
CHAPTER I

In t ro d u c t i o n

Superconduc t iv i ty  was d i scovered  in 1911 by Onnes (1 ) .  
He measured the  e l e c t r i c a l  r e s i s t i v i t y  of mercury and found 
t h a t  i t  dropped a b r u p t ly  to  zero below c r i t i c a l  t em pera ture  Tc =
4.2  K. Onnes surmised c o r r e c t l y  t h a t  he was d ea l in g  with a new s t a t e  
of m a t te r  below the  c r i t i c a l  t em pera ture  , and coined  the  term 
superconduc t ing  s t a t e .  Onnes f u r t h e r  d i s co ve red  t h a t  the  
superconduc t ing  s t a t e  could be des t royed  by p l a c in g  the  superconducto r 
in a l a r g e  enough magnetic f i e l d ,  and he a l s o  note  t h a t  sending a 
l a r g e  enough c u r r e n t  through  the  superconducto r would d e s t r o y  the  
superconduc t ing  s t a t e .  S i l s b e e  (2) l a t e r  sugges ted  t h a t  t h e s e  two 
phenomena were r e l a t e .  The d i s r u p t i o n  of the  superconduc t ing  s t a t e  by 
t h e  c u r r e n t  i s  caused by t h e  magnetic f i e l d  c r e a t e d  by the  c u r r e n t  a t  
t h e  s u r f a c e  of t he  w i re .  In gene ra l  , t h e  c r i t i c a l  magnetic f i e l d  
( t h a t  d e s t r o y s  su p e r c o n d u c t i v i t y  ) and the  c r i t i c a l  t em pera tu re  
( a t  which t h e  m a t e r i a l  becomes superconducting)  a re  f u n c t i o n a l l y  
r e l a t e d .  The h ig h es t  superconducting  t r a n s i t i o n  t em pera tu re  occurs 
when t h e r e  i s  no e x t e r n a l  magnetic f i e l d .

Furthermore , many years  passed  a f t e r  Onnes’ d iscovery  b efo re  
o t h e r  r e a l l y  fundamental  d i s c o v e r i e s  were made about the  
superconduc t ing  s t a t e .  In 1932, Keesom and Kok (3) found a jump in 
t h e  e l e c t r o n i c  s p e c i f i c  hea t  a t  t he  superconduc t ing  t r a n s i t i o n  
t em p e ra tu r e .  Such a jump i s  c o n s i s t e n t  with  the  l a t e r  idea  of the  
e x i s t e n c e  of an energy gap in the  d e n s i t y  s t a t e s  of t h e  e l e c t r o n s  in 
a supe rconduc to r .  In 1933 , Meissner and Ochsenfe ld  (4) made a
d i sc o ve ry  of fundamental  impor tance.  They found t h a t  
superconduc to rs  e x p e l l e d  magnetic f l u x  when they  were coo led  below the
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c r i t i c a l  t em pera tu re .  This i s  c a l l e d  Meissner e f f e c t .  This
behav iour  has been c a l l e d  p e r f e c t  diamagnetism. In 1934 , G or te r  
and Casimir  (5) in t roduced  the  two -  f l u i d  model of su p e r c o n d u c t i v i t y .  
This model i s  the  conduction e l e c t r o n s  in a superconducting  subs tance  
f a l l  i n t o  two c l a s s e s  , s u p e r e l e c t r o n s  and normal e l e c t r o n s .  In 1935, 
F. and H. London (6) and have proposed t h a t  s u p e r c o n d u c t iv i ty  i s  a 
quantum phenomenon on a macroscopic s c a l e  and developed sem i -em p i r i ca l  
th e o ry  of the  e lec t rodynamic  p r o p e r t i e s  f o r  impure a l l o y s
su pe rco n du c to rs .  This theo ry  can be exp la ined  the  Meissner e f f e c t .  
The Londons’ a n a ly s i s  showed t h a t  t he  f i e l d  decays e x p o n e n t i a l ly  
i n t o  t h e  sample over a c h a r a c t e r i s t i c  " p e n e t r a t i o n  dep th" .  In 1953, 
P ippa rd  (7) in t roduced  the  coherence  l eng th  while proposing  
a n o n loca l  g e n e r a l i z a t i o n  London’s theo ry  , f o r  pure supe rconduc to rs .

