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SUPERCONDUCTIVITY OF RARE EARTH-BARIb~-OOPPER OXIDES 

Z. F i s k ,  J .  D. Thompson,  E. Z i r n g i e b l ,  J .  L. Smi th  and S-W. Cheong 

Los Alamos N a t i o n a l  L a b o r a t o r y ,  P h y s i c s  D i v i s i o n ,  
Los Alamos,  New ~ e x i c o  87545 

(Received 13 March 1987 by A. Zawadowski ) 

We r e p o r t  t h e  s u p e r c o n d u c t i v i t y  o£ R-Ba-Cu-O compounds f o r  r a r e  
e a r t h s  R = Sm t h r o u g h  Ho. The Nd and  Tm compounds were  n o t  o b s e r v e d  
to  be s u p e r c o n d u c t i n g .  The T c o n s e t s  f o r  t he  Eu and Gd compounds 
a r e  c o m p a r a b l e  to  t h a t  o b s e r v e d  f o r  Y-Ba-Cu-O. An a p p r o x i m a t e  v a l u e  
f o r  t h e  u p p e r  c r i t i c a l  f i e l d  s l o p e  o f  t he  Gd compound i s  g i v e n .  

The d i s c o v e r y  o f  s u p e r c o n d u c t i v i t y  [ 1 ]  
above  90 K in  a p o l y p h a s e  sample  of  nomina l  
c o m p o s i t i o n  Y: .2Bao.eCuO× h a s  p r o m p t e d  a g e n e r a l  
s e a r c h  f o r  o t h e r  s u c h  m a t e r i a l s .  G r e a t  i n t e r e s t  
a l s o  a t t a c h e s  to  t h e  q u e s t i o n  o f  w h e t h e r  o r  n o t  
t he  u s u a l  BCS d e s c r i p t i o n  f i t s  t h e s e  new s u p e r -  
c o n d u c t o r s .  These  c o n s i d e r a t i o n s  p rom p t ed  the  
work r e p o r t e d  i n  t h i s  n o t e .  

We p r e p a r e d  s a m p l e s  o f  r a r e  e a r t h - B a - C u - O  
m a t e r i a l s  by s i n t e r i n g  r a r e  e a r t h  and  c o p p e r  
o x i d e s  w i t h  BaCO a i n  an  0 2 - a t m o s p h e r e  a t  IO00°C, 
w i t h  r e p e a t e d  r e g r i n d i n g s .  For  t he  Eu m a t e r i a l ,  
we found  the  h i g h e s t  f r a c t i o n  o f  s u p e r c o n d u c t i n g  
p h a s e  was o b t a i n e d  a t  t h e  nomina l  c o m p o s i t i o n  
E u : . ~ B a ~ . s C u 2 0 × .  With  the  e x c e p t i o n  o f  t he  Sm 
and Tm m a t e r i a l s ,  a l l  o u r  d a t a  were  o b t a i n e d  
f rom m a t e r i a l s  p r e p a r e d  a t  t h i s  c o m p o s i t i o n .  
S u b s e q u e n t l y ,  we l e a r n e d  f rom Cava e t a l .  [ 2 ]  
t h a t  t he  s u p e r c o n d u c t i n g  p h a s e  i n  Y-Ba-Cu-O h a s  
t he  f o r m u l a  YBaaCua09_ £. We c o n f i r m e d  w i t h  Eu 
and Gd p r e p a r a t i o n s  a t  t h i s  s t o i c h i o m e t r y  t h a t  
ou r  s u p e r c o n d u c t i v i t y  r e s u l t s  c o r r e s p o n d  to  t h i s  
p h a s e .  We n o t e ,  i n  f a c t ,  t h a t  t h e  c o m p o s i t i o n  
wh ich  maximized  o u r  s u p e r c o n d u c t i n g  f r a c t i o n  i s  
such  t h a t :  

E u : . s B a l . s C u 2 0  x ~ 1 /2  EuBa2CuaOy + 1 /2  Eu2BaCuOz 

t h i s  l a t t e r  p h a s e  b e i n g  t h e  g r e e n ,  s e m i c o n d u c t -  
i ng  one found  i n  [ 2 ] .  I n  a d d i t i o n ,  t r a n s m i s s i o n  
e l e c t r o n  m i c r o s c o p e  (TEM~ d i f f r a c t i o n  p a t t e r n s  
on i n d i v i d u a l  1000-2000 A s i n g l e  c r y s t a l s  ( f r o m  
o u r  Eu m a t e r i a l )  t h a t  p o s s e s s  a u n i t  c e l l  c o r -  
r e s p o n d i n g  c l o s e l y  to  t h a t  r e p o r t e d  i n  [ 2 ]  
showed a n  a m o r p h i s i z a t i o n  o f  t h e i r  d i f f r a c t i o n  
p a t t e r n s  a t  N 2 - t e m p e r a t u r e s  on a c o o l e d  g r i d  i n  
t he  TEM [ 3 ] .  T h i s  can  be  i n t e r p r e t e d  a s  e v i -  
dence  f o r  t h e  s u p e r c o n d u c t i v i t y  o f  t he  c r y s t a l -  
l i t e s  s i n c e  t h e i r  s u p e r c o n d u c t i n g  s h i e l d i n g  
currents interfere with the electron beam 
focussing. We also note that the maximum 
diamagnetism observed for our predominantly two 
phase samples at 7.0 K corresponds to approxi- 
mately 20% of -1/4v. 

We present in Fig. I the electrical resis- 
tance in various magnetic fields for 
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Fig. 1 Resistance as a function of tempera- 
ture for Gd~.sBa~.sCu20× in n~_gnetic 
fields of O, 1, and 8 T. The magnetic 
field was applied approximately 
parallel to the direction of current 
flow in the sample. The measuring 
current was 0.1 mA at 223 Hz. Temp- 
erature errors due to magnetoresis- 
tance in the carbon-glass thermometer 
is estimated to be less than 0.1Z at 
1T and 0.5% at 8 T. 

Gd~.sBal.sCu20×. We see a reasonably sharp T c 
with onset near 95 K, and some fluctuations in 
resistivity out to 104 K. In Fig. 2 we present 
some magnetic susceptibility data. Table I 
gives the T c onsets observed for all the rare 
earth materials we have investigated. The Sm 
and Tm materials were prepared at a somewhat 
different stoichiometry before we had determined 
where the maximum superconducting signal was 
obtained. 

The p r e s e n c e  o f  l o c a l  m a g n e t i c  moments i n  
s u p e r c o n d u c t o r s  i s  w e l l  known to  be  h o s t i l e  to  
Cooper  p a i r  f o r m a t i o n .  I t  i s  r e m a r k a b l e  t h a t  we 
s e e  i n  o u r  r e s u l t s  no c l e a r  i n d i c a t i o n  o f  s u c h  
an  e f f e c t  i n  t h e s e  m a t e r i a l s .  Cd, e x p e c t e d  to  
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T a b l e  I .  S u p e r c o n d u c t i n g  o n s e t  t e m p e r a t u r e s  T c 
d e t e r m i n e d  f rom dc 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  f o r  r a r e  e a r t h - b a r i u m -  
c o p p e r - o x i d e  compounds.  

Compound T (K) 

N d l . s B a : . s C u a O x  0 

Sm:.aBat.2CuO× 82 ± 2 

E u ~ . s B a , . s C u 2 0 ×  95 ± 3 

G d l . s B a : . 5 C u 2 0 ×  93 ± 1 

T b ~ . s B a , . s C u 2 0 ×  35 ± 3 

D y , . s B a l . s C u 2 0 ×  55 ± 3 

F i g .  2. dc m a g n e t i c  s u s c e p t i b i l i t y  of  
G d l . s B a / . s C u 2 0 x  v e r s u s  t e m p e r a t u r e .  
These  d a t a  were  o b t a i n e d  by c o o l i n g  
f rom above  T c to  7 K i n  z e r o  a p p l i e d  
f i e l d ,  i n c r e a s i n g  the  f i e l d  to 100 G, 
and  t h e n  warming .  Measuremen t s  were  
made w i t h  a Quantum D e s i g n  SQUID 
m a g n e t o m e t e r .  A s i g n  change  i n  t he  
s l o p e  dK/dT o c c u r s  a t  93 K and a 
d i a m a g n e t i c  r e s p o n s e  a p p e a r s  b e t w e e n  
65 and 70 K. For  c o m p a r i s o n ,  r e s u l t s  
a r e  shown f o r  GdBa2Cu30.. Note t he  
a p p r o x i m a t e l y  e i g h t  t imes  l a r g e r  
d i a m a g n e t i s m  i n  t h i s  sample  and 
c o m p a r a b l e  T c .  These  r e s u l t s  c o n f i r m  
our  c l a i m  f o r  t he  o r i g i n  o f  s u p e r c o n -  
d u c t i v i t y  i n  C-d l . sBa t . sCu20×.  

HO: . sB~I . sCu20× 46 ± 2 

Tm1.oBaz.2CUOx 0 

of  t h e  u p p e r  c r i t i c a l  f i e l d  s l o p e  a t  T c can  be  
s e e n  i n  F i g .  1 f o r  t h e  C,d m a t e r i a l s  and f u r t h e r  
s u c h  m e a s u r e m e n t s  a r e  i n  p r o g r e s s .  The l a r g e  
r a r e - e a r t h  f r a c t i o n  i n  t he  p u r e  compounds l e a d s  
to  t he  e x p e c t a t i o n  of  m a g n e t i c  o r d e r  a t  some 
t e m p e r a t u r e .  S u p e r e x c h a n g e  i n t e r a c t i o n s  a r e  
p r o b a b l y  i m p o r t a n t .  We have  no c l u e  a t  p r e s e n t  
a s  to  how s t r o n g  t h i s  exchange  migh t  be ,  b u t  i t  
i s  to  be e x p e c t e d  t h a t  a s i g n a t u r e  of  m a g n e t i c  
o r d e r i n g  w i l l  be o b s e r v a b l e  in  t he  u p p e r  
c r i t i c a l  f i e l d  d a t a .  I t  i s  w o r t h  p o i n t i n g  o u t  
t h a t  m a g n e t i c  s u p p r e s s i o n s  of  T c a r e  n o t  
e x p e c t e d  to  s c a l e  w i t h  T c. 

d e p r e s s  T c by  t h e  l a r g e s t  amount  among the  r a r e  
e a r t h s ,  h a s ,  i n  f a c t ,  t h e  h i g h e s t  T c.  T h i s  l a ck  
o f  m a g n e t i c  s u p p r e s s i o n  i s  even  more e v i d e n t  i n  
t h e  c o m p a r i s o n  o f  t he  C~I m a t e r i a l  w i t h  i t s  
n e i g h b o r  Eu. Eu h e r e  i s  c l e a r l y  t r i v a l e n t  a s  
shown by Mosshaue r  m e a s u r e m e n t s  [ 4 ] ,  and h a s ,  
t h e r e f o r e ,  a J = 0 n o n - m a g n e t i c  4f  u g r o u n d  
s t a t e .  The m a g n e t i c  s u p p r e s s i o n  on T c s h o u l d  be 
much l e s s  f o r  Eu h e r e  t h a n  Gd, and we s e e  no 
i n d i c a t i o n  o f  t h i s .  I n  t he  s e q u e n c e  o f  r a r e  
e a r t h  m a t e r i a l s  i n v e s t i g a t e d ,  a d i p  i n  T c i s  
s e e n  a t  Tb, and we have  no e x p l a n a t i o n  a t  
p r e s e n t  f o r  t h i s .  I t  i s  p o s s i b l e  t h a t  a 
m a g n e t i c  t r a n s i t i o n  i n t e r f e r e s  w i t h  t he  
s u p e r c o n d u c t i n g  t r a n s i t i o n  h e r e .  

An e s t i m a t e  f o r  dHc2/dT r a n g e s  from - 0 . 8  to  
- 3 . 1 T / K  when c a l c u l a t e d  f rom the  50% and 90% 
r e s i s t i v e  t r a n s i t i o n  t e m p e r a t u r e s ,  r e s p e c -  
t i v e l y .  A s i m p l e  a r g u m e n t  t h a t  compares  t he  
P a u l i  l i m i t i n g  f i e l d  to  t he  o r i b i t a l  p a i r  b r e a k -  
i ng  f i e l d  o f  a d i r t y  t ) ) e  I I  s u p e r c o n d u c t o r  
s u g g e s t s  an  u p p e r  l i m i t  on dHc2/dT o f  a b o u t  
- 2 . 7  T/K. 

In  summary, ou r  r e s u l t s  show the  s u r p r i s i n g  
i n s e n s i t i v i t y  o f  Tc to  t he  p r e s e n c e  o f  l o c a l  
4 f -moment s  i n  t h e  s u p e r c o n d u c t o r s  RBa2Cu3Og_c. 
The Gd compound, w i t h  i t s  l a r g e  moment, h a s  been  
found  to  have  a Tc a s  h i g h  a s  any  r e p o r t e d  to  
d a t e  i n  t he  l i t e r a t u r e .  

Atomic s i z e  c o n s i d e r a t i o n s  a r e  p r o b a b l y  
i m p o r t a n t  i n  t h e s e  s u p e r c o n d u c t o r s  and p r e s s u r e  
e f f e c t  m e a s u r e m e n t s  on T c a r e  c l e a r l y  o f  
i n t e r e s t  and a r e  i n  p r o g r e s s .  The l a r g e  v a l u e  
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