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EFFECTS OF I O N  IRRADIATION AND THERMAL ANNEALING 
ON HIGH-TC SUPERCONDUCTOR B a 2 Y C ~ ~ 0 7 - 6  

TAKAYUKI TERAI, TAMAKI MASEGI and YOICHI TAKAHASHI 
Univers i ty  of Tokyo, Tokyo, Japan 

YOUICHI ENOMOTO and SHUGO KUBO 
N T T  Opto-Electronics l a b o r a t o r i e s ,  Tokai-mura, Japan 

-- A b s t r a c t  E f f e c t s  of i r r a d i a t i o n  of 510 keV Of i o n s  on t h i n  
f i l m s  of h igh-Tc  o x i d e  s u p e r c o n d u c t o r  Ba2YCu307-6 ( B Y C O )  
w e r e  i nves t iga t ed .  Inc rease  of c r i t i c a l  c u r r e n t  d e n s i t y  
b i r r a d i a t i o n  was o b s e r v e d  w i t h  a f l u e n c e  below 8.3 x 1 0  
0 / c m  , w h i l e  t h e  c r i t i c a l  t e m p e r a t u r e  ( T c )  d i d  n o t  change  
i n  t h i s  region. With a f luence  above 2.0 x 1OI2 O+/cm2, Tc  as 
we l l  a s  Jc decreased wi th  f luence ,  and t h e  superconduct iv i ty  
d isappeared  p e r f e c t l y  above 5.0 x 1013 O+/cm2. The d isappeared  
s u p e r c o n d u c t i v i t i e s  of t h e  spec imens  r e c o v e r e d  p a r t l y  b y  
annea l ing  a t  400 OC f o r  18 h i n  O2 flow. 

'":I 
Y 2  

INTRODUCTION 

I r r a d i a t i o n  e f f e c t s  of high-Tc oxide superconductor Ba2YCu307-6 (BYCO) 

a r e  one of t he  most important s u b j e c t s  t o  be s tud ied  t o  cons ider  i t s  

a p p l i c a t i o n  t o  energy conversion systems as well  as f i n e  process ing  of 

t h e  compound by high-energy p a r t i c l e  beams. Some experimental  r e s u l t s  

have been r epor t ed  on t h e  decrease  of c r i t i c a l  temperature (Tc)  and 

t h e  inc rease  of c r i t i c a l  c u r r e n t  d e n s i t y  (Jc)  obtained by VSM of BYCO 

due t o  i r r a d i a t i o n  of neut ron  and charged p a r t i c l e s .  The au tho r s  

a l s o  have been s tudying  t h e  i r r a d i a t i o n  e f f e c t s  of BYCO by a neutron 

r e a c t o r  and s o m e  a c c e l e r a t o r s  i n  t h e  Univers i ty  of Tokyo. I n  t h i s  

paper,  w e  w i l l  d e sc r ibe  some experimental  r e s u l t s  on the  changes of Tc 

and  J c  of BYCO t h i n  f i l m s  by t h e  i r r a d i a t i o n  of oxygen ions (O '+ )  

followed by thermal annealing. 

EXPERIMENTAL 

BYCO t h i n  f i l m s  used  i n  t h i s  s t u d y  w e r e  grown on  S rT iOj  (100)  

s u b s t r a t e s  by t h e  a c t i v a t e d  r e a c t i v e  evapora t ion  method from meta ls  of 

Y ,  Ba and  Cu a t  650 OC i n  O2 f l o w .  The c-axes of t hese  f i l m s  w e r e  
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o r i e n t e d  perpendicular  to  SrTi03(100) s u b s t r a t e s .  Before and a f t e r  ion  

i r r a d i a t i o n ,  temperature-dependent I - V  c h a r a c t e r i s t i c s  of t h e s e  f i l m s  

were measured wi th  30 Hz s i n e  wave cu r ren t .  I n  the  I - V  measurements, 

t h e  convent iona l  four-probe method was used and t h e  f i l m s  w e r e  e tched  

chemica l ly  i n t o  a p a t t e r n  of about 300 u m  i n  order t o  reduce t h e  t o t a l  

cu r ren t .  The va lues  of Jc w e r e  determined from t h e  t o p  va lues  of t h e  

s u p e r c u r r e n t s ,  which  were d e f i n e d  a s  v o l t a g e  v a l u e s  less t h a n  10 

U V / c m ,  and those  of Tc  were determined f r a n - t h e  tempera ture  a t  which 

t h e  c r i t i c a l  c u r r e n t  va lues  w e r e  l e s s  than  1 0 - 4 A .  For t h e  samples 

i r r a d i a t e d  heavi ly ,  r e s i s t i v i t i e s  were measured by four-probe method. 

Ion i r r a d i a t i o n  experiments were performed with a Van d e  Graaff 

a c c e l e r a t o r  a t  t h e  Univers i ty  of Tokyo. Ions of 510 keV 0' impinged on 

t h e s e  BYCO f i lms  a t  room temperature i n  a vacuum of 2.7 x 10-5Pa. Ion 

beam c u r r e n t s  was a b o u t  1 . 4  nA/cm2, which was chosen  t o  p r e v e n t  

s i g n i f i c a n t  hea t ing  of BYCO t h i n  f i lms .  Ion f luences  ranged from 2.8 x 

lo1' t o  1.1 x ions/cm2. For  ions  of 500 keV O', t h e  pene t r a t ion  

depth is es t imated  to be  540 nm, which i s  comparable t o  t h e  th i ckness  

of BYCO t h i n  f i l m s  used  i n  t h i s  e x p e r i m e n t .  T h e r e f o r e  r a d i a t i o n -  

induced d e f e c t s  d i s t r i b u t e  almost a l l  over t he  f i lms .  

RESULTS AND DISCUSSION ~- 
The changes of TC and J c  due t o  i r r a d i a t i o n  a r e  shown i n  Fig.1. In 

t h i s  f i g u r e ,  Jc / Jco  and Tc/Tc0 versus  i o n  f l uence  a r e  p l o t t e d ,  where 

Jco and Jc rep resen t  t h e  Jc va lues  be fo re  and a f t e r  i r r a d i a t i o n  a t  

T=0.95 T c o ,  and T c o  and  T c  r e p r e s e n t  Tc v a l u e s  b e f o r e  and  a f t e r  

I 1 1 I 

0: Tc/Tco  
A !  I / I  

+ I \ 

FIGURE 1 Change of Tc and Jc by 510 keV 0' i r r a d i a t i o n .  
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i r r a d i a t i o n ,  r e spec t ive ly .  As shown i n  t h i s  f i g u r e ,  both Jc and Tc 

w e r e  degraded a t  t h e  i r r a d i a t i o n  above 2.0 x 1 O I 2  ions/cm . On t h e  

o t h e r  hand, below t h i s  f l uence  t h e  Tc  value was n o t  a f f e c t e d  and t h e  

Jc va lue  was enhanced due t o  r a d i a t i o n  d e f e c t s ,  which a r e  cons idered  

t o  a c t  a s  pinning cen te r s .  Considering t h a t  atmospheric degrada t ion  

occurs  e a s i l y  i n  BYCO t h i n  f i l m s  and t h a t  r a d i a t i o n  damage of t h e  

g r a i n  boundary might degrade t r a n s p o r t  supe rcu r ren t s ,  t h e  observed 

enhancement of d i r e c t l y  measured Jc va lues  in  t h i s  experiment s t rong ly  

s u g g e s t s  t h a t  d e f e c t s  formed by i o n  i r r a d i a t i o n  a c t  a s  p i n n i n q  

c e n t e r s .  

2 

F i g u r e  2 shows t e m p e r a t u r e - d e p e n d e n t  J c  v a l u e s  of t h e  f i l m  

sub jec t ed  t o  a f luence  of 2.8 x 10l1 ion/cm . As shown i n  t h i s  f i g u r e ,  

Jc va lues  a f t e r  i r r a d i a t i o n  were enhanced i n  t h e  tempera ture  range 

inves t iga ted .The  Jc curve a f t e r  i r r a d i a t i o n  r o s e  s t e e p e r  than  t h a t  

be fo re  i r r a d i a t i o n .  In a l l  c a s e s  i n v e s t i g a t e d  f o r  Jc, t h e  Jc va lues  

were r ep resen ted  a s  

2 

J ~ = A (  1- ( T / T ~  1 ) 2, (1) 

where A is a parameter,  and only  t h e  value of A changed due t o  ion  

i r r a d i a t i o n  as r epor t ed  p r e v i ~ u s l y . ~  I n  t h e  f luence  range of t h i s  ion  

i r r a d i a t i o n  e x p e r i m e n t ,  r a d i a t i o n  damage had l i t t l e  e f f e c t  on Tc 

va lues ,  and i r r ad ia t ion - induced  d e f e c t s  can a c t  a s  p inning  c e n t e r s  t o  

enhance J c  va lues  below a f luence  of 2.0 x 1 O I 2  ions/cm2, while above 
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I68 TAKAYUKI TERAl ET AL. 

t h i s  f luence ,  Jc va lues  were degraded due t o  r a d i a t i o n  damage. 