In 1950 , F ro h l i c h  (8) sugges ted  t h a t  t he  i n t e r a c t i o n  between 
e l e c t r o n s  and l a t t i c e  v i b r a t i o n s  , or  phonons might be r e s p o n s ib l e  
f o r  t h e  format ion  of t he  superconducting  s t a t e .  At about  t he  same t ime,  
Maxwell (9) and Reynolds , Ser in  , Wright and N e s b i t t  (10) found t h a t  
t h e  superconduc t ing  t r a n s i t i o n  tem pe ra tu re  depended on the  i s o t o p i c  
mass of t h e  superconduc to r .  This exper imenta l  r e s u l t  gave s t ro n g  
su pp o r t  t o  t he  i d e a l  t h a t  t he  i n t e r a c t i o n  between e l e c t r o n s  and 
phonons was involved  in  t h e  superconduc t ing  t r a n s i t i o n  tem pe ra tu re .  
Bardeen,  Cooper and S c h r i e f f e r  (11) or  BCS th e o ry ,  in  1957, f i n a l l y  
deve loped  a formalism which a p p a re n t ly  con ta ined  t h e  c o r r e c t  
e x p l a n a t i o n  of t he  superconducting  s t a t e .  The i r  ideas  had some 
s i m i l a r i t y  t o  F r o h l i c h ’ s ideas  , but  t h e  BCS theo ry  used a much 
b e t t e r  mathematical  approch.  In f a c t  , t h e  c r u c i a l  idea  in t h e  BCS 
th e o ry  was su pp l ied  by Cooper in 1956 (12).  Cooper ana lyzed  the  
e l e c t r o n  - phonon i n t e r a c t i o n  in a d i f f e r e n t  way than F r o h l i c h .  
F r o h l i c h  had d i s c u s s e d  the  e f f e c t  of t he  l a t t i c e  v i b r a t i o n s  on the  
s e l f  - energy of the  e l e c t r o n s .  Cooper ana lyzed the  e f f e c t  of t he
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l a t t i c e  v i b r a t i o n s  on the  e f f e c t i v e  i n t e r a c t i o n  between e l e c t r o n s .  
Cooper’ s c a l c u l a t i o n  showed t h a t  an a t t r a c t i v e  i n t e r a c t i o n  between 
e t e c t r o n s  , even a very weak a t t r a c t i v e  i n t e r a c t i o n  a t  low enough 
t em p era tu re s  would cause p a i r s  of e l e c t r o n s  , or t he  Cooper p a i r s  to 
form bound s t a t e s  near  t he  Fermi energy.  As we w i l l  see ,  t he  p a i r i n g  
i n t e r a c t i o n  couses a gap in the  d e n s i t y  of s i n g l e  e l e c t r o n  s t a t e s .

The f i e l d  of s u p e r c o n d u c t iv i ty  has opened many new a rea s  fo r  
both  exper imenta l  and t h e o r e t i c a l  r e s e a rc h .  So f a r  we have mentioned 
only a few of the  most b a s ic  experiments and t h e o r e t i c a l  i d e a s .  Many 
more experiments  have been done which tend to  confirm the  BCS theo ry .

The Theory of t he  s t ro ng  -  coupling superconduc to rs  was 
developed  by E l ia sh b e rg  in  1960 (13) , McMillan in  1968 (14'  ,
d e r iv e d  a formula f o r  t h e  superconducting  t r a n s i t i o n  tem pera tu re  fo r  
m eta l s  and a l lo y s  from s t rong  - coupling theo ry .

