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ELECTRODYNAMICS OF SINGLE-CRYSTAL Eu2CuO ~ - A BOSUN EXCITATION SPECTRUM 

D.W. REACOR, S. CHEONC, S. E. BROWN, A. MIGLIORI, Z. FISK and  J .  D. THOMPSON 

Los Alamos N a t i o n a l  L a b o r a t o r y ,  P- IO,  MS K764, Los Alamos,  lqM 87545 ( U . S . A . )  

ABSTRACT 

S t a t i c  and mic rowave  m e a s u r e m e n t s  o f  t he  e l e c t r o n i c  r e s p o n s e  o f  t he  p l a n a r  

c u p r a t e  Eu2CuO 4 p r o v i d e  e v i d e n c e  f o r  t h e r m a l l y  a c t i v a t e d  c o l l e c t i v e  e x c i t a t i o n s .  

These  o b s e r v a t i o n s  t o g e t h e r  w i t h  microwave  and o t h e r  m e a s u r e m e n t s  on s u p e r -  

c o n d u c t o r s  s u g g e s t  t h a t  p a i r e d  c h a r g e - c a r r y i n g  o b j e c t s  may e x i s t  b o t h  above  and 

be low T i n  t he  s u p e r c o n d u c t o r s .  I f  t h e s e  o b j e c t s ,  wh ich  can  be  r e l a t e d  to  
c 

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

c e r t a i n  c o n c l u s i o n s  may be  drawn.  We d i s c u s s  h e r e  t he  e v i d e n c e  f o r  s u c h  o b j e c t s  

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

The a v a i l a b i l i t y  of  s i n g l e - c r y s t a l  i n t r i n s i c  s e m i c o n d u c t o r s  o£ the  s o - c a l l e d  

214 p l a n a r  c u p r a t e s  makes p r e c i s i o n  microwave  m e a s u r e m e n t s  a t t r a c t i v e  b e c a u s e  of  

t he  low c o n d u c t i v i t y  o f  t h e s e  m a t e r i a l s .  Though the  m a t e r i a l s  a r e  n o t  m e t a l l i c  

and d i s p l a y  some form of  m a g n e t i c  o r d e r i n g ,  t he  few c a r r i e r s  p r e s e n t  may p r o v i d e  

a model f o r  t h e  b e h a v i o r  i n  t he  n o n - m a g n e t i c  m e t a l l i c  ( s u p e r c o n d u c t i n g }  s t a t e .  

S u p e r c o n d u c t i v i t y  i s  a c o l l e c t i v e  1 t r a n s p o r t  a r i s i n g  f rom a h i g h l y - c o r r e l a t e d  

g r o u n d  s t a t e .  The e l e c t r o d y n a m i c  r e s p o n s e  c o n s i s t s  o£ an  undamped c o l l e c t i v e  

mode a t  z e r o  f r e q u e n c y .  O t h e r  e l e c t r o n i c  c o l l e c t i v e  modes a r i s e  f rom c h a r g e  

d e n s i t y  o r  s p i n  d e n s i t y  wave g r o u n d  s t a t e s  and a r e  p r e s e n t  i n  t he  microwave  

2 
s p e c t r a l  r a n g e .  Thus  mic rowave  m e a s u r e m e n t s  can  p r o v i d e  u s e f u l  i n f o r m a t i o n  

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

work we d e s c r i b e  o u r  m e a s u r e m e n t s  o f  a u n i q u e  c o l l e c t i v e  mode i n  t he  i n s u l a t i n g  

g r o u n d  s t a t e  o f  Eu2CuO 4 and  c o n n e c t  them w i t h  o b s e r v a t i o n s  by  o t h e r s  to  p r e s e n t  

a picture in which charged, spinless collective excitations could play a role in 

superconductivity. 
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Eu2CuO 4 h a s  b e e n  grown a s  l a r g e  s i n g l e  c r y s t a l  p l a t e s  ( 0 . 3  cm 2 x 0 .005  cm) 

f rom a PbO f l u x .  The a a x e s  a r e  in  t he  p l a n e  of  the  p l a t e s .  X - r a y  d i f f r a c t i o n  

m e a s u r e m e n t s  i n d i c a t e  a s i n g l e  p h a s e  w i t h  l a t t i c e  c o n s t a n t s  a = 3 .91  ~, 

c = 11.93~.  I t  i s  c h a r a c t e r i z e d  by  an  o p t i c a l  gap  3 which ,  in  l i g h t  o f  t he  

p r e d i c t e d  h a l f - f i l l e d  band,  mus t  a r i s e  from e l e c t r o n - e l e c t r o n  i n t e r a c t i o n s ,  and 

by an  a c t i v a t e d  dc c o n d u c t i v i t y  w i t h  a c t i v a t i o n  e n e r g y  an  o r d e r  o f  m a g n i t u d e  

lower  t h a n  the  gap .  Weak f e a t u r e s  i n  t he  r e s i s t i v i t y  n e a r  240 K a r e  o b s e r v e d  4 

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

t e m p e r a t u r e  (TN). Ha l l  m e a s u r e m e n t s  4 on s am p le s  f rom the  same b a t c h  y i e l d  a 

c a r r i e r  d e n s i t y  n = l o i S / c m  3 a t  300 K w i t h  an  a c t i v a t i o n  e n e r g y  o f  700 K. We 

found  ou r  s a m p l e s  to  have  a r e s i s t i v i t y  of  3 fl-cm a t  300 K a s  shown i n  F i g .  1 

w i t h  an  a c t i v a t i o n  e n e r g y  of  1310 K ove r  t he  t e m p e r a t u r e  r a n g e  of  SO K to  300 K 

i m p l y i n g  an  a c t i v a t e d  m o b i l i t y .  
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F i g .  1 Four  p r o b e  dc r e s i s t a n c e  o f  Eu2Cu04 s i n g l e - c r y s t a l .  
R = Roexp ( - T o / T )  w i t h  T O = 1310 K. 

The s o l i d  l i n e  i s  

The o p t i c a l  s p e c t r u m  i s  r e m a r k a b l y , c l e a n  w i t h  an  I R - a c t i v e  c a r r i e r  d e n s i t y  3 

n ~ lo1S/cm 3. Such a low I R - c a r r i e r  d e n s i t y  l e a v e s  t he  o r i g i n  o f  dc c o n d u c t i -  

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

l O 1 9 i m p u r i t y  s i t e s .  Anothe  r o x i d e  s u p e r c o n d u c t o r  BaPbl_xBixO 3 h a s  t he  same 

s p e c t r o s c o p i c  anomaly ,  dc c o n d u c t i o n  w i t h  an  a c t i v a t i o n  e n e r g y  much lower  t han  
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5 
t h e  g a p  a n d  i n s u f f i c i e n t  e x t r i n s i c  c a r r i e r  s o u r c e s .  We w i l l  d i s c u s s  b e l o w  a 

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

The  p l a n a r  c u p r a t e s  La2CuO d,  Eu2CuO d a n d  o x y g e n  d e f i c i e n t  RE1Ba2Cu307_ x 

(x  > 0 . 5 )  a l l  s h a r e  a n  o p t i c a l  g a p  3 o f  ~ 1 . 7  eV a n d  m a g n e t i c  t r a n s i t i o n s  4 n e a r  

240  K i n d i c a t i n g  i d e n t i c a l  i n t r i n s i c  e x c i t a t i o n s .  The o b s e r v a t i o n  o f  s u p e r -  

c o n d u c t i v i t y  a t  95 K i n  many compounds  w i t h  Cu-O p l a n e s  a l s o  c o n f i r m s  t h a t  t h e  

p l a n e s  p l a y  a n  i m p o r t a n t  r o l e .  The Eu2CuO 4 compound d i f f e r s  4 Cu-O f rom t h e  

La2CuO q a n a l o g  6 i n  t h a t  i t  i s  t e t r a g o n a l  r a t h e r  t h a n  o r t h o r h o m b i c  a n d  i t s  

o u t - o f - p l a n e  o x y g e n s  a r e  i n  a n o t h e r  l o c a t i o n .  I n  a d d i t i o n ,  Eu2CuO d h a s  a much 

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

t r i n s i c  p r o c e s s e s  o b s c u r e d  i n  La2CuO 4.  

R i c r o w a v e  c o n d u c t i v i t y  m e a s u r e m e n t s  were  made u s i n g  a u n i q u e  c o a x i a l  

7 
m i c r o w a v e  b r i d g e .  T h i s  t e c h n i q u e  f o r  w a v e g u i d e  b r i d g e s  i s  d e s c r i b e d  e l s e w h e r e .  

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

f o r e  t u n a b l e  o v e r  a f u l l  d e c a d e ,  f r om 2 GHz to  20 GHz. The  s a m p l e s  to  be  

m e a s u r e d  were  m o u n t e d  d i r e c t l y  a c r o s s  one  open  c o a x i a l  a rm o f  t h e  b r i d g e .  
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F i g .  2 F r e q u e n c y  d e p e n d e n t  c o m p l e x  c o n d u c t i v i t y  f o r  two s i n g l e - c r y s t a l  s a m p l e s  
o f  Eu2Cu04.  a )  s a m p l e  #1 ,  b )  s a m p l e  #2 ,  O, r e a l  c o n d u c t i v i t y ,  A, i m a g i n a r y  
c o n d u c t i v i t y .  The f i t s  a r e  to  Eq.  1, s o l i d  l i n e s  R e ( a ) ,  d a s h e d  l i n e s  I m ( o ) .  

The  m i c r o w a v e  c o m p l e x  c o n d u c t i v i t y  o f  Eu2CuO 4 a t  300  K i s  d i s p l a y e d  i n  F i g .  2 

f o r  two s a m p l e s .  The  p e a k  i m a g i n a r y  c o n d u c t i v i t y  o f  b o t h  s a m p l e s  i s  much lower  

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

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



F660 

2 
c u r v e s  i n  F i g .  2 which  a r e  f i t s  t o  a ha rm on i c  o s c i l l a t o r  model ,  c o r r e s p o n d  to  

t he  same o s c i l l a t o r  s t r e n g t h  f o r  b o t h  s a m p l e s ,  where  

2 i w e  
ne T i~  

~°  2 2 + 4~ ( I )  o = O d c  + m~ i~  + ( - ) T 

and the  f i t  p a r a m e t e r s  a r e  ne2T/m~ = 2 . 5  (Q - cm) - 1 ,  ~dc = 0 . 3  (9  - cm) -1 ,  

1 / 2 r r  = 35 GHz i n  a l l  c a s e s .  The mode f r e q u e n c y ,  ~ , i s  6 GHz and the  i n f i n i t e  
O 

f r e q u e n c y  d i e l e c t r i c  c o n s t a n t ,  e , i s  100 f o r  sample  #1; ~o i s  1S GHz and e i s  

n e g l e c t e d  f o r  sample  #2.  The f i t s  to  a ( ~ )  w i t h  Eq. 1 a r e  i n  good a g r e e m e n t  w i t h  

t he  e x p e r i m e n t a l  r e s u l t s ,  e x c e p t  f o r  Im a o£ sample  #1. Such an  e f f e c t  i s  

d i f f i c u l t  t o  a v o i d  when Re a i s  much l a r g e r  t h a n  Im a .  The s l i g h t l y  d i f f e r e n t  

v a l u e s  o f  e f o r  t he  two s am p l e s  would t h e n  be  an  a r t i f a c t .  The s p e c t r a l  w e i g h t  

of  t he  r e s o n a n c e  i s  s t r o n g l y  t e m p e r a t u r e  d e p e n d e n t  so t h a t  by  150 K t h e  peak  

c o n d u c t i v i t y  i s  o n l y  0 . 5  (n  - cm) - 1 .  We n o t e  t h a t  t he  t e m p e r a t u r e  dependence  of  

t he  r e s o n a n t  f r e q u e n c y  and w i d t h  i s  weak and n o t  d e t e c t a b l e ,  a q u a l i t y  o b s e r v e d  

i n  CDW and SDW s y s t e m s  where  the  f r e q u e n c y  i s  d e t e r m i n e d  o n l y  by the  d e f e c t  

d e n s i t y ,  wh ich  p r o v i d e s  p i n n i n g  s i t e s  f o r  microwave  c o n d u c t i o n  and a h o p p i n g  

m o b i l i t y  f o r  dc ,  j u s t  a s  f o r  our  s am p l e s  h e r e .  The d i f f e r e n t  p i n n i n g  f r e -  

q u e n c i e s  f o r  t he  two s a m p l e s  may be due to  d i f f e r e n t  i m p u r i t y  c o n c e n t r a t i o n s .  

In  CDWs, t he  r e s o n a n c e  w i d t h  i s  a l s o  o b s e r v e d  to  be t e m p e r a t u r e  i n d e p e n d e n t ,  

b u t  t h e  mechanism f o r  t h i s  i s  n o t  u n d e r s t o o d .  The t e m p e r a t u r e  dependence  o f  the  

peak  r e a l  c o n d u c t i v i t y ,  a d c +  ne2T/m~ ( p r o p o r t i o n a l  to  s p e c t r a l  w e i g h t )  i s  

d i s p l a y e d  i n  F i g .  3. From t h i s  p l o t  we o b t a i n  an  a c t i v a t i o n  e n e r g y  o f  630 K, 

10.0 

~ 3.0 

5 
"7 

"~ 1.0 

0.3 

I I I I 

SAMPLE #2 

I I I I 
3 4 5 6 

1000/]" (K 1) 

F i g .  3 The peak  r e a l  c o n d u c t i v i t y  d e r i v e d  f rom f i t s  t o  Eq. 1 v e r s u s  IO00/T.  
s o l i d  l i n e  i s  a f i t  to  e x p ( - T o / T  ) ,  w i t h  T o = 630 K. 

The 
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a b o u t  t h e  same a s  f o r  t h e  H a l l  c a r r i e r s .  The e f f e c t i v e  mass  m~ of  t h e  mode may 

be  e s t i m a t e d  f rom ou r  300 K m i c r o w a v e  d a t a  a nd  f rom t h e  H a l l  c a r r i e r  d e n s i t y  

b e c a u s e  of  t h e  a p p a r e n t  t h e r m a l  c o r r e s p o n d e n c e  b e t w e e n  t h e  H a l l  and  m i c r o w a v e  

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

h o p p i n g ,  t h u s  we e x p e c t  t h e  H a l l  and  m i c r o w a v e  a c t i v a t i o n  e n e r g i e s  t o  a g r e e .  

U s i n g  Odc, ne2T/nv~, T and  n ,  we f i n d  m~ ~ 500 m e . The mass  e s t i m a t e  i s  o n l y  

r e l i a b l e  a t  a n  o r d e r  of  m a g n i t u d e  l e v e l  due  t o  t h e  u s e  o£ a h a l l  c a r r i e r  d e n s i t y  

and  an  i m p r e c i s e  m e a s u r e m e n t  of  T. 

We n o t e  t h a t  t h e  dc  d i e l e c t r i c  c o n s t a n t  o£ Eu2CuO 4 d e d u c e d  f rom F i g .  2 i s  o f  

o r d e r  103 a t  300 K, i n s u r i n g  c o m p l e t e  s c r e e n i n g  of  cou lomb i n t e r a c t i o n s .  Such  

e f f e c t s  may a l s o  be  p r e s e n t  a t  low t e m p e r a t u r e s  i n  t h e  doped  m a t e r i a l  a s  we 

d i s c u s s  b e l o w .  

A f r e q u e n c y  d e p e n d e n t  m i c r o w a v e  c o n d u c t i v i t y  may r e s u l t  f rom a number  of  

phenomena .  Most  m e c h a n i s m s  c a n  be  r e j e c t e d  on t h e  b a s i s  o f  f r e q u e n c y ,  r e -  

l a x a t i o n  t i m e  o r  t e m p e r a t u r e  d e p e n d e n c e . 8  In  c o n t r a s t ,  t h e  c o h e r e n c e  i n  modes 

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

p i n n i n g  f r e q u e n c i e s  o£ o r d e r  20 GHz f o r  CDWs and  SDWs ( c o m p a r a b l e  t o  ou r  

r e s u l t }  and  z e r o  f o r  b o t h  q u a n t i t i e s  i n  s u p e r c o n d u c t o r s .  We s e e  a t e m p e r a t u r e  

d e p e n d e n t  p e a k  c o n d u c t i v i t y  i n c o n s i s t e n t  w i t h  t h a t  o f  a CDW 9 w h e r e  f a r  b e l o w  T 
c 

t h e  s p e c t r a l  w e i g h t  s a t u r a t e s .  I n  a o n e - d i m e n s i o n a l  c o m m e n s u r a t e  SDW H o r o v i t z  10 

h a s  shown t h a t  c h a r g e d ,  s p i n l e s s  s o l i t o n s  a r e  t h e  l o w e s t  c h a r g e d  e x c i t a t i o n s  

a b o v e  t h e  g r o u n d  s t a t e .  Our s y s t e m  i s  q u a s i - t w o - d i m e n s i o n a l .  Fe rmi  s u r f a c e  

n e s t i n g ,  h o w e v e r ,  may i m p l y  t h a t  t h e  c u p r a t e s  h a v e  q u a s i - o n e - d i m e n s i o n a l  

c h a r a c t e r i s t i c s .  The mode a p p e a r s  b o t h  a b o v e  and  b e l o w  T N, t h e r e f o r e  t h e  l o n g  

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

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

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

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

c h a r g e d  e x c i t a t i o n s  a t  e n e r g i e s  25 t i m e s  l o w e r  t h a n  t h e  1 . 7  eV s i n g l e - e l e c t r o n  

g a p .  Such  e x c i t a t i o n s  a r e  n o t  p o s s i b l e  i n  a M o t t - H u b b a r d  s y s t e m ,  w i t h  o n - s i t e  

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

t a t i o n s  a r e  s p i n  w a v e s .  I n s t e a d ,  we r e q u i r e  s u b s t a n t i a l  i t i n e r a n t  c h a r a c t e r  

l e a d i n g ,  q u a l i t a t i v e l y ,  t o  " h o l e s "  s p r e a d  o v e r  an  a r e a  of  a p p r o x i m a t e l y  

25 l a t t i c e  s i t e s  w i t h  a c r e a t i o n  e n e r g y  e s t i m a t e d  to  be  B = 1 . 7 / 2 5  eV ~ 800 K. 

