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( R e c e i v e d  5 J u l y  1990  by V . M . A g r a n o v i c h )  

The dependence of local crltical current density Je on the 

magnetic field H is obtained by use of the low frequency 
electromagnetlc probe signal. It is shown , that in a wide 
region of magnetic field the value of Ja is proportional to 

H -3/2 for the ¥BCO ceramic samples with different structure. 

I. HTSC-ceramics is known to be a 

system consists of the superconducting 
grains which connected by Josephson weak 
links. The electromagnetic properties of 
the ceramics is considerably determined 
by correlation between typical size a of 
structure sell and Josephson penetration 
depth Kj. In coarse-grained medium where 

K j  << a ( 1 )  

t h e  m a g n e t i c  f l u x  e x i s t s  i n  f o r m  o f  
J o s e p h s o n  v o r t i c e s  l o c a t e d  i n  t h e  
l n t e r g r a n u l a r  c o n t a c t s .  I n  f i n e - g r a i n e d  
c e r a m i c s  w h e r e  

a << X j  ( 2 )  

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

c e r a m i c s  ( s e e , f o r  e x a m p l e ,  1 - 2 ) .  
D e s p i t e  t h e  p r i n c i p a l  d i f f e r e n c e  o f  

s i t u a t i o n s  ( 1 )  a n d  ( 2 ) ,  i n  b o t h  c a s e s  
t h e  e l e c t r o d y n a m i c a l  p r o p e r t i e s  o f  
h i g h - T  c e r a m i c s  a r e  w e l l  d e s c r i b e d  by 

c 
t h e  c r i t i c a l  s t a t e  m o d e l  i n  a r a t h e r  
w i d e  r a n g e  o f  m a g n e t i c  f i e l d  H < 100 Oe 
1 , 3 - 5  ( s e e  a l s o  6 - 8 ) .  I n  t h i s  m o d e l  
t h e  e l e c t r o m a g n e t i c  f i e l d  d i s t r i b u t i o n  
in a sample is determined by the 
equation 

o .  r o t B  ffi 4 ~ j o E / E .  ( 3 )  

H e r e  B i s  t h e  v e c t o r  o f  m a g n e t i c  
i n d u c t i o n ,  E i s  e l e c t r i c  f i e l d ,  ~ i s  t h e  
m a g n e t i c  p e r m e a b i l i t y  o f  c e r a m i c s  
w i t h o u t  J o s e p h s o n  w e a k  l i n k s  b e t w e e n  
t h e  g r a i n s ,  J e  i s  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 .  I t  i s  e x t r e m e l y  i m p o r t a n t ,  t h a t  
c r i t i c a l  c u r r e n t  d e n s i t y  o f  t h e  c e r a m i c s  
i s  v e r y  s e n s i t i v e  t o  t h e  m a g n e t i c  f i e l d :  

Jo = Jc (B)" (4) 

I t  i s  n e c e s s a r y  t o  e m p h a s i z e ,  t h a t  
v a r i o u s  c e r a m i c  s a m p l e s  d i f f e r  e a c h  
o t h e r  by  m a g n i t u d e  J e  a n d  by i t s  

d e p e n d e n c e  on  B. N a m e l y  t h e  d i f f e r e n c e  
o f  p h y s i c a l  s i t u a t i o n s  ( 1 )  a n d  ( 2 )  may 
e f f e c t  on  t h e  f o r m  o f  m a t e r i a l  e q u a t i o n  
( 4 ) .  T h e r e f o r e  d e f i n i t i o n  o f  t h e  
f u n c t i o n  je(B) i s  o n e  o f  t h e  m a j o r  

p r o b l e m  i n  d e s c r i p t i o n  o f  
e l e c t r o m a g n e t i c  p r o p e r t i e s  o f  c e r a m i c s .  
M o r e o v e r ,  t h i s  p r o b l e m  h a s  a l s o  
p r a c t i c a l  i n t e r e s t  b e c a u s e  t h e  v a l u e  o f  
m a c r o s c o p i c  c r i t i c a l  c u r r e n t  i s  
c o n n e c t e d  w i t h  r e l a t i o n  ( 4 ) .  