As f a r  as conven t iona l  superconducto rs  a re  concerned , t h e  
BCS theo ry  can exp la in  a l l  the se  phenomena and more, but  c o n s id e r ab le  
i n s i g h t  was ob ta ined  in advance of t h a t  by Ginzburg and Landau (15) 
who , in 1950, ana lysed  the  e n e r g e t i c s  of t he  superconduc t ing  phase 
changes.  Landau had p re v io u s ly  produced a genera l  theo ry  of second - 
o rd e r  phase t r a n s i t i o n s  ( in which the  e n t i r e  system changes s t a t e  
e s s e n t i a l l y  s im u l taneous ly  without  the  involvement of l a t e n t  hea t  ) .  
The e s s e n t i a l  concept  of Landau’ s theo ry  i s  t he  o rd e r  parameter  
having i t s  maximum magnitude when the  system i s  most o rdered  , as 
might  occur a t  ab s o lu t e  ze ro .  As t em pera ture  i n c r e a s e s  , t h e  o rder  
param ete r  decreases  , becoming zero (maximum d i s o r d e r )  a t  and above 
th e  c r i t i c a l  t em pera tu re .  To exp la in  phenomena in t h e  neighbourhood 
of t h e  t r a n s i t i o n  , Landau fo rm al ized  the  f r e e  energy d e n s i t y  of the  
system in terms of t h e  order  parameter  and determined  the
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v a lu e  of the  parameter  a s s o c i a t e d  with the  minimum f r e e  energy 
a t  a g iven t em pera tu re .

Ginzburg and Landau a p p l i e d  t h i s  theory  t o  supe rconduc to rs .  
The c o n d i t i o n  fo r  a minimum of f r e e  energy , i t  t u r n s  out 5 c lo s e l y  
re sembles  a Schrodinger equa t ion  , thus  al lowing t h e  i d e n t i f i c a t i o n  
of t h e  o rder  parameter  with the  macroscopic wave fu n c t ion  mentioned 
above.  The s o lu t i o n s  revea l  s e v e r a l  f e a tu r e s  of superconduc to rs  , 
they  reproduce the  London and P ippard  equ a t io ns .  They y i e l d  a 
c h a r a c t e r i s t i c  minimum leng th  over which the  wave f u n c t io n  can 
s i g n i f i c a n t l y  change the  coherence  len g th ,  and i n t e r n a l  magnetic 
f i e l d  dacays e x p o n e n t i a l ly  i n to  the  superconducto r over a 
c h a r a c t e r i s t i c  p e n e t r a t i o n  depth .  Perhaps the  most s i g n i f i c a n t  
i n s i g h t  p rovided by the  Ginzburg - Landau theo ry  concerns the  
d i f f e r e n c e  between type  I and type  I I  superconducto rs  as e x h i b i t e d  
in t h e i r  c o n t r a s t i n g  re sponses  t o  e x t e r n a l  magnetic f i e l d s .  The 
e x p u l s io n  of mangnetic f l u x  by a sample c o s t s  energy and t h e r e  w i l l  
c l e a r l y  be an app l i e d  f i e l d  s t r e n g t h  a t  which i t  becomes 
e n e r g e t i c a l l y  e a s i e r  t o  assume the  normal conducting s t s t e .  Ginzburg 
and Landau showed t h a t  in type  I I  m a t e r i a l  , the  p e n e t r a t i o n  depth  
exceeds t h e  coherence leng th  , t h e  i n c re a s e  in  energy of t h e  b luk  
from th e  fo rmat ion  of r e s t r i c t e d  reg ion  of normal conduct ing  m a te r i a l  
i s  more than o f f s e t  by the  dec rea se  in  magnetic energy as t h e  f l u x  
e n t e r s  tho se  -  reg ions  . Thus normal cores  a re  formed ly ing  
p a r a l l e l  t o  a p p l i e d  , sheathed  by v o r t i c e s  of s u p e r c u r r e n t  and 
t h r e a d e d  by magnetic f l u x  .

I t  t u r n s  out  t h a t  a t r i a n g u l a r  l a t t i c e  of co res  i s  t he  
p r e f e r r e d  geometry in t h i s  mixed s t a t e  . At the  lower c r i t i c a l  f i e l d  
t h e  normal cores  a re  spaced a p e n e t r a t i o n  depth  a p a r t .  As t h e  f i e l d  
i n c r e a s e s  , more cores  a re  formed and t h e  s e p e r a t i o n  d ec rea se s  u n t i l  ,
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a t  t h e  upper c r i t i c a l  f i e l d  , the  cores a re  s e p a r a t e  only by a 
coherence  l eng th  or  so .  In 1959 , Gor’kov (16) showed t h a t  t he
Ginzburg -  Landau equa t ions  can be d e r iv ed  from m ic ro s c o p i c a l l  and i s  
v a l i d  f o r  t em pera tu res  c lo se  t o  , and below the  superconduction  
t r a n s i t i o n  t em pera tu re  .

