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A b s t r a c t  

t t igh r e s o l u 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 y  (tIRTt,IM) and  d i f f r a c t i o n  
t echn iques  were  used to charac te r ize  '['12Ba2CuO 6 specimens  p r epa red  using a \ a r i e t y  of 
new syn the t ic  paths.  Thus the degree  of crys ta l l ine  perfec t ion ,  at a tomic resolut ion,  of 
the te t ragonal  phase, which usual ly  has a supe rconduc t ing  t ransi t ion in the range 0-9OK, 
could be charac te r ized  and  compared  with that  of the o r tho rhombic  phase. 

Excellent qua l i ty  TI;,Ba~CuO 6 crystals ,  with Tc = 92K, were  ob ta ined  u n d e r  high 
pressure  of argon to minimize Tl-loss. In the best quali ty material  there  were no ex tended  
defects.  The appl ica t ion of compu te r - s imu la t ion  and  image-match ing  techn iques  al lowed 
the CuO 2 layers  of the s t ruc tu re  to be located on the ttRTEM images, tligh-Tc mater ia ls  
showed  typ ica l ly  pe r f ec t  o r d e r  for  the  CuO 2 and  a d j a c e n t  Ba-() shee ts  : for  non- 
s u p e r c o n d u c t i n g  o r t h o r h o m b i c  crystals  f luc tua t ions  of image in tens i ty  and  contras t  for 
the Cu()2 sheets  were  observed.  It is sugges ted  tha t  such f luctuat ions ,  associa ted  with 
va r i a t ions  of T1 o c c u p a n c y ,  i nc lud ing  vacanc ies  a n d / o r  Cu subs t i tu t ing  for TI, are  
responsible  for the xariabil i ty of Tc exhibi ted by this cupra te  material .  

1. I n t r o d u c t i o n  

T12Ba2Cu() 6 (so ('ailed "2201") is one 
of the  more  puzz l ing  m e m b e r s  of the  
c u p r a t e  f a m i l y  of  s u p e r c o n d u c t o r s .  
Dif ferent  samples  of this c o m p o u n d  may 
haxe Tc ranging from 0 to 90K whilst t he )  
a p p e a r  \ i r t u a l l y  i s o s t r u c t u r a l  a c c o r d i n g  
to X-Ray and  n e u t r on  powder  d i f f rac t ion  
ana lyses  [1,2]. It is r e p o r t e d  tha t  2201 
c r y s t a l s  m a y  be t e t r a g o n a l  o r  
o r t h o r h o m b i c ;  some au tho r s  r epor t  only  
t e t r agona l  c rys ta l s  are  s u p e r c o n d u c t i n g  
[ l , 2 [ .  T h e r e  has  been  c o n s i d e r a b l e  
inconc lus ixe  d iscuss ion in the l i t e r a tu r e  
c o n c e r n i n g  the  role of Tl-vacancies ,  Cu 
s u b s t i t u t i o n  fo r  TI, a n d  o x y g e n  
s t o i c h i o m e t r y ,  as well  as v a l e n c e  

f luc tua t ions  in d e t e r m i n i n g  the de ta i l ed  
c h a r a c t e r i s t i c s  of  the  s u p e r c o n d u c t i n g  
transit ion : see for example [3,41. 

The purposes  of the p resen t  work 
were firstly to character ize ,  up to a tomic 
r e s o l u t i o n ,  t he  s t r u c t u r a l  f e a t u r e s  of 
'F12Ba2CuO 6 phases  p r e p a r e d  by d i f f e ren t  
s y n t h e t i c  r o u t e s  a n d  t h e r e b y  gu ide  
i m p r o v e m e n t s  in p repa ra t ion  techniques .  
Secondly ,  one  a t t e m p t s  to answer  the  
ques t ion  what  is the basis for the great  
xar iabi l i ty  of Tc(O-90K) exhibi ted  by the 
te t ragonal  phase  of this material .  

2. E x p e r i m e n t a l  

( ) r t h o r h o m b i c  a n d  t e t r a g o n a l  
specimens  of "T12Ba2CuO6" were suppl ied 
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by" 1.1- ,Jorda  (Phys ico-Chimie  Min~rale 1I, 
l~yon) a n d  C. O p a g i s t e  (CENG, 
Grenoble)[5 ,6] .  All had  been  cha rac t e r i zed  
p r e v i o u s l y  by  m e t a l l o g r a p h i c  e x a m i n a -  
t i o n ,  X-Ray  p o w d e r  d i f f r a c t i o n ,  
m i c r o p r o b e  a n a l y s i s ,  p l a s m a  e m i s s i o n  
s p e c t r o s c o p y  a n d  m a g n e t i c  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 u r t h e r  d e t a i l s  a r e  
available in refs 15,6]. 