The i t i n e r a n t  c h a r a c t e r  i s  a l s o  c l e a r l y  d i s p l a y e d  i n  NI4R s t u d i e s  11 o f  La2CuO 4, 

w h e r e  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  s u b l a t t i c e  m a g n e t i z a t i o n  i s  no___~t c o n -  

s i s t e n t  w i t h  a l o c a l  moment o r d e r i n g .  
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We p r o p o s e  t h a t  t he  630 K a c t i v a t i o n  e n e r g y  i n d i c a t e s  t h a t  l o c a l i z e d  s t a t e s  

a r e  t h e r m a l l y  e x c i t e d  a s  a p o s i t i v e - n e g a t i v e p a i r  ( b e c a u s e  the  t o t a l  l o c a l i z e d -  

s t a t e  c h a r g e  mus t  be  c o n s e r v e d  up to  s i n g l e - e l e c t r o n  e x c i t a t i o n  e n e r g i e s  of  

1 .7  eV) f rom a g r o u n d  s t a t e  much l i k e  a commensura te  SDW b u t  w i t h  s h o r t e r - r a n g e  

o r d e r .  The microwave  r e s p o n s e  r e s u l t s  f rom t r a n s l a t i o n  o f  the  l o c a l i z e d  s t a t e s ,  

wh ich  have  a m e t a l - l i k e  m o b i l i t y .  The dc c o n d u c t i o n  a r i s e s  f rom the  same 

c a r r i e r s ,  b u t  w i t h  a much lower  h o p p i n g  m o b i l i t y ,  e x p l a i n i n g  the  anoma lous  dc 

p r o p e r t i e s .  I n  t he  s u p e r c o n d u c t o r s ,  i f  a s i m i l a r  g r o u n d  s t a t e  e x i s t e d ,  s u c h  

l o c a l i z e d  s t a t e s ,  t he  l o w e s t  c h a r g e d  e x c i t a t i o n s ,  c o u l d  a l s o  form t h r o u g h  dop ing  

of  t he  Cu-O p l a n e s  w i t h  p o s i t i v e  c h a r g e s .  The c h a r g e d ,  p e r h a p s  s p i n l e s s ,  

l o c a l i z e d  s t a t e s  would t hen  e x i s t  i n  t he  g roun d  s t a t e  o f  t he  doped m a t e r i a l  a t  

T = 0 K. O b s e r v a t i o n s  12 o f  s i m i l a r  c o l l e c t i v e  modes i n  t he  YBa2Cu307 and 

La2_xSrxC~O 4 s u p e r c o n d u c t o r s  s u p p o r t  t h i s .  We n o t e  t h a t  t he  e x c i t a t i o n s  i n  t he  

a n t i f e r r o m a g n e t i c  i n s u l a t o r  have  the  same e n e r g y  a s  t h o s e  wh ich  b r e a k - u p  o r d e r  

in  t he  s u p e r c o n d u c t o r ,  i m p l y i n g  they  a r e  c l o s e l y  r e l a t e d .  

Thus  the  p o s s i b i l i t y  t h a t  t he  s u p e r c o n d u c t i v i t y  r e s u l t s  f rom s u p e r f l u i d i t y  of  

t he  l o c a l i z e d  s t a t e s  mus t  be examined .  To make the  c o n n e c t i o n ,  a s sume  t h a t  the  

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

t a t i o n  i s  d e s t r u c t i o n  of  t he  l o c a l i z e d  s t a t e .  The 630-K a c t i v a t i o n  e n e r g y  i n  

t he  i n t r i n s i c  m a t e r i a l  ( e q u a l  to  7kT f o r  t he  h i g h  t e m p e r a t u r e  s u p e r c o n d u c t o r )  
c 

i s  t a k e n  a s  t he  b i n d i n g  e n e r g y  B o f  the  l o c a l i z e d  s t a t e  i n  t he  doped m a t e r i a l .  

The minimum d i a m e t e r  o f  t he  l o c a l i z e d  s t a t e  ~ i s  d e t e r m i n e d  f rom the  s p a t i a l  

e x t e n t  o f  a n  e l e c t r o n  i n  a n a r r o w  w e l l ,  ~ = 21~/(2 meB) 1 /2  = 16 X. The v a l i d i t y  

o f  t he  a s s u m p t i o n  i s  s u p p o r t e d  by the  f o l l o w i n g  c o m p a r i s o n  to  o t h e r  e x p e r i m e n t s .  

S t u d i e s  o f  4He f i l m s  on f l a t  s u b s t r a t e s  o f  p o r o u s  b u l k  m a t e r i a l s  have  shown 

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

p r o x i m a t e l y  a 4He m o n o l a y e r ,  above  which  s u p e r f l u i d i t y  o c c u r s .  13 I n  

La2_xSrxCUO 4, T c r e m a i n s  z e r o  w i t h  i n c r e a s i n g  Sr  c o n c e n t r a t i o n  u n t i l  x T O.OS, 

when s u p e r c o n d u c t i v i t y  o c c u r s .  14 I n  a n a l o g y  w i t h  the  4He we u s e  the  minimum 

d e n s i t y  o f  h o l e s  f o r  s u p e r c o n d u c t i v i t y ,  0 . 0 5 ( ( 3 . 9  ~ ) - 2 )  to  d e t e r m i n e  the  b o s o n  

d i a m e t e r ,  ~ = 2S X w i t h  c h a r g e  2e .  T h i s  i s  i n  e x c e l l e n t  a g r e e m e n t  w i t h  t he  

c o h e r e n c e  l e n g t h  ~ = 24 ~ deduced f rom c r i t i c a l  f i e l d  m e a s u r e m e n t s  15 and w i t h  

the  minimum s i z e  ~ = 16 X deduced above  f rom our  p r o p o s e d  b i n d i n g  e n e r g y .  The 

c o r r e s p o n d e n c e  i s  mos t  c l e a r l y  s e e n  i n  F i g .  4 where  T v s .  number d e n s i t y  o f  
c 

h o l e s  i s  p l o t t e d  f o r  s e v e r a l  h i g h  T s u p e r c o n d u c t o r s .  The i n s e t  i s  T v s .  
C C 

t h i c k n e s s  o f  He 4 f i l m s  on a f l a t  s u b s t r a t e .  The lower  T d a t a  p o i n t s  i n  F i g .  4 
c 

a r e  La2_xSrxC~O 4 r e s u l t s  f rom Ref .  14. The YBa2C~30 x r e s u l t s  i n  Ref .  16 a r e  the  

two h i g h e r  T p o i n t s .  I n  Ref .  16 i t  was shown t h a t  t he  T p l a t e a u s  a t  ~ 5~ f o r  
C C 
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F i g .  4 The T o f  v a r i o u s  h i g h  t e m p e r a t u r e  s u p e r c o n d u c t o r s  v e r s u s  c a r r i e r  

c 
d e n s i t y .  The r e s u l t s  a r e  f rom R e f .  13, R e f .  14, R e f .  16 and  c h a r g e  c o u n t  
a r g u m e n t s  i n  t h e  t e x t .  
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x = 6 . 6  t o  6 . 8 .  We t a k e  t h e  h i g h e r  v a l u e  of  x s i n c e  a m i x e d  p h a s e  s a m p l e  w i l l  

r e f l e c t  t h e  h i g h e r  T . The T of  95 K i s  o b t a i n e d  o v e r  a r a n g e  x = 6 . 9  t o  
C C 

x = 7 . 0 .  

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

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

p e n e t r a t i o n  d e p t h  a nd  Raman s c a t t e r i n g .  The power  l aws  ( i n  t e m p e r a t u r e  o r  

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

g a p p e d .  F u r t h e r m o r e ,  a l l  o f  t h e  r e s u l t s  c a n  be  e x p l a i n e d  i n  a s e l f - c o n s i s t e n t  

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

to  t h e  Cu-O p l a n e s  ( q u a s i - t w o  d i m e n s i o n a l ) .  The i n t e r - p l a n e  c o u p l i n g  i s  n o t  

r e q u i r e d  t o  d e s c r i b e  t h e  low e n e r g y  s p e c t r u m ,  b u t  may be  n e c e s s a r y  t o  d e s c r i b e  

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

We p r o p o s e  t h a t  s c r e e n i n g  o f  t h e  cou lomb i n t e r a c t i o n  l e a d s  t o  a d i s p e r s i o n  

l aw 

E ( k )  = h C ' k  (2 )  

a t  s m a l l  wave v e c t o r s .  H e r e  k i s  t h e  w a v e v e c t o r  and  C'  i s  t h e  d i s p e r s i o n  

v e l o c i t y .  T h i s  s p e c t r u m  i s  e x a c t l y  wha t  i s  f ound  i n  CDW s y s t e m s  e x c e p t  t h a t  t h e  

h i g h  t e m p e r a t u r e  s u p e r c o n d u c t o r s  h a v e  a g a p l e s s  undamped t r a n s l a t i o n a l  mode. 2 
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For  e x c i t a t i o n s  d e s c r i b e d  by Eq. 2 in  two d i m e n s i o n s  the  d e n s i t y  o f  s t a t e s  if 

l i n e a r  i n  e n e r g y  up to  a c u t - o f f  i n  t he  l i n e a r  d i s p e r s i o n  a t  v / a .  At low 

t e m p e r a t u r e s  e x c i t a t i o n s  r e q u i r i n g  a minimum e n e r g y  such  a s  p a i r - b r e a k i n ~  o r  

v o r t e x  r i n g s  a r e  f r o z e n  ou t  i n  an  a c t i v a t e d  f a s h i o n  and the  d e n s i t y  o f  

e x c i t a t i o n s  in  t he  l i n e a r  p o r t i o n  o f  t he  d i s p e r s i o n  i s  

{~.~, }2 

n e = ~ (3) 
The dielectric function e of a superconductor in a two fluid model is given 

by e = -Q/w 2 + dZrneP/ie, where the first term is the collective mode screening 

and the second is the loss due to quasiparticles (excited states}. Below T /2 
c 

the  c o l l e c t i v e  mode i s  dominan t  and the  s u r f a c e  r e s i s t a n c e  i s  a p p r o x i m a t e l y  

R s = (2~ /c}  4n-netUO2/Q3/2 (d)  

At low t e m p e r a t u r e s  Q/4v,  t he  c o l l e c t i v e  mode a m p l i t u d e ,  depends  o n l y  on the  

o r d e r  p a r a m e t e r  and i s  a s sumed  to  be s a t u r a t e d .  I n  a h i g h  T c s u p e r c o n d u c t o r ,  

t he  m o b i l i t y  o f  t he  s u p e r f l u i d  e x c i t a t i o n s  M i s  i m p u r i t y  l i m i t e d  and i s  

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

o b t a i n s  i t s  t e m p e r a t u r e  dependence  f rom the  e x c i t a t i o n  d e n s i t y  and b o t h  a r e  

p r o p o r t i o n a l  to  T 2. 
17 

The s u r f a c e  r e s i s t a n c e  m e a s u r e m e n t s  by Car£n£ e t  a l .  i n  F i g .  5 were  

p e r f o r m e d  a t  102 CHz and 148 CHz on a c - a x i s  o r i e n t e d  f i l m  ( e l e c t r i c  f i e l d  i n  

I I I I 

YBa2 CU3 07  o ' 
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Fig. 5 Surface resistance of YBa2CuaOv with fits to Eq. 5. 
reproduced from Carini et al. ~7 

The r e s u l t s  a r e  
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t h e  a - b  p l a n e ) ,  and a t  102 GHz on an  a - a x i s  o r i e n t e d  f i l m .  We have  f i t  t he  d a t a  

a t  102 ¢Hz to  t he  form 

R = A + B T2~ 2 (5)  
s 

f o r  e a c h  of  t he  f i l m s .  The c o n s t a n t  A i s  e x p e c t e d  to  be  a r e s i d u a l  te rm which  

i s  n o t  i n t r i n s i c .  The a - a x i s  f i l m  shows c l e a r  a g r e e m e n t  w i t h  t he  T 2 law, a s  

n o t e d  by  C a r i n i  e t  a l .  We a l s o  p o i n t  o u t  t h a t  t he  c - a x i s  m e a s u r e m e n t s  a r e  

c o n s i s t e n t  w i t h  Eq. 5, a l t h o u g h  o t h e r  f i t s  a r e  p o s s i b l e .  17 The 148 GHz f i t  was 

p r o d u c e d  by s c a l i n g  t h e  c o n s t a n t  B f rom the  102 ~rlz f i t  by 2 and u s i n g  A a s  the  

o n l y  f i t  p a r a m e t e r  and i s  a l s o  c o n s i s t e n t  w i t h  ou r  model .  