Since Onnes’ s d iscovery  , s u p e r co n d u c t iv i ty  of m a t e r i a l  had 
been found t h a t  t he  h ig h e s t  va lue  of c r i t i c a l  t em pera tu re  was only 
23 K f o r  t he  compoud Nb3Ge (17).  I t  was thus  unders tood  t h a t
s u p e r c o n d u c t i v i t y  was a p h y s i ca l  s t a t e  a t  a low tem pera tu re  
phenomenon. But g re a t  famous and fu r o r e  surrounds was d i sco ve red  
h igh  -  Tc su p e r c o n d u t iv i ty  in  ceramic oxides compounds by Bednorz 
and Muller  (18) in 1986 , re seach  on high - Tc ceramic oxide
superconduc to rs  , had been developing  with s u r p r i s i n g l y  h igh  speed 
and have extended very r a p id l y  t o  t he  h igh  -  Tc su p e r c o n d u c t i v i t y  
of Tc of 125 K (19).  High - Tc s u p e r co n d u c t iv i ty  has now been 
observed  in f i v e  f a m i l i e s  of ceramic oxide compounds

1. The La2AE2CuO4 phases (18) where AE , i s  a a l k a l i n e  e a r t h  
atom Ba , Sr or  Ca , with  a maximum Tc of 40 K .

2. The YBa2Cu307 (1 2 3) phases (20) , where Y can be
r e p la c e d  by o th e r  r a r e  e a r t h s  , with  a maximum Tc of 93 K.

3. The B i2Ca1ธr 2Cu208 ( 2 1 2 2 )  phases (21) , where Bi can 
be r e p la c e d  by Tl and Sr by Ba 5 w ith  a maximum Tc around 90 K
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4. The T l zCa2Ba2Cu30 10 ( 2 2 2 3 )  phases (19) with a
maximum Tc of 125 K .

5. THE B a ^ ^  Kv Bi 0 3 phase (22) with  a maximum Tc around
30 K.

Most of t he  r e cen t  t h e o r e t i c a l  e xp lan a t io ns  of high Tc - 
su p e r c o n d u c t iv i ty  s t a r t  from r e g u l a r  s t r u c t u r e s  and use the
c ov en t iona l  BCS Theory (23 , 24) r e so n a t ing  valence  bond (25 , 26),  
plasmon -  type coup ling  (27) , b ipo la ron  mechanism ( 28 ) , n ega t ive  
บ -  e f f e c t s  ( 29 ) or  modify the  idea  of the  r e s o n a t in g  va lence  bond 
( 30 , 31 , 32 ) t o  exp la in  the  phenomenon.

The purpose of t h i s  t h e s i s  was to  study the  p r o p e r t i e s  of high 
Tc s u p e s c o n d u c t iv i ty  , roo ted  in the  t h e o r e t i c a l  frameworks of 
Ginzburg - Landau theo ry  and Ginzburg’ s - Theory ( 33 ) • which 
had been proprosed  in 1987.

The p lan  of t he  t h e s i s  i s  as fo l low s .  In chap te r  I I  we w i l l  
rev iew fundamental  p r o p e r t i e s  and theory  of s u p e r c o n d u c t i v i t y .  In 
c h a p te r  I I I  we w i l l  review the  Ginzburg -  Landau theo ry  , both  the  
phenomenological  and t h e  microscopic  th e o ry .  In c h a p te r  IV we w i l l  
p r e s e n t  the  Ginzburg - Landau equa t ions  from the  Ginzburg -  theory  
f o r  h igh  -  Tc s u p e r c o n d u c t i v i t y .  Ve d e r iv e  an exp re ss io n  fo r  a 
p e n e t r a t i o n  depth  , coherence leng th  , s p e c i f i c  h e a t ,  Thermodynamic 
f i e l d  , lower and upper c r i t i c a l  f i e l d  , s u r f a c e  n u c l é a t i o n  f i e l d  , 
c r i t i c a l  c u r r e n t  of t h i n  wire or f i lm s  and p a r a l l e l  c r i t i c a l  f i e l d  of 
t h i n  f l im s  of t he  h igh  - Tc supe rconduc to rs .  The f i n a l  c ha p te r  ( V ) 
i s  d i s c u s s io n  and conc lu s ion .
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