E l ec t ron  m i c r o s c o p i c  o b s e r v a t i o n s  
were m a d e  us ing  a JEOI,-200CX i n s t r u m e n t  
o p e r a t i n g  at 200 kV. The  ob jec t ive  lens  
pole  p ieces  a l lowed  i n t e r p r e t a b l e  a tomic  
r e s o l u t i o n  of 0 . 2 3 n m  to be a c h i e v e d  for  
very  th in  crysta ls  (say _< 10rim), p r e p a r e d  
by c r u s h i n g .  

3. Resu l t s  

(a) 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 ample s  h e a t e d  u n d e r  o x y g e n  f low at  
63()°C for 24h, fo l lowed by 20ran at 840°C, 
exh ib i ted  m e a n  grain  size of u p  to ().5~m, 
b u t  m a n y  areas showed  poor ly  crysta l l ized 
reg ions  on  the  scale of  5 0 - 1 0 0 n m .  T h e y  
c o n t a i n e d  a h igh  d e n s i t y  of  defects ,  such  
as d i s loca t ions ,  twin  l amel lae  a n d  m i n o r  
phases  such  as 1223 a n d  t h a l l i u m  oxide; 
T1203 , T12CuO S was i nd i ca t ed  by XRI) bu t  
was no t  i den t i f i ed  by e lec t ron  d i f f rac t ion .  
Some a m o r p h o u s  a n d  p o o r l y  c rys t a l l i ne  
mate r ia l  also occu r r ed .  

F u r t h e r  a n n e a l i n g  of  th is  s t a r t i n g  
mate r i a l  u n d e r  h igh  p r e s s u r e  (100 bar  of  
oxygen  or  a rgon)  at a b o u t  9()()~C led  to 
re la t ively '  l a rge  c rys t a l s  ( 2 0 - 5 0 ~ m  in 
l e n g t h )  fo r  b o t h  o r t h o r h o m b i c  ( u n d e r  
o x ygen )  a n d  t e t r a g o n a l  ( u n d e r  a r g o n )  
phases .  Small  f lakes of  poo r ly  c rys ta l l ine  
T1203 or  T12CuO S were  f o u n d  ( ra re ly )  
a t t a c h e d  to the  sur face  of  the  t e t r a g o n a l  
p h a s e .  T h e s e  m o s t  p r o b a b l y  f o r m e d  
b e t w e e n  2201 crys ta l l i tes .  The  d e g r e e  of  
c r y s t a l l i n e  p e r f e c t i o n  of  t h e s e  h i g h  
p r e s s u r e  p r e p a r a t i o n s  was  s t u n n i n g ,  
c o m p a r e d  to the  mater ia l  ob ta ined  at l a tm .  

(by E l e c t r o n  d i f f r a c t i o n .  F igures  l a,b 
c o m p a r e  [100] zone  d i f f r ac t i on  p a t t e r n s  
for the  1 a tm and  100 bar  p r e p a r a t i o n s  of 
t h e  o r t h o r h o m b i c  p h a s e  r e spec t i ve ly ' .  
Note the  relatively" s h a r p  spo ts  o b t a i n e d  
for the  100 bar  p r e p a r a t i o n ,  ind ica t ive  of  

the  h i g h e r  d e g r e e  of  c ry s t a l l i ne  o r d e r .  
The re  is a p p a r e n t l y  a small  dec rease  in 
the  ra t io  c / a  for the  o r d e r e d  sample ,  with 
v i r tua l ly  no c h a n g e  in the  a p a r a m e t e r .  
F u r t h e r m o r e  t h e  100 ba r  p r e p a r a t i o n  
s h o w e d  a p r o n o u n c e d  s u p e r s t r u c t u r e  
( e n l a r g e m e n t  Fig. l ( b ) )  w i t h  wel l -  
r e so lved  spots  a long <015> d i rec t ions  and  
per iod ic i ty  of  approx.  1.64 n m  (of t tewat  et 
al 171). Ch)se i n s p e c t i o n  of  Fig. l (a)  (see 
e n l a r g e m e n t )  shows  v e r y  d i f fu se  spo t s  
h a v i n g  a p p r o x i m a t e l y  the  same  geomet ry ,  
which  m a y  be c o n s i d e r e d  as of t he  same  
n a t u r e  as Fig. l (b)  bu t  the  s u p e r s t r u c t u r e  
o r d e r i n g  m u s t  be sho r t - r ange  r a t h e r  t h a n  
long- range ,  t lewat  et al [7] p r o p o s e d  this 
s u p e r - s t r u c t u r e  m a y  be d u e  to I"1 a n d  
o x y g e n  vacanc ie s .  C o n s i d e r a t i o n  of  the  
m o r e  r e c e n t  s t r u c t u r a l  s t u d i e s  o f  
Sh imakawa  et  al [11 and  Kolecnikov et al 
[31 sugges t  tha t  o rde r ing  of  Cu subs t i t u t ed  
for TI sites may  be involved.  

