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The arrangement of the oxygen atoms in high temperature superconductors is known to be critical to their properties. High 
resolution electron microscope imaging (HREM) accompanied by computer simulations has been anticipated to reveal the 
oxygen vacancies in the basal plane. Although images of sufficient resolution have been reported by many authors, the [100] 
and [010] projections have not been differentiated experimentally. We confirm here that they are clearly different using a 
specimen which contains a coherent grain boundary with (100), (001) in one grain parallel to (001), (010) in the second. 
Unfortunately we find that it is not possible to clearly answer the more important question of the oxygen content at the grain 
boundary. 

1. Introduction 

It is now well established that oxygen vacancies 
play a critical role in the superconductivity of the 
materials M B a z C u 3 0 7 _  x, where M is a rare-earth 
element and the oxygen deficiency can range from 
0 to 1; when x > 0.5 the materials are tetragonal 
and semiconducting, but when x < 0.5 they are, as 
a rule, superconducting. A question that arose 
very early in HREM studies of these materials is 
whether the oxygen vacancies, which are localized 
in the copper-oxygen basal plane, could be de- 
tected. Several authors have mentioned the possi- 
bility of detecting the oxygen vacancies by HREM 
on the basis of image simulations (e.g., refs. [1,2]), 
but Gibson [3] has raised the ever worrying issue 
of how well we can interpret experimental images 
using calculations where there may be experimen- 
tal ambiguities. To date most HREM analyses 
have skipped the somewhat tricky issue (e.g., refs. 
[4-10]). 

We have recently been studying the high T c 
superconductor GdBa2Cu3Ov_x, in this material 
focusing primarily on copper-rich planar defects 
[9,10]. In this sample we found, by chance, a 
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coherent grain boundary with the two grains on 
either side oriented along [100] and [010]. This 
presents the "ideal" specimen where we can pre- 
cisely compare the two zones for identical thick- 
nesses and defoci without most of the uncertain- 
ties common to HREM. We conclude from our 
analysis that we can definitely differentiate be- 
tween the two. What we cannot as yet do, unfor- 
tunately, is determine the oxygen content at the 
grain boundary in sufficient detail to permit mod- 
eling of its electrical characteristics. 

2. Experimental method 

A sample of composition GdBa 2 C u 3 0 7  - x (see 
ref. [10] for details), prepared by the solid state 
reaction of hyperpure gadolinium oxide, barium 
oxide and cupric oxide, was crushed gently by two 
glass plates to prevent mechanical deformation. 
The specimens were then mounted on holey carbon 
films and examined in a Hitachi H-9000 operated 
at 300 kV with a spatial resolution of better than 
0.18 nm. Image simulations using the NUMIS 
programs written at Northwestern University were 
carried out on an Apollo 660 workstation. The 
lattice parameters of the bulk specimen were mea- 
sured by the X-ray powder diffraction method and 

0304-3991/89/$03.50 © Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 



186 H. Shibahara el al. / F~ngert~rin[ oj o.D'~en I,acancie.v in (;d vupe'rconeluc[or.~ 

Fig. 1. (a) Image showing two grains with the c-axes normal to each other connected by a coherent grain boundary; note the 
difference in the image contrast in the thin regions near the surface. (b) Selected area diffraction pattern from the same region with 

enlargements of spots P and Q. In (a) some spurious fine detail is due to moire} fringes from the screen printing. 
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Fig. 2. Diagram of the atomic arrangement on the basal plane. 
Note two kinds of chains of Cu O along the a-axis and Cu-O 

vacancies along the b-axis. 

ref ined by a leas t -squares  me thod  using an inter-  
nal NBS Si s t anda rd  - see ref. [10]. 

3. Results 

Fig. l a  shows an image of  two adjacent  grains 
with the c-axes normal  to each other,  the zone 
axes being [100] and [010], with the selected area  
electron d i f f rac t ion  pa t t e rn  which indicates  the 
or ien ta t ions  of the two grains  shown in Figure  l b .  
Theoret ical ly ,  such a coherent  gra in  b o u n d a r y  or 
twin indicates  a d i so rde r -o rde r  t r ans format ion  
f rom a cubic  perovski te  at high t empera tu re  to an 
o r t ho rhombic  s t ructure  at lower t empera tu re  as 
for Y B a 2 C u 3 0  7 [4]. The or ien ta t ion  domains  will 
arise due to the loss of the 3-fold symmet ry  of the 
cubic  perovski te  [11]. 

It should be not iced  that  even in very thin 
regions a slight difference in the image cont ras t  
can be detected,  for example  the areas A and B of 

fig. la .  The  en largements  of the d i f f rac t ion  spots  P 
and Q in fig. l b  a long [100] and [010] shows the 
expected split t ing. F r o m  the d i f f rac t ion  pa t t e rn  of 
fig. l b  the ra t io  a long two axes of c / 3  to a and 
c / 3  to b were measured  to be 1.016 and  1.002 
respectively,  which is close to the ca lcula ted  values 
of  1.013 and 1.001 respectively,  based  upon  the 
results of  X-ray  d i f f rac t ion  [10]. The coherent  
b o u n d a r y  be tween the two gra ins  can be con-  
s idered as a twin b o u n d a r y  (a lbei t  wi thout  a mir-  
ror p lane  symmetry) ,  and  the spl i t t ing  of the dif- 
f ract ion spots  at P can be in te rpre ted  as the result  
of  this twinning.  A schemat ic  d i ag ram of the 
a tomic  a r rangement  of the basa l  p lane  der ived 
from X-ray  powder  d i f f rac t ion  is shown in fig. 2 
for reference. 

