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Copper- and yttrium-rich modifications of the YBa.&&O,- , superconductors have been synthesized using a liquid nitrogen 
quench followed by annealing. In both types of cation-rich materials the starting material is highly disordered but upon annealing 
the extra copper or yttrium precipitates out in the form of planar defects normal to the c axis which on annealing at higher 
temperatures start to coarsen from single plane defects to multiple plane defects and become better ordered normal to the c axis. 
In all cases X-ray diffraction gives an average onhorhombic structure. The existence of these defects appears to have no effect 
upon the sharpness of the superconducting transition for specimens annealed zo 8OO”C, leads to a small broadenits of the tran- 
sitions in specimens annealed at 7OO”C, while the specimens annealed at 300°C show only a hint of superconducting behavior. 
This supports the view that these materials are one- or two-dimensional superconductors normal to the c axis with only a small 
contribution to the bulk superconductivity along the c axis 

1. Introduction 

From extensive phase diagram studies using pri- 
marily X-ray methods, e.g. [ 1,2], it is now well es- 
tablished that the superconductor YBa2Cu307-.T is a 
point compound. At the same time, there has also 
been a num’re; jf reports using high resolution elec- 
tron microscopy of planar defects containing either 
an extra plane of copper [3-91 and/or rare earths 
[ 10,ll .I. In particular, in our own work on the ga- 
dolinium superconductors [ 8,9], thin film materials 
[ 121 and in one grain of liquid nitrogen quenched 
YBa$u~O,-,v [8] these defects can be very com- 
mon, and by using a fast quench we have been able 
to produce trigonal phases with different metal atom 
ordering [ 8,131. Since X-ray diffraction techniques 
will as a rule be quite insensitive to the presence of 
planar defects, an unanswered question is whether 
such defects and cation non-stoichiometry in general 

exists undetected in many samples, and whether it 
plays a role in degrading the superconducting prop- 
erties either in the short or long term. For instance, 
additional copper or rare earth elements can be ex- 
pected in time to precipitate out and if they decorate 
grain boundaries could lead to long term degrada- 
tion of the current carrying capabilities or alter the 
mechanical properties making the boundaries more 
brittle. 

The exact source of the cation non-stoichiometry 
and planar defects is at present unclear. Van Ten- 
derloo and Amelinckx [ 51 and Zandbergen et al. [ 61 
have pointed out that copper-rich defects can occur 
in specimens left in air for several weeks which from 
our results [ 81 is due to leaching of the barium from 
the structure and similar defects can also occur due 
to mechanical deformation or ion beam damage [ 8 1. 
Although these processes are possible sources of the 
defect structures, it does not follow that the only way 
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that they can be formed is by a damage process. For 
instance, our original work [ 14] on the supercon- 
ductors indicated that order-disorder reactions were 
possible, and, reinforced by the observation of  tri- 
gonai phases [ 8,13], implies that cation disorder m~y 
have a more intrinsic source. 

In this paper we report a method of  preparing both 
copper-rich ztnd yttrium-rich supercond~.c~ors which 
explains the ,'ole of  additional cations i~ the per- 
ovskite superconductors; they are not simply arti- 
facts or due to damage but represen~ the early stages 
of precipitation of  excess of  either of  these cations, 

In both cases the extra metal forms planar defects 
normal to the c axis which show indications of  coar- 
sening and ord~,ring when annealed at higher tem- 
peratures, very similar to Guinier-Preston zones. The 
rr~aterials appear to follow what is in essence an age- 
hardening process, with the additional cations pre- 
cipitating out from a metastable solid solution as 
planar defects which can be several thousand ~ng- 
str6ms in length. Electrical measurements indicate 
that the superconducting transition is still very sharp 
even with a very high concentration of  these defects. 

Fig. I. High resolution images of YBazCu~:z: (a)  the as-qoench~l'material~ ( 6 )  aher annealing at 300°C; and ( c ) after annealing at 
700°C. 
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2. Experimental method Table I 

The starting point of the synthesis was to follow 
the standard firing/grinding procedure using com- 
positions Yl.lBa2Su307-x and YBa2Cu3.20,-, with 
an annealing temperature of 940°C and an initial 
tiring of 20 hours in air. (We have also used the same 
procedure for a composition of YBa&u307+ but 
to date have not been able to produce barium-rich 
phases; instead phase separation giving barium cop 
per oxide was observed.) The materials were then 
liquid nitrogen quenched and three different sam- 
ples were annealed in oxygen at 300°C for a week, 
700°C for 72 hours and 800°C for 48 hours, 
respectively. 

Average lattice parameters ds determined by X-ray masure- 
ments of the various annealed specimens. