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PROCESSING EFFECTS ON MICROSTRUCTURE, FLUX PINNING AND CRITICAL 
CURRENT DENSITY OF CUPRATE SUPERCONDUCTORS 

K O H J I  KISHIO, MARK L GREEN, KOICHI NAKATANI, and K O I C H I  KITAZAWA 
Department  o f  I n d u s t r i a l  C h e m i s t r y ,  U n i v e r s i t y  o f  Tokyo, 
Hongo, Bunkyo-ku, Tokyo 113, Japan.  

A b s t r a c t  M a g n e t i c  h y s t e r e s i s  measurement  on s i n t e r e d  Bi(Pb)SrCaCuO 
s p e c i m e n s  c o n s i s t i n g  m a i n l y  of  t h e  110 K p h a s e  and  t h o s e  p a r t i a l l y  
o r  m a i n l y  c o n t a i n i n g  t h e  80 K p h a s e  was p e r f o r m e d .  T h e i r  t e m -  
p e r a t u r e  and m a g n e t i c  f i e l d  dependences  were compared i n  terms o f  
t h e  f l u x  p i n n i n g  b e h a v i o r .  A t  l o w  t e m p e r a t u r e s  n e a r  4.2 K ,  
m a g n e t i c  h y s t e r e s e s  were c o m p a r a b l e  t o  t h a t  o b s e r v e d  i n  s i n t e r e d  
Ba2YCu307 a n d  p e r s i s t e d ,  w i t h o u t  s i g n i f i c a n t  d e g r a d a t i o n ,  u p  t o  
9 T. T h i s  s u g g e s t e d  t h a t  t h e  c r i t i c a l  c u r r e n t  d e n s i t y ,  Jc, c a n  b e  
i n t r i n s i c a l l y  q u i t e  l a r g e .  However, a s  t h e  t e m p e r a t u r e  was i n -  
c r e a s e d ,  t h e  h y s t e r e s i s  a n d  t h e  c o r r e s p o n d i n g  Jc d r a s t i c a l l y  
d e c r e a s e d ,  p o s s i b l y  i n d i c a t i n g  i t s  c h a r a c t e r i s t i c  f l u x - l a t t i c e  
s o f t e n i n g  o r  m e l t i n g  behav io r .  I n  o r d e r  t o  overcome t h i s  d i f f i -  
c u l t y ,  w e  h a v e  e x a m i n e d  d o p i n g  of  f o r e i g n  i o n s  s u c h  a s  Mg a n d  Nb 
and  found  i n d i c a t i o n s  o f  clear improvemen t  i n  t h e  t e m p e r a t u r e  and 
f i e l d  dependence  of t h e  m a g n e t i z a t i o n  h y s t e r e s i s .  

INTRODUCTION 

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

mater ia ls ,  i t  i s  q u i t e  i m p o r t a n t  t o  i m p r o v e  t h e  c r i t i c a l  c u r r e n t  d e n s i -  

t ies,  Jc, unde r  h i g h  m a g n e t i c  f i e l d s .  S i n c e  t h e  Jc v a l u e s  o f  s i n t e r e d  

b u l k  s p e c i m e n s  a r e  d e t e r m i n e d  by t h e  i n t e r -  a s  w e l l  a s  i n t r a - g r a i n  

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

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

s t r e n g t h  of s u p e r c o n d u c t i n g  g r a i n s  a t  g r a i n  b o u n d a r i e s  a n d  i n t r a -  

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

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

and  m i c r o - p r e c i p i t a t e s  w i t h i n  t h e  g r a i n s .  T h e r e f o r e ,  Jc is e x p e c t e d  t o  

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

I n  a p r e v i o u s  s t u d y 1  on  t h e  m a g n e t i z a t i o n  h y s t e r e s i s  measu remen t s  

o f  B i (Pb)SrCaCuO s p e c i m e n s  h e a t - t r e a t e d  u n d e r  v a r i o u s  c o n d i t i o n s ,  w e  

have  r e p o r t e d  t h a t  t h e  r e l a t i v e  m a g n i t u d e  o f  t h e  h y s t e r e s i s  or corres- 

ponding Jc v a l u e s  are l a r g e r  f o r  t h e  110 K high-Tc p h a s e  t h a n  t h o s e  f o r  

t h e  80 K low-Tc p h a s e ,  a n d  t h a t  t h e  f o r m e r  d e g r a d e  m o r e  s l o w l y  t h a n  
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t h e  l a t t e r  w i t h  i n c r e a s i n g  t e m p e r a t u r e .  S p e c i m e n s  c o n t a i n i n g  b o t h  

p h a s e s  s h o w e d  i n t e r m e d i a t e  b e h a v i o r  o f  t h e s e  t w o .  I n  t h e  p r e s e n t  

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

manner i n  terms of  f l u x  p i n n i n g  b e h a v i o r  and Jc. The second purpose  of 

t h e  p r e s e n t  s t u d y  i s  t o  examine t h e  e f f e c t  of  i n t r o d u c t i o n  o f  f o r e i g n  

i o n s  i n t o  t h e  Bi(Pb)SrCaCuO s y s t e m  and t o  check whether  t h e  p r e c i p i t a t e d  

i m p u r i t y  p h a s e s  c o u l d  work a s  p i n n i n g  c e n t e r s  f o r  improvement  of i n t r a -  

g r a i n  J,. 

EXPERIMENTAL 

Bi(Pb)SrCaCuO spec imens  were prepared  by a c o n v e n t i o n a l  s o l i d  s t a t e  

r e a c t i o n  method u s i n g  o x i d e s  o r  c a r b o n a t e s  o f  e a c h  component metal a s  

s t a r t i n g  materials a s  d e s c r i b e d  e l s e w h e r e l .  For  example,  t o  p r e p a r e  

s p e c i m e n s  h a v i n g  t h e  h i g h e s t  c o n t e n t  o f  t h e  high-Tc 110 K p h a s e ,  w e  

adopted  t h e  s t a r t i n g  c o m p o s i t i o n 2  w i t h  a metals ra t io  of  Bi:Pb:Sr:Ca:Cu: 

0 a s  0.90:0.21: 1.0:1.0:1.6, r e s p e c t i v e l y .  T h i s  specimen was s i n t e r e d  a t  

850°C f o r  340 h. X- ray  p o w d e r  d i f f r a c t i o n  a n a l y s i s  i n d i k a t e d  t h a t  i t  

c o n s i s t e d  of  mostly t h e  high-Tc phase and a small amount (about  10%) o f  

lower-Tc 80 K phase p l u s  some trace amount of  o t h e r  phases. The magne- 

t i c  s u s c e p t i b i l i t y  measurement  u s i n g  SQUID showed Tc o n s e t  o f  105 K and 

a Meissner  f r a c t i o n  of  a b o u t  60% ( f i e l d  c o o l i n g ,  2.3 Oe) a t  4.2 K. 

I n  o r d e r  t o  see t h e  e f f e c t  o f  i m p u r i t y  doping  on t h e  m a g n e t i z a t i o n  

b e h a v i o r ,  s e v e r a l  k i n d s  of f o r e i g n  e l e m e n t s  s u c h  a s  Mg, Nb o r  T i  were 

added i n  e x c e s s  by mixing  t h e i r  o x i d e s  i n t o  t h e  s t a r t i n g  powders. T h e i r  

doping  l e v e l s  were f i x e d  a t  20% w i t h  r e s p e c t  t o  Cu molar  c o n t e n t .  These 

s p e c i m e n s  were s i n t e r e d  b e t w e e n  840°C a n d  850°C f o r  a p e r i o d  o f  7 2  t o  

350 h. After t h e  s i n t e r i n g ,  t h e y  were s u b j e c t e d  t o  powder XRD a n a l y s i s  

and o b s e r v a t i o n  of t h e i r  m i c r o s t r u c t u r e s  by a X-ray m i c r o a n a l y z e r  (XMA). 

M a g n e t i z a t i o n  h y s t e r e s i s  measurements  were per formed under  a wide  

r a n g e  o f  t e m p e r a t u r e  u s i n g  a v i b r a t i n g  s a m p l e  m a g n e t o m e t e r  (EG&G 

P r i n c e t o n  Applied Research ,  Model 4500) equipped w i t h  a 12 T cryostat  

( J a n i s  Research) .  A t  e a c h  t e m p e r a t u r e ,  m a g n e t i z a t i o n  M was measured 

f i r s t  by i n c r e a s i n g  t h e  magnet ic  f i e l d  t o  a maximum p o s i t i v e  v a l u e  t h e n  

by s w e e p i n g  down t o  a n e g a t i v e  maximum v a l u e  a n d  f i n a l l y  a g a i n  t o  a 

p o s i t i v e  d i r e c t i o n .  A c o n s t a n t  f i e l d  s w e e p  r a t e  o f  2 0  mT/s was u s e d  

t h r o u g h o u t  t h e  p r e s e n t  s tudy .  
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FLUX PINNING AND CRITICAL CURRENT DENSITY OF CUPRATE SUPERCONDUCTORS 371 

RESULTS AND DISCUSSION 

F i g u r e  1 s h o w s  m a g n e t i z a t i o n  h y s t e r e s i s  c u r v e s  m e a s u r e d  o v e r  a 

w i d e  r a n g e  o f  t e m p e r a t u r e  f o r  t h e  110 K p h a s e  Bi(Pb)SrCaCuO s p e c i m e n .  