On t h e  con t r a ry ,  i n  t h e  f luence  region of heavy- i r r ad ia t ion  above 

5.5 x ions/cm , superconduct iv i ty  p e r f e c t l y  disappeared. F igures  

3 and 4 show t h e  tempera ture  dependence of e l e c t r i c a l  r e s i s t a n c e  of 

BYCO specimens before  and a f t e r  i r r a d i a t i o n  with f luences  of 5.5 x 

ions/cm , r e spec t ive ly .  A s  shown i n  t h e s e  

f i g u r e s ,  t h e  tempera ture  dependence of t h e  r e s i s t a n c e  changed from 

m e t a l l i c  one t o  semiconductor-l ike one. Onset Tc  was r e t a i n e d  i n  the  

case  of such high f luences ,  and i t s  t r a c e  can been seen even wi th  a 

f luence  of 1.1 x ions/crn2. A s  is shown c l e a r l y  i n  Fig.3, two- 

s t e p s  drop  was observed on t h e  r e s i s t a n c e  with decreas ing  temperature.  

This  behavior sugges t s  t h e  coexis tence  of or tho- I  phase (Tc'WOK) and 

2 

2 ions/cm2 and 1.1 x 

250 
( a )  I I I I I I 

A A A A AAA A A A A A A A A A A A 

0 50 100 150 200 250 300 

T /  K 
400 I I I 1 I 

I I 

0 50 100 150 200 250 300 

F I G U R E  3 Temperature dependence of electrical r e s i s t a n c e , O  ; befo re  
i r r a d i a t i o n ,  A ; a f t e r  i r r a d i a t i o n  wi th  a f luence  of ( a )  5.5 x 10 1 3  

ions/cm , 0; a f t e r  annea l ing  ( l a tm 02, 
400 OC, 18 h ) .  
ions/cm2 and (b )  1.1 x 2 
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EFFECTS O F  ION IRRADIATION AND THERMAL ANNEALING ... 1 69 

Irradiation 1 Irradiation 

o r t h o - I 1  p h a s e  (TcQ60K). Oxygen i o n  i r r a d i a t i o n  knocked on  t h e  

s t r u c t u r a l  oxygen atom i n  t h e  c r y s t a l ,  which may caused t h e  e x i s t e n c e  

of ortho-11 phase. 

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

specimens recovered p a r t l y  by annea l ing  a t  400 OC f o r  1 8  h i n  O2 f l o w .  

A s  i s  shown i n  F i g .  3, t h e  t e m p e r a t u r e  dependence  of e l e c t r i c a l  

r e s i s t a n c e s  of t h e s e  spec imens  changed  by a n n e a l i n g  t o  be more 

m e t a l l i c  i n  normal cond i t ion  s t a t e ,  and t h e  va lues  of T c  could be 

observed. The va lues  of onse t ,  midpoint and end tempera tures  of Tc a r e  

summarized f o r  t h e s e  four  specimens be fo re  and a f t e r  heavy i r r a d i a t i o n  

and a f t e r  thermal annealing. 

Aririeal i n g  

TABLE I C r i t i c a l  t empera tures  of YBCO t h i n  f i l m s  be fo re  and a f t e r  
i r r a d i a t i o n  and a f t - e r  annea l ing .  

2 . 8  x l o i 3  

Fluence 
( ions/cm2) 

Tc (onset) 
Tc(midpoint1 
T c  (end) 

8 . 9  x 1013 
T c  (onse t )  
Tc(midpoint1 
Tc(end) 

1.1 x 1 0 1 4  Tc(midpoint1 
Tc(end) 

95 .0  K 1 88.0 K 1 78.0 K 
73.7  K 8 7 . 0  K I 78.3 K 

8 1 . 0  K 1 4 3 . 4  K , 6 7 . 4  K I 
.&- - _ _  ~ 

7 9 . 7  K 
8 1 . 6  K 5 5 . 1  K 

92.0  K 74.8 K 
8 5 . 3  K 2 2 . 5  K 
6 3 . 9  K 

___- 

5 9 . 0  K 
7 4 . 6  K 1 5 . 9  K 4 7 . 4  K 
6 9 . 5  K 2 9 . 4  K 

~ ~~ ~~ 
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