(c) tJAgh resolut ion_ 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 : .  F i g u r e s  2 ( a , b )  c o m p a r e  
t yp i ca l  IIRTEM images  ¢)f o r t h o r h o m b i c  
a n d  t e t r a g o n a l  p r e p a r a t i o n s  r e spec t ive ly .  
The  d e g r e e  o f  c r y s t a l l i n e  o r d e r  a n d  
p e r f e c t i o n  was  q u i t e  r e m a r k a b l e ,  
c o m p a r e d  wi th  ea r l i e r  p r e p a r a t i o n s  at 1 
atm. Vir tual ly  no e x t e n d e d  defects  such  as 
i n t e r g r o w t h  o f  a d j a c e n t  p h a s e s ,  
d i s loca t ions  o r  twin b o u n d a r i e s  cou l d  be 
f o u n d .  Smal l  t r a c e s  of  a m o r p h o u s  or  
p o o r l y  c rys t a l l i ne  ma t e r i a l s  were  f o u n d ,  
on ly  ra re ly ,  a p p a r e n t l y  a t t a c h e d  to the  
s u r f a c e  o f  t e t r a g o n a l  p h a s e  c r y s t a l s .  
P r e s u m a b l y "  t h i s  w a s  o r i g i n a l l y  
i n t e r g r a n u l a r .  

P e r h a p s  n o t  s u r p r i s i n g l y  t h e r e  
we re  no  gross  d i f f e r e n c e s  b e t w e e n  t he  
s t r u c t u r e  images  of  the  two phases ,  s ince 
t h e  a t o m i c  c o o r d i n a t e s  a n d  s i t e  
o c c u p a n c i e s  a r e  n o t  s i g n i f i c a n t l y  
d i f f e r e n t .  C o m p u t e r  s i m u l a t i o n s  of  t h e  
ttRTEM i m a g e s  were  a c h i e v e d  for  b o t h  
phases  w i t h o u t  d i f f icu l ty  u s ing  p u b l i s h e d  
c r y s t a l l o g r a p h i c  d a t a  [1,3] .  S i m u l a t e d  
i m a g e s  a re  i n s e t  in F igures  2 (a ,b) .  
C o m p a r i s o n  o f  i m a g e s  s i m u l a t e d  for  
var ious  (T1/Cu) site occupanc ies  on the  T1 
sites,  i n c l u d i n g  v a c a n t  sites, s h o w e d  no 
r e m a r k a b l e  d i f f e r e n c e s  if  t h e  t o t a l  
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o c c u p a n c y  was un i t}  ; howexe r  the  10% 
Tl -vacancy  s imu la t ions  were  m a r g i n a l l y  
d i f ferent  from TI + Cu = 1.(), but only for 
\ e r y  specif ic  s p e c i m e n  th i cknesses  and  
objectixe lens defoci.  We do not  cons ider  
the  d i f f e r e n c e  be tween  TI v a c a n c y  and  
Tl /Cu  s u b s t i t u t i o n  m a y  be d e t e r m i n e d  
absolutely at the present  stage of analysis. 

'['he c o m p u t e r  s imulat ions  did allow 
the  Cu())  shee t s  to be i d e n t i f i e d  as 
i n d i c a t e d  by a r r o w s  in Figs. 2(a ,b) .  
F u r t h e r m o r e  careful  inspecl ion of the two 
sets of  images,  for the  o p t i m u m  defocus  
c()ndition ( - 4 5  nm) leaves the quali tat ixe 
i m p r e s s i o n  t h a t ,  if t h e r e  is a n y  
s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  t h e  
images of the two phases, it concerns  only 
the per fec t ion  of i n d i \ i d u a l  Cu()2 sheets,  
and  pe rhaps  the  ad jacen t  Ba() layers.  A 
s t r u c t u r a l  d r a w i n g  is g i v e n  fo r  
c o n x e n i e n c e  as l:igure 2(c). F luctuat ions  
of intensity' and  image detail  occur  more  
f r e q u e n t l y  for the  ()r th()rh()mbi(  phase  
(l:ig. 2(a)) than  for the te t ragonal  phase 
(l:ig. 2(b)) .  

4. D i s c u s s i o n  

()ne may conc lude  that  the presence 
of va ry ing  dens i t i es  of small defec ts  in 
the  CuO 2 sheets,  such as coppe r  a n d / o r  
ox}gen xacancies,  would  cer ta in ly  lead to 
\ a r i a b l e  To. l :ur ther  a t t empt s  to resolve 
this  issue are  p r o c e e d i n g ,  tlRTEbl and  
e lec t ron  d i f f rac t ion  may  be expec ted  to 
play a direct  role in this s tudy since it has 
the capabi l i ty  to reveal  local t ]uctuat ions  
in sho r t - r ange  o rde r ing  within the Cu()2 
shee t s .  I tRTI!M images  for  the  [1l()1 
t e t r a g o n a l  zone  axis m a y  revea l  the  
s t r u c t u r a l  or ig in  of  the  s u p e r s t r u c t u r e  
spots shown in Figs. 2(a,b). 

()n t h i n k i n g  a b o u t  the  c r y s t a l  
c h e m i s t r y  of this phase  we p ropose  the 
following. Assume tha t  it is necessa ry  to 
r ep lace  some TI by Cu ions a n d / o r  Tl 
\ ' a c a n c i e s  in o r d e r  to i n d u c e  the  
s u p e r c o n d u c t i n g  phase  t rans i t ion  11,3,51. 
Fur ther  assume that  the TI-O layer  cannot  
form without  ~ 5% Tl replaced by" Cu ; this 
may  be r e q u i r e d  in o r d e r  to r educe  the  

mean TI-() in t ra layer  bond length so that  
the T1-O layers remain  cohe ren t  with the 
adjacent  Ba-() and  Cu-() layers. Now assume 
o n e  m a y  p r e p a r e  a p h a s e  wi th  
s to i ch iomet ry  (Tll .90,  Cuo. 10) Ba2Cu0.90 
()()_+x, where  10% of the Cu sites are vacant  
on t h e  Cu()2 shee t s .  'Fhis m a y  be 
charac te r i s t ic  of the o r t h o r h o m b i c  phase, 
wh ich  w o u l d  c e r t a i n l y  not  h a v e  a 
s u p e r c o n d u c t i n g  phase  t r ans i t ion  due  to 
imper fec t ion  of the Cu()2 sheets.  Fur ther  
a s sume one may  then  p r e p a r e  a phase  
wi th  s t o i c h i o m e t r y  (TI1 .90,  CuO.lO) 
Ba2Cul.0()()+x, having fully o r d e r e d  and 
o c c u p i e d  Cu() 2 shee t s .  This  m a y  be 
expec ted  to c o r r e s p o n d  to the te t ragonal  
phase, which has a supe rconduc t ing  Tc of 
92K and  reduced  TI/Cu ratio. Note that  the 
precise oxygen stoichi()metry will d e p e n d  
on the valence of both T1 and Cu ; both are 
e x p e c t e d  t() exh ib i t  va r i ab l e  v a l e n c y ,  
d e p e n d e n t  on t e m p e r a l u r e  and  partial  
p ressure  of ox)gen  dur ing  prepara t ion .  

Clearly it is necessa ry  1o p roduce  
sy s t ema t i ca l l y  a set of spec imens  with 
carefu l ly  con t ro l l ed  TI/Cu ratios and  site 
occupanc ies  as well as con t ro l l ed  oxygen 
s to ich iomel ry .  Then perhaps  the puzzl ing 
variat ions of Tc exhibi ted by "'l'l)ga-?CuO0" 
may be bet ter  unders tood.  
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F igure  1. E l ec t ron  d i f f r ac t ion  p a t t e r n s  (wi th  e n l a r g e m e n t s  s h o w i n g  
supers t ruc ture  spots) obtained in the [100] zone from the latm (a) and 100 
bars (b) preparat ions  of the or thorhombic  phase 

Cu 

Figure 2. HRTEM images of the or thorhombic  (a) and tetragonal (b) 100 bar 
prepara t ions .  Insets are s imula ted  images (parameters  being : aber ra t ion  
coefficient Cs = 0.85, defocus spread 10nm, beam semi-convergence 1.0 mrad, 
objective lens defocus -4Snm, specimen thickness 2.3nm). The projected unit 
cells are outl ined.  