T h e  h y s t e r e s i s  A M  i s  d e f i n e d  as  t h e  d i f f e r e n c e  o f  M b e t w e e n  t h e  i n -  

c r e a s i n g  and d e c r e a s i n g  b r a n c h e s  of  t h e  c u r v e s  under  a g i v e n  f i e l d .  A t  

t h e  l o w e s t  t e m p e r a t u r e  (4.2 K ) ,  t h e  h y s t e r e s i s  i s  s u b s t a n t i a l  a n d  

e x t e n d s  t o  9 T, t h e  h i g h e s t  f i e l d  a p p l i e d  i n  t h i s  s t u d y ,  w i t h o u t  s i g n i -  

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

s e e n  t o  d e c r e a s e  s i g n i f i c a n t l y .  For  example,  a t  40 K ,  a f t e r  a m a g n e t i c  

f i e l d  o f  3 T i s  r e a c h e d ,  t h e  h y s t e r e s i s  seems t o  d i s a p p e a r  i n  t h e  

p r e s e n t  scale of  Fig.  1. A t  60 K, AM v a n i s h e s  i n  a similar manner a t  a 

much l o w e r  f i e l d ,  a b o u t  1.5 T. 

I n  o r d e r  t o  i n t e r p r e t  t h e  observed  h y s t e r e s i s  d a t a  i n  terms of f l u x  

p i n n i n g  and Jc, w e  a p p l y  t h e  s t a n d a r d  c r i t i c a l  s ta te  model  f i r s t  g i v e n  

by Bean3 w i t h  a s l i g h t  m o d i f i c a t i o n .  I n  t h e  c r i t i c a l  s ta te  model of  

t h e  t y p e - I 1  s u p e r c o n d u c t o r s ,  t h e  g r a d i e n t  o f  t h e  l o c a l  m a g n e t i c  f l u x  

d e n s i t y  B(x) w i t h i n  a s a m p l e  i s  g i v e n  by 

IX. f i e l d  = 9 1 

Slmulmtcd ICH Loop : 

..: 
. '. 

f : *. . . . . . . .  .......................... ~ ..... ....................... 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

.... 

Field S r ~ c p  

Fig.2: S i m u l a t i o n  of  m a g n e t i z a t i o n  h y s t e r e -  
sis. ( a ) s i m u l a t e d  M-H c u r v e  ( b ) d i s t r i b u t i o n  
o f  m a g n e t i c  f l u x  d e n s i t y  i n  a p l a t e  s p e c i -  
men with thickness d m  

Fig.1:  M a g n e t i z a t i o n  Curves  a t  
various temperatures of the 
h i g h  Tc 110 K Bi(Pb)SrCaCuO. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
28

 1
9 

Fe
br

ua
ry

 2
01

3 



372 K. KISHIO, M.L. GREEN, K. NAKATANI AND K .  KITAZAWA 

w h e r e  P O  i s  t h e  p e r m e a b i l i t y  o f  vacuum a n d  J p ( B )  i s  t h e  p i n n i n g  c u r -  

r e n t ,  under  t h e  l o c a l  f i e l d  B(x). I n  t h e  o r i g i n a l  Bean's a rgument ,  Jp 

w a s  a s s u m e d  t o  b e  i n d e p e n d e n t  o f  B. I n  t h i s  case ,  if we c o n s i d e r  t h e  

s p e c i m e n  i s  a f l a t  p l a t e  o f  t h i c k n e s s  d ,  i t  c a n  b e  e a s i l y  shown by 

i n t e g r a t i o n  of  Eq.(l) a l o n g  x,  

Jp [ A / m 2 ]  = 2 A M  [A/m] / d [m] (2)  
where u n i t s  a r e  g i v e n  i n  b r a c k e t s  f o r  t h e  s a k e  of c la r i ty .  

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

u n d e r  a n y  a p p l i e d  f i e l d ,  A M  s h o u l d  a l s o  b e  e x p e c t e d  t o  b e  c o n s t a n t .  

However, observed  m a g n e t i z a t i o n  c u r v e s  c lear ly  show f i e l d  dependences,  

r e f l e c t i n g  t h e  expec ted  f i e l d  dependence of  Jp(B). Let u s  assume a l ter-  

n a t i v e l y  t h a t  J p ( B )  i s  a f u n c t i o n  o f  B. A s  a t r i a l ,  w e  h a v e  a s s u m e d  

t h a t  J p  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  s q u a r e  r o o t  o f  B i n  E q . ( l )  a n d  

p e r f o r m e d  a n u m e r i c a l  s i m u l a t i o n .  The r e s u l t  i s  s h o w n  i n  F i g .  2. 

F i g .  2(b)  r e p r e s e n t s  t h e  c a l c u l a t e d  d i s t r i b u t i o n  of B(x) a l o n g  x direc- 

t i o n  f o r  v a r i o u s  e x t e r n a l  f i e l d  d u r i n g  t h e  s w e e p  a n d  F i g . Z ( a )  i s  t h e  

e x p e c t e d  M-H h y s t e r e s i s  l o o p  by t h e  p r e s e n t  s i m u l a t i o n .  

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

q u a l i t a t i v e  f e a t u r e  o f  t h e  f i e l d  dependence of  m a g n e t i z a t i o n  r e a s o n a b l y  

w e l l ,  as l o n g  as t h e  h y s t e r e s i s  i s  f i n i t e .  Another p o i n t  t o  be  n o t i c e d  

is t h a t  t h e  dB(x)/dx which is p r o p o r t i o n a l  t o  Jp(B) under  a g i v e n  e x t e r -  

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

m e a n s  t h a t  w e  c a n  s t i l l  a p p l y  Eq.(2) t o  c a l c u l a t e  Jp u n d e r  v a r i o u s  

f i e l d s .  A M  v a l u e  of  F i g .  1 ,  f o r  e x a m p l e ,  Jp a t  

4.2 K and under  5 T is c a l c u l a t e d  t o  be 6 . 3 ~ 1 0 ~  o r  6 . 3 ~ 1 0 6  A / c m 2 ,  i f  w e  

t a k e  d a s  2 o r  20  urn, r e s p e c t i v e l y ,  f rom t h e  e x a m i n a t i o n  o f  t h e  micro-  

s t r u c t u r e  d i s c u s s e d  later. 

U s i n g  t h e  o b s e r v e d  

By t h e  p r e c e d i n g  a r g u m e n t ,  i t  i s  now c l e a r  t h a t  e x p e r i m e n t a l l y  

observed  AM(B) c a n  b e  c o n s i d e r e d  t o  be p r o p o r t i o n a l  t o  Jp(B) e x c e p t  a t  

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

g r a i n  c r i t i c a l  c u r r e n t  d e n s i t y ,  Jc(B). T h e r e f o r e  i t  i s  e q u i v a l e n t  t o  

c o n s i d e r  AM(B) o r  Jc(B) and t h e i r  t e m p e r a t u r e  and f i e l d  dependences f o r  

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

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

p roceed  t h e  d i s c u s s i o n  of Jc f o r  d i f f e r e n t  spec imens  i n  terms o f  

J p ( B )  

AM. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
28

 1
9 

Fe
br

ua
ry

 2
01

3 
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F i g u r e  3 d e m o n s t r a t e s  f i e l d  d e p e n d e n c e  of A M  a t  v a r i o u s  tem- 

p e r a t u r e s  f o r  80 K p h a s e  and 110 K p h a s e  samples .  S i n c e  t h e  g r a i n  s i z e s  

and t h e i r  d i s t r i b u t i o n s  are d i f f e r e n t  be tween  t h e s e  s a m p l e s ,  i t  is n o t  

p o s s i b l e  t o  d i r e c t l y  c o m p a r e  J, v a l u e s .  H o w e v e r ,  i t  is  q u i t e  c l e a r  

t h a t  t h e  110 K p h a s e  s a m p l e  h a s  much weaker  t e m p e r a t u r e  dependence  t h a n  

t h e  80 K p h a s e  s a m p l e  a t  h i g h  f i e l d s  o f  s e v e r a l  T e s l a .  T h i s  means t h a t  

J c  of t h e  110 K p h a s e  d e g r a d e s  w i t h  i n c r e a s i n g  m a g n e t i c  f i e l d  m o r e  

s l o w l y  t h a n  t h a t  of t h e  80 K phase.  

F i g u r e  4 s h o w s  t e m p e r a t u r e  d e p e n d e n c e  of AM o f  t h e  110 K p h a s e  

unde r  v a r i o u s  f i e l d s  i n  a s e m i - l o g a r i t h m i c  scale. A M  is s e e n  t o  de- 

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

I j o w e v e r ,  a s  t h e  t e m p e r a t u r e  i s  i n c r e a s e d ,  t h e y  s t a r t  t o  d e v i a t e  

d o w n w a r d s  a r o u n d  20 t o  30 K. I t  s h o u l d  b e  n o t e d  t h a t  t h e  i n f l e c t i o n  

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

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

I n  o r d e r  t o  c o m p a r e  t h i s  b e h a v i o r  w i t h  o t h e r  high-T,  s y s t e m s ,  a 

s i m i l a r  p l o t  was made f o r  v a r i o u s  s a m p l e s  unde r  a f i x e d  f i e l d  o f  1.5 T 

and  p r e s e n t e d  i n  Fig. 5. The f i g u r e  c o n t a i n s  d a t a  f o r  t h e  110 K phase ,  

80 K p h a s e  a s  we l l  as a BazYCu307 (deno ted  a s  BYCO h e r e a f t e r )  s i n t e r e d  

( a >  ( b )  

Fig.3:  A M  v s .  m a g n e t i c  f i e l d  a t  v a r i o u s  t e m p e r a t u r e s  
of (a) 80 K low T, s ample  a n d  ( h )  110 K h i g h  
T, s a m p l e ,  
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spec imen p r e p a r e d  i n  a s t a n d a r d  procedure.  Also  i n c l u d e d  is a d a t a  fo r  a 

BYCO s i n g l e  c rys ta l  r e p o r t e d  by S e n o u s s i  e t  al.4 It is q u i t e  i n t e r e s t i n g  

t h a t  t h e  s l o p e s  of A M  ( i n  t h e  l o g a r i t h m i c  s c a l e )  vs. t e m p e r a t u r e  are n o t  

p a r t i c u l a r l y  d i f f e r e n t  f o r  t h e s e  spec imens ,  a l t h o u g h  c l o s e r  e x a m i n a t i o n s  

r e v e a l  t h a t  they  i n c r e a s e  i n  t h e  o r d e r  o f  t h e  Bi-80 K phase,  t h e  Bi-110 K 

phase  and t h e  BaYCuO s y s t e m .  T h i s  i m p l i e s  t h a t  a t  low t e m p e r a t u r e s  below 

20 K ,  a l l  s y s t e m s  e x h i b i t  q u i t e  similar f l u x  p i n n i n g  behavior .  However, 

more i m p o r t a n t  d i f f e r e n c e  is t h e  d e v i a t i o n  o f  AM f rom t h e  e x p o n e n t i a l  

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

c rys t a l  t h e  i n f l e c t i o n  i s  s e e n  a t  o v e r  50 K,  much h i g h e r  t e m p e r a t u r e  t h a n  

t h e  B i  s y s t e m .  

A c c o r d i n g  t o  G a m m e l  e t  al.5, t h e  s o  c a l l e d  f l u x - l a t t i c e  m e l t i n g  

o c c u r s  a t  around 75 K i n  a BYCO c rys ta l  and a t  30 K i n  a B i  80 K crystal .  

S i n c e  o u r  o b s e r v a t i o n  of t h e  break-down of l o g a r i t h m i c  t e m p e r a t u r e  depen- 

dence  of  m a g n e t i z a t i o n  h y s t e r e s i s  i s  f a i r l y  c o n s i s t e n t  w i t h  t h e i r  s t u d y  

i n  terms of t e m p e r a t u r e  r a n g e s ,  it i s  c o n s i d e r e d  t h a t  w e  a re  o b s e r v i n g  

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

f l u x  l a t t i c e  i n  o u r  measurements. 

T (K) 

0 10 20 30 40 50 
T (K) 

Fig .4 :  AM v s .  t e m p e r a t u r e  of 
110 K phase  s a m p l e  a t  v a r i o u s  
a p p l i e d  f i e l d s .  

F ig .5 :  A M  vs .  t e m p e r a t u r e  a t  a n  a p p l i e d  
f i e l d  of  1.5 T.(a)OO K phase  (b)110 K 
phase  ( c ) s i n t e r e d  BYCO ( d ) s i n g l e  c rys ta l  
BYCO ( a f t e r  S e n o u s s i  e t  a1.4)  
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FLUX PINNING AND CRITICAL CURRENT DENSITY OF CUPRATE SUPERCONDUCTORS 375 

I n  t h e  case o f  t h e  B i  system, t h e r e f o r e ,  t h e  f l u x  p i n n i n g  i s  r a t h e r  

weak a t  h i g h e r  t e m p e r a t u r e s  over  around 30 K and i t  is c r u c i a l  t o  i n t r o -  

d u c e  s o m e  p i n n i n g  c e n t e r s  i n  o r d e r  t o  i m p r o v e  Jc. F i g u r e  6 s h o w s  t h e  

e x p e r i m e n t a l  r e s u l t s  f o r  t h e  t e m p e r a t u r e  dependence o f  A M  o b t a i n e d  i n  

t h e  MgO a n d  NbO d o p e d  Bi(Pb)SrCaCuO s a m p l e s .  I n  t h e  case o f  MgO d o p i n g  

shown i n  Fig. 6(a), i t  is s e e n  t h a t  t h e  t e m p e r a t u r e  and f i e l d  dependence 

of  A M  i s  improved when i t  is  compared t o  t h e  non-doped sample  shown i n  

F i g .  3 ( b ) .  F o r  e x a m p l e ,  a t  40 K u n d e r  3 T, A M  o f  t h e  MgO-doped s a m p l e  

i s  a b o u t  t h r e e  t imes  c o m p a r e d  t o  t h e  non-doped s a m p l e .  W h i l e  t h e  Nb- 

doped s a m p l e  e x h i b i t s  much smaller AM a t  4.2 K ,  i t  becomes comparable  t o  

non-doped s a m p l e  a t  60 K a s  shown i n  F i g .  6 (b) .  T h e r e f o r e ,  w e  h a v e  

concluded  t h a t  t h e  doping of  i m p u r i t y  i o n s  t o  i n t r o d u c e  m i c r o p r e c i p i t a t e s  

s h o u l d  be e f f e c t i v e  i n  improving  t h e  f l u x  pinning.  

However, o b s e r v a t i o n ,  of m i c r o s t r u c t u r e  o f  s e v e r a l  s a m p l e s  s t u d i e d  

h e r e  by X M A  r e v e a l e d  t h a t  t h e y  c o n t a i n  v a r i o u s  p h a s e s ,  80 K p h a s e ,  

n a t i v e  i m p u r i t y  o x i d e s  o r  complex compounds i n  a d d i t i o n  t o  t h e  d e s i r e d  

110 K phase  i n  a v e r y  c o m p l i c a t e d  manner. 

1 0 - 5  
0 6 8 10 

B (T) 

Fig.6:AM v s .  magnet ic  f i e l d  a t  v a r i o u s  t e m p e r a t u r e s  
of (a) Mg doped and ( b )  Nb doped Bi(Pb)SrCaCuO samples .  
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Among t h e m ,  t h e  b e s t  s a m p l e  i n  

terms of m i c r o s t r u c t u r a l  a p p e a r a n c e  

h a s  b e e n  t h e  MgO-doped s y s t e m  s h o w n  

i n  F i g .  7. I n  t h i s  s p e c i m e n ,  t h e  

110 K p h a s e  was w e l l  d e v e l o p e d  a n d  

d i s t r i b u t e d ,  a s  i n  t h e  case o f  t h e  

non-doped sample.  The t y p i c a l  g r a i n  

s i z e  of e a c h  c r y s t a l  was a b o u t  20  t o  

30 Urn l o n g  w i t h  2 urn i n  t h i c k n e s s .  

P u r e  MgO o x i d e  was f o u n d  t o  b e  d i s -  

t r i b u t e d  a s  t y p i c a l l y  2 u m  s p h e r i c a l  

p a r t i c l e s .  A l t h o u g h  X M A  a n a l y s i s  

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

w i t h i n  t h e  110 K p h a s e  g r a i n ,  i t  i s  

w e l l  e x p e c t e d  t h a t  t h e y  do e x i s t  i n  a 
more m i c r o s c o p i c  scale. More e f f o r t s  

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

t h r o u g h  o p t i m i z a t i o n  o f  t h e  h e a t  

t r e a t m e n t  and  s u b m i c r o s c o p i c  o b s e r -  

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

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 y ,  

s h o u l d  b e  n e c e s s a r y .  

F ig .7 :  Secondary e l e c t r o n  image of 
m i c r o s t r u c t u r e  of Mg doped 
Bi(Pb)SrCaCuO sample .  
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