The o b s e r v a t i o n  o f  a power  law t e m p e r a t u r e  dependence  i s  a t  odds  w i t h  t h a t  of  

a BCS s u p e r c o n d u c t o r .  I n  t he  two f l u i d  model t he  p e n e t r a t i o n  d e p t h  i s  g i v e n  by 

k = c /Q  1 /2  where  Q i s  p r o p o r t i o n a l  to  t he  c o n d e n s a t e  d e n s i t y  n c (n  c = n o - n e ) -  

E x p a n d i n g  f o r  n s m a l l  compared  to  n we have  
e o 

n 
e 

~ ~o (1 + 2--n-- ) (6 )  
o 

The e x p e r i m e n t s  o f  J .  R. Cooper  e t  a 1 . 1 8  have  shown t h a t  ~ ( T ) / h ( T  = O) 

I + T2/T 2 w i t h  T ~ 118 K. U s i n g  t h i s  r e s u l t  a l o n e  we s e e  t h a t  a s i m p l e  
o o 

b o i l i n g - o f f  of  t he  c o n d e n s a t e  w i t h o u t  c h a n g i n g  the  d i s p e r s i o n  e x h a u s t s  t h e  

c o n d e n s a t e  (n  e ~ no)  a t  a t e m p e r a t u r e  T c ~ 100 K. 

The two r e s u l t s  above  a l l o w  u s  to  d e t e r m i n e  a l l  t he  p a r a m e t e r s  of  ou r  model 

(Eq. 2 ) .  U s i n g  t h e  c a r r i e r  d e n s i t y  c a l c u l a t e d  f rom the  band  f i l l i n g  of  t he  95 K 

m a t e r i a l ,  n = 0 . 3 3 / ( 3 . 9  x 10-8)  2 , and the  d i s p e r s i o n  v e l o c i t y  hC" = 
o 

2 . 5  x lO-2eV - ~. E x t r a p o l a t i n g  to  t h e  zone  b o u n d a r y  a t  k = v / 3 . 9  ~ we have  

E ( ~ / a )  = .02eV ~ 233 K. T h i s  i n t e r c e p t  i s  i n  a g r e e m e n t  w i t h  t he  a n a l y s i s  of  the  

Raman r e s u l t s  be l ow .  

S t u d i e s  o f  t h e  Raman s p e c t r a  19 o f  s i n g l e  c r y s t a l  YBa2Cu307 d i s p l a y  a d d i t i o n a l  

e v i d e n c e  f o r  t h i s  e x c i t a t i o n  s p e c t r u m .  The Raman s p e c t r u m  a t  low t e m p e r a t u r e s  

(3 K) c o n s i s t s  o f  phonon  l i n e s  and a b a c k g r o u n d  i n t e n s i t y  wh ich  i n c r e a s e s  

l i n e a r l y  i n  e n e r g y  f rom the  l o w e s t  w a v e v e c t o r  (16 cm - 1 )  to  = 400 cm - 1 ,  w i t h  a 

b r o a d  maximum a t  = 500 cm -1" The T = 3 K r e s u l t s  a r e  n e a r l y  t he  z e r o  

t e m p e r a t u r e  s p e c t r u m .  At z e r o  t e m p e r a t u r e  t he  Raman i n t e n s i t y  f o r  s c a t t e r i n g  

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

s i n g i e  e x c i t a t i o n s  ( t h e  p a i r s  a r e  n e c e s s a r y  to  c o n s e r v e  c r y s t a l  momentum). The 

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

i n  o u r  model above .  F u r t h e r m o r e  the  peak  a t  500 cm -1 c o r r e s p o n d s  to  two 

e x c i t a t i o n s  o f  o r d e r  350 K, i n  f a i r  a g r e e m e n t  w i t h  t he  e n e r g y  o b t a i n e d  f rom 

e x t r a p o l a t i n g  t h e  d i s p e r s i o n  o b t a i n e d  f rom t h e  p e n e t r a t i o n  d e p t h  and  

m i l l i m e t e r - w a v e  l o s s  m e a s u r e m e n t s .  
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The r e s u l t s  above i n d i c a t e  t h a t  mass ive  c o l l e c t i v e  t r a n s p o r t  i s  p r e s e n t  in  

the  semiconduc t ing  (214) copper  ox ide  compounds. The e x i s t e n c e  o£ a q u a s i - t w o -  

d imens iona l  charged  s u p e r f l u i d  in  the  h igh  t empera tu re  s u p e r c o n d u c t o r s  i s  then 

c o n j e c t u r e d .  The c o n j e c t u r e  l eads  to  a d e s c r i p t i o n  of  the  Raman spect rum,  the  

m i l l i m e t e r - w a v e  l o s s  and the p e n e t r a t i o n  dep th  measurements in  the  95 K s u p e r -  

conduc to r .  This  work was suppor t ed  by the  U.S. Department  of  Energy.  
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