O urma z d  and  Spence [1] and  Huxfo rd  et al. [2] 
repor ted  that  the di f ference in image  cont ras t  be- 
tween [100] and [010] p ro jec t ions  can only  be 
observed in thicker  regions,  for example  in the 
Y-based  compound ,  thicker than 10nm. However ,  
fig. l a  shows appa ren t ly  di f ferent  cont ras t  in the 
two regions A and B. In o rder  to discuss this, the 
change in ampl i tude  of  several  of the main  waves 
as a funct ion of the spec imen thickness is shown 
in fig. 3. This indicates  that  even at small  thick- 
nesses it should  be poss ible  to d i sc r imina te  be- 
tween the two projec t ions ;  for instance,  the (002) 
beam is far s t ronger  for the [010] o r ien ta t ion  where 
there is also an ext inc t ion  of  the (003) ref lect ion at 
abou t  3.7 nm as arrowed.  Ca lcu la t ions  were car-  
r ied out  a round  the po ten t ia l ly  good  thickness of 
3.7 nm, for C~ = 0.9 mm, an accelera t ing  vol tage of 
300 kV, a focal spread  of 8 nm and a convergence  
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Fig. 3. Amplitude of the main diffracted beams as a function of thickness for the [100] and [010] projections. The arrow in (b) 

indicates the thickness of 3.7 nm used for the calculations in figs. 4, 5b and 6. 
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Fig. 4. Through-focus images for [100] and [010], taken from the regions A and B in fig. la. Inset are the calculated images for 
thickness of 3.7 nm, C~ = 0.9 mm, 300 kV, focal spread of 8 nm and convergence of 1.0 mrad. In the images along [010] (d, e and f), 

the basal plane appears substantially lighter. 

o f  1.0 m r a d .  H u x f o r d  et  al. [2] p o i n t e d  o u t  t h a t  the  

D e b y e - W a l l e r  f a c t o r s  c a n  h a v e  a n  e f fec t  o n  the  

images .  H o w e v e r ,  a t  t he  t h i c k n e s s e s  u sed  he re  we 

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

t e m p e r a t u r e  f ac to r s  t h a t  th i s  was  no t  i m p o r t a n t .  
Fig. 4 s h o w s  a c o m p a r i s o n  of  o b s e r v e d  a n d  c a l c u -  

l a t ed  images ,  w i t h  fa i r ly  g o o d  a g r e e m e n t  w i t h  the  

e x p e r i m e n t a l  resul t s .  (Figs .  4d - -4 f  a re  r o t a t e d  by  
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90 o for comparison.) Apparent  in figs. 4d, 4e and 
4f is bright contrast indicated by arrows in the 
basal plane for the [010] direction which is a fairly 
clear-cut characteristic of this zone. 

Assuming that the boundary between the two 
grains is almost parallel to the incident electron 
beam and that the two grains are completely 
coherent (i.e. neglecting the local strain field), the 
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Fig. 5. (a) Structure model of the coherent grain boundary; arrows indicate possible positions of oxygen atoms in the grain boundary. 
(b) Calculated results for three different occupancies of the oxygen sites: on the left full occupancy of sites 1 and 3 as marked in the 
figure and 0.6 occupancy of site 2; in the center full occupancy of all three sites and on the right no occupancy of any of the sites; the 

image contrast was not substantially affected by the oxygen atoms in the boundary layer. 
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Fig. 6. Through-focus images of the coherent grain boundary taken from the region marked C in fig. la. Calculated results on the 
basis of the structure model in fig. 5a are inset. 

atomic arrangement of the cations at the boundary 
marked C in fig. la can be deduced from the 
images without any difficulty. A structure model 

for the grain boundary is shown in fig. 5a. In 
order to examine the arrangement of the oxygen 
atoms in the boundary, image calculations were 
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carried out for several structure models which 
differ in the oxygen occupancies in the boundary 
layer at the sites 1-3 marked in fig. 5a. Fig. 5b 
shows the calculated results for a thickness of 3.7 
nm, defocus values of -140 ,  -100 ,  - 6 0  and 
- 2 0  nm with varying oxygen content in the 
boundary. In fig. 5b there was no clear difference 
in the calculated image contrast as a function of 
the oxygen content. Experimental through-focus 
images of the grain boundary corresponding to the 
region of the framework of C in fig. la  are shown 
in fig. 6 together with the calculated images for 
defoci of - 75, - 70 and - 60 nm. 

5. Conclusions 

Using a coherent grain boundary we have ex- 
perimentally demonstrated that the [100] and [010] 
projections of GdBazCu30 7 x can be differenti- 
ated. The cation positions at the grain boundary 
can be determined by careful comparison with 
image simulations, but the oxygen occupancy could 
not be. 
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due to such phenomena in the future. 
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