  s p u t t e r i n g  o r  e-beam evaporat ion.  The an i so t ropy ,  p u r i t y ,  

and. shape can  be c o n t r o l l e d  t o  a  much higher  degree than i n  grown 



c r y s t a l s .  I n  such h igh ly  a n i s o t r o p i c  f i l m s  i t  should be even more d i f f i c u l t  

t o  p l ace  t h e  f l u x  l i n e s  p a r a l l e l  t o  t h e  p l anes ,  un le s s  t h e  appl ied  f i e l d  

i s  l i n e d  up p r e c i s e l y .  Ar t i f ic ia l ly-produced  samples should make it 

poss ib l e  t o  s e p a r a t e ,  experimental ly ,  the  e f f e c t s  of an i so t ropy  and f l u x  

pinning. I n  t h i s  way, low f i e l d  magnet izat ion measurements would be u s e f u l  

i n  f i n d i n g  superconduct ing parameters and i n  exp la in ing  t h e  anomalous 

en t rance  and movement of f l u x  i n  a n i s o t r o p i c  superconductors .  
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