2 . T h  e t r a d i t i o n a l  m e t h o d s  o f  
d e t e r m i n a t i o n  o f  d e p e n d e n c e  je(B) i n  

c e r a m i c s  b a s e d ,  a s  a r u l e ,  on  
m e a s u r e m e n t  o f  a c r i t i c a l  v a l u e  o f  t h e  
f u l l  t r a n s p o r t  c u r r e n t  I a s  a f u n c t i o n  

e 
o f  a n  e x t e r n a l  m a g n e t i c  f i e l d .  B u t  s u c h  
a way h a s  s e r i o u s  f a i l s .  The  p o i n t  i s  
t h a t  i n  s u c h  k i n d s  o f  m e a s u r e m e n t s  i t  i s  
i m p o s s i b l e  t o  n e g l e c t  a s e l f -  1 m a g n e t i c  
f i e l d  o f  t h e  e l e c t r i c  c u r r e n t  S i n c e  
t h i s  f i e l d  i s  i n h o m o g e n e o u s ,  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  J o  p r o v e s  t o  be  

a f u n c t i o n  o f  c o o r d i n a t e s  a n d  f u l l  
m e a s u r e d  c u r r e n t  Ie, t h a t  c o n t a i n s  a n  

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

The  c o n t a c t l e s s  m e t h o d  o f  
d e t e r m i n a t i o n  o f  f u n c t i o n  je(B) w a s  

p r o p o s e d  i n  9 by u s e  of a p r o b e  a c  
m a g n e t i c  f i e l d  i n  p r e s e n c e  o f  a n  
e x t e r n a l  s t a t i c  m a g n e t i c  f i e l d .  The  
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m e t h o d  b a s e d  on  t h e  m e a s u r e m e n t  o f  t h e  
s u r f a c e  i m p e d a n c e  Z o f  a s a m p l e .  The  
s u r f a c e  i m p e d a n c e  i s  d e f i n e d  by r e l a t i o n  

Z ffi - ( 8 x l e ) . E  ( R ) l h ,  

27/~ )eiot ( 5 )  E = (el2x). t E(R,t 

0 

Here h is an amplitude of an external ac 
magnetic field having a form 

h ( t )  = h Cos e t ,  ( 6 )  

e i s  a c i r c u l a r  f r e q u e n c y  , E ( R , t )  i s  a n  
e l e c t r i c  f i e l d  on  a s u r f a c e  o f  c y l i n d e r  
w i t h  r a d i u s  R.  B o t h  e x t e r n a l  s t a t i c  a n d  
a l t e r n a t i n g  f i e l d s  H a n d  h a r e  o r i e n t e d  
a l o n g  a x i s  o f  c y l i n d r i c a l  s a m p l e .  

I n  t h e  c a s e  when  t h e  a m p l i t u d e  o f  
a l t e r n a t i n g  f i e l d  i s  s o  s m a l l  t h a t  t h e  
d e p e n d e n c e  o f  J o  on h i s  n e g l i g i b l e ,  t h e  

s u r f a c e  i m p e d a n c e  Z i s  d e s c r i b e d  by t h e  
f o r m u l a :  

Z f ( 2 / 3 x ) , { ~ h / [ o d o ( ~ H ) ] ) . ( 1 - 3 ~ / 4 ) .  (7) 

I t  f o l l o w s  f r o m  ( 7 )  t h a t  t h e  i m p e d a n c e  

i s  p r o p o r t i o n a l  t o  ~o - 1 .  The  p h y s i c a l  

n a t u r e  o f  t h i s  r e s u l t  i s  q u i t e  c l e a r .  
The  w h o l e  p o i n t  i s ,  t h a t  t h e  s u r f a c e  
i m p e d a n c e  i s  p r o p o r t i o n a l  t o  p e n e t r a t i o n  
d e p t h  8 o f  e l e c t r o m a g n e t i c  f i e l d  i n t o  a 
s a m p l e .  I n  c o n d i t i o n s  
# , 

h ~ B / ~ ,  o r  h ~ H ( 8 )  

(B - t h e  t y p i c a l  s c a l e  o f  f u n c t i o n  
j o ( B )  c h a n g i n g )  t h e  c u r r e n t  d e n s i t y  J e  

d o e s  n o t  d e p e n d  on  ac  m a g n e t i c  f i e l d ,  s o  
t h e  p e n e t r a t i o n  d e p t h  6 o f  s i g n a l  i s  
d e t e r m i n e d  a s  6 ~ h / j  e .  T h i s  c o r r e l a t i o n  

i s  p r e s e n t  i n  ( 7 )  i n  e v i d e n t  f o r m .  N o t e ,  
t h a t  t h e  f o r m u l a  ( 7 )  s h o u l d  be  c o r r e c t ,  
i t  i s  n e c e s s a r y  t o  k e e p  f o l l o w i n g  
c o n d i t i o n  

h ~ 16~jo(~H)R/o ,  ( 9 )  

w h i c h  e q u i v a l e n t  t o  t h e  i n e q u a l i t y  6 ~ R.  
T h i s  c o n d i t i o n  l i m i t s  t h e  r e g i o n  o f  
m a g n e t i c  f i e l d  H f r o m  a b o v e  b e c a u s e  t h e  
c u r r e n t  d e n s i t y  J c  d e c r e a s e s  w i t h  

i n c r e a s e  o f  H. 
So by m e a s u r e m e n t  o f  s u r f a c e  

i m p e d a n c e  i n  c o n d i t i o n s  ( 8 )  a n d  ( 9 )  o n e  
c a n  d e t e r m i n e  t h e  d e p e n d e n c e  j c ( ~ ) .  

T h i s  d e p e n d e n c e  a s  m e n t i o n e d  i n  10 c a n  be  
d e f i n e d  by  m e a s u r e m e n t  o f  o t h e r  v a l u e  - 
a c  m a g n e t i c  s u s c e p t i b i l i t y  c o n n e c t e d  
w i t h  i m p e d a n c e  by s i m p l e  l i n e a r  r e l a t i o n  

4~X = i [ e 2 1 ( 2 x e R ) l * Z  - 1.  ( 1 0 )  

3 I n  _ t h i s  p a p e r  we r e a l i z e d  
p r o p o s e d  xn  m e t h o d  o f  c r i t i c a l  c u r r e n t  
d e n s i t y  j e ( B )  m e a s u r e m e n t .  C y l i n d r i c a l  

YBaCuO c e r a m i c  s a m p l e s  w i t h  d i f f e r e n t  
size of grains were studied. The 

following discussion will be conducted 
for two samples with essentially 
different structure.For the fine-grained 
sample with radius R = 0.25 cm and 
average grain size a ~ l~m the condition 
(2) is carried out, while for the 
coarse-grained one with R = 0.45 cm and 
a ~ lO~m the parameters a and K have the 
same order of value. The real and 
i m a g i n a r y  p a r t s  o f  i m p e d a n c e  w e r e l o  
m e a s u r e d  by t h e  m e t h o d  d e s c r i b e d  i n  
The  p e a k - u p  c o i l  was  w o u n d e d  d i r e c t l y  on 
a s a m p l e  by c o p p e r  w i r e  30 ~m i n  
d i a m e t e r .  An a l t e r n a t i n g  m a g n e t i c  f i e l d  
w a s  c r e a t e d  by t h e  c o p p e r  w i r e  s o l e n o i d .  
The sample was immersed in liquid 
nitrogen. The peaked up signal, which is 
proportional to real ~ and imaginary 
parts of surface impedance, was detected 
by the lock-in amplifier PAR-124A. The 
amplitude h of ac magnetic field was 
approximately I Oe. For this amplitude 
the inequalities (8) and (9) are carried 
out. The part of measured sxgnal 
connected with the magnetic flux change 
i n  t h e  c l e a r a n c e  b e t w e e n  t h e  p i c k - u p  
c o i l  a n d  t h e  s a m p l e  w a s  c o m p e n s a t e d .  

The  d e p e n d e n c e  o f  i m p e d a n c e  v s  H 
f o r  t h e  f i n e , g r a i n e d  s a m p l e  i s  p r e s e n t e d  
on  f i g . 1 .  The  r e s u l t s  w e r e  o b t a i n e d  a t  
f r e q u e n c y  ~ / 2 ~  = 1 kHz i n  t h e  r e g i o n  o f  
m a g n e t i c  f i e l d  H f r o m  0 t o  80 Oe .  The  
v a l u e s  R a n d  X w e r e  m e a s u r e d  i n  u n i t s  
X n ,  w h e r e  Z n i s  r e a c t a n c e  o f  t h e  s a m p l e  

i n  t h e  n o r m a l  s t a t e :  

Z n = 2~R~Io 2 ( 1 1 )  

It is seen that in the full range of 
magnetic field change the values ~ and 
increase monotonically. These 
dependences correspond to decrease of 
critical current density Jo with B or, 

in other words, to increase of the 
penetration depth 6 of signal. It was 
found that the ratio X/~ is equal to 2 
in the full range of magnetic field H. 
The deviation does not exceed 3Z. The 
theoretical ratio (3~/4) is 20% higher 
than experimental one. This deviation 
may he connected with magnetic flux 
creep which we did not take into 
account. It is well known that in the 
condition of normal skin-effect the 
ratio ~/~ is equal to I. So, it is 
natural that the transition of 
superconductor from critical state to 
resistive one is accompanied by decrease 
of the ratio ~/~. 

Using the results of surface 
impedance measurements and the relation 
(7) it is not difficult to define the 
d e p e n d e n c e  j o (~H) .  T h e s e  d e p e n d e n c e s  a r e  

p l o t t e d  on  F i g . 2  f o r  b o t h  s a m p l e s .  The  
p a r a m e t e r  ~ e m p l o y e d  i n  ( 7 )  i s  t a k e n  0 . 5 .  

I t  i s  f o u n d  t h a t  t h e  f u n c t i o n  
~o(~H) f o r  a l l  o f  s a m p l e s  h a s  a g o o d  

a p p r o x i m a t i o n  by t h e  p o w e r  f u n c t i o n  i n  a 
wide range of magnetic field. To our 
surprise the power exponent proves to be 
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F l g . l  The e x p e r i m e n t a l  r e c o r d s  o f  r e a l  
a n d  i m a g i n a r y  p a r t s  o f  t h e  s u r f a c e  
i m p e d a n c e  v s  e x t e r n a l  m a g n e t i c  f i e l d  f o r  
t h e  f i n e - g r a i n e d  c e r a m i c  s a m p l e .  The 
a m p l i t u d e  o f  ac  s i g n a l  h = 1 Oe,  t h e  
f r e q u e n c y  ~ / 2 ~ = l k H z  _ l ~ h e  n o r m a l i z e d  
c o n s t a n t  X n ~ 1 . 9 5 . 1 0  " c g s  u n i t s .  

t h e  s ame  a n d  e q u a l s  - 3 / 2  f o r  d i f f e r e n t  
s a m p l e s .  I n  t h e  c a s e  o f  f i n e - g r a i n e d  
s a m p l e  

j o ( H )  = 5 . 0 0 / H  3 / 2  a t  B z 5 o e ,  ( 1 2 )  

f o r  c o a r s e - g r a i n e d  s a m p l e  

jc(H) = 2 . 0 5 / R  3/2" a t  H z 15 Oe .  ( 1 3 )  

w h e r e  H a n d  J c  a r e  m e a s u r e d  i n  Oe and  
2 

A/cm a c c o r d i n g l y .  I n  t h e  r e g i o n  o f  low 
m a g n e t i c  f i e l d s  t h e  r e l a t i o n s  ( 1 2 )  a n d  
( 1 3 )  b e c o m e  i n v a l i d .  R e a l l y ,  f r o m  ~ i g . 3 ,  
d e m o n s t r a t i n g  t h e  d e p e n d e n c e  ~ c ( H )  f o r  

t h e  f i n e - g r a i n e d  s a m p l e  i n  d o u b l e  
l o g a r i t h m i c  s c a l e ,  i t  i s  c l e a r  s e e n  t h e  
d e v i a t i o n  o f  t h e  g r a p h  f r o m  t h e  s t r a i g h t  
l i n e  i n  t h e  r e g i o n  H < 5 0 e .  I n  o r d e r  t o  
d e s c r i b e  t h e  f u n c t i o n  ~ o ( H ) ,  t a k i n g  i n t o  

a c c o u n t  t h i s  c i r c u m s t a n c e ,  we p r e s e n t  
o t h e r ,  m o r e  c o m p l i c a t e d  f i t  f u n c t i o n  
Jo(H) w h i c h  i s  c o r r e c t  f o r  t h e  a l l  

m a g n i t u d e s  o f  H: 

joffi865/[l+(H/H*)7/4]. ~ *  = 4 . 5 0 e  ( 1 4 )  

f o r  t h e  f i n e - g r a i n e d  a n d  

~ o = 5 5 / [ l + ( H I B * ) 7 / 4 1 .  H* = 1 6 . 5 0 e  ( 1 5 )  

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

L e t  u s  p a y  a t t e n t i o n  t o  e x p o n e n t s  
i n  t h e  r e l a t i o n s  ( 1 4 )  a n d  ( 1 5 ) .  I n  s p i t e  
o f  d i f f e r e n t  s t r u c t u r e  o f  o u r  s a m p l e  a n d  
g r e a t  d i f f e r e n c e  i n  c r i t i c a l  c u r r e n t  
d e n s i t y  t h e  e x p o n e n t  v a l u e  i s  t h e  s ame  
f o r  b o t h  t y p e s  o f  s a m p l e s .  Hay be  t h i s  
c i r c u m s t a n c e  i s  n o t  a c c i d e n t a l  a n d  i t  
r e f l e c t s  t h e  some u n k n o w n  o b j e c t i v e  
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F i g . 2  The d e p e n d e n c e  o f  c r i t i c a l  c u r r e n t  
d e n s i t y  on m a g n e t i c  f i e l d  f o r  t h e  
f i n e - g r a i n e d  ( 1 )  and  c o a r s e - g r a i n e d  ( 2 )  
s a m p l e s .  
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F i g . 3  The d e p e n d e n c e  je(R) i n  d o u b l e  

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

r e g u l a r i t y .  H o w e v e r ,  we h a v e  n o t  e n o u g h  
s t a t i s t i c a l  d a t a  t o  m a i n t a i n  an 
a s s u m p t i o n  a b o u t  e x i s t e n c e  o f  t h e  
u n i v e r s a l  d e p e n d e n c e .  One m u s t  e m p h a s i z e  
t h a t  r e g i o n s  o f  a p p l i c a b i l i t y  o f  
f o r m u l a e  ( 1 2 )  and  ( 1 3 ) ,  f o r  b o t h  s a m p l e s  
a r e  d e f i n e d  by v a l u e  H i n  ( 1 4 )  a n d  ( 1 5 ) .  

D e s p i t e  t h e  a p p r o x i m a t i o n s  ( 1 4 )  and  
( 1 5 )  a r e  more  s t r i c t ,  t h e  f o r m u l a e  ( 1 2 )  
a n d  ( 1 3 )  a r e  more  c o n v e n i e n t  i n  
p r a c t i c a l  a p p l i c a t i o n .  U s i n g  ( 1 2 )  and  
( 1 3 )  i t  i s  p o s s i b l e  t o  f i n d  i n  a n a l y t i c  
f o r m  t h e  c u r r e n t  and  f i e l d  d i s t r i b u t i o n s  
i n  c e r a m i c s . F o r  e x a m p l e , i t  i s  n o t  
d i f f i c u l t  t o  c a l c u l a t e  t h e  v a l u e  o f  t h e  
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full critical current I and correlation 
o 

I c with radius R of sample without an 

external fleld. In the case Jo = A/B3/2 
t h e  f u l l  c u r r e n t  h a s  t h e  f o r m  

lo - 5.(2~AI7)215.~-3/5.RT/5 (16) 

This result is in a goo~ agreement with 
t h e  d a t a  o f  t h e  p a p e r  , d e v o t e d  t o  
s t u d y  t h e  a v e r a g e  c r i t i c a l  c u r r e n t  J o  

Io/S a s  a f u n c t i o n  o f  t h e  c r o s s  s e c t i o n  

S o f  a s a m p l e .  I n  a c c o r d a n c e  w i t h  ( 1 6 )  

Jo ~ 5-0'3" The results of measurements 6 

correspond to dependence 5-113." 
Previously we took the parameter ~= 

0.5, considering this choice does not 
effect on the behavlour of the function 
Jo(~). However, for the comparison of 

the critical current (16) with the 
experlmental one we used the value of ~, 
defined by magnetization curves. The 
substitution of ~ = 0 . 8  in (16) leads to 
the result I ~ 25 A for the fine-grained 

o 
sample. For the coarse-grained sample ~= 
0.3 and I ~ 17.4 A. The results of 

o 
direct measurement of I are 26A and 18A. 

o 
However, for the practical purposes it 
is enough to put ~ = 0.5, taking into 
account that parameter ~ varies, as a 
rule, from 0.2 to 0.8 In this case the 
error in definition of I is negligibly 

o 
small. 

4. In conclusion several words 
about the obtained dependence Jo(B). 
Independently of ceramics structure the 
critical current density in the field 
hi4~r than H decreases with field as 
B -~" that is mu~ l~tronger than in 
Kim-Anderson model ' . This fact is in 
contradiction with widely disseminated 
conception that the behaviour of 
function J o ( B )  must coincide with 

average dependence of critical current 
1 o f  single J o s e p h s o n  Junction on 
oP 

magnetic field. At high fields .this 
averaging has to produce Jo ~ B-i" This 

contradiction may be understood if we 
take into account that at low magnetic 
field t h e  first oscillations of the 
function let(B) are essential while the 

dependence Jo ~ B-I would be observed at 

higher magnetic fields. Unfortunately, 
we cannot identify the form of function 
~o(B) by described above method at 

higher fields because from the first 
critical field of the grains Hcl ~ 50 Oe 

magnetic field penetrates into the 
grains. As a result, the parameter ~ in 
formula (7) becomes a function of 
magnetic field and increases with H. In 
these conditions the dependence Z(H) 
stops to reproduce the function ~o1(H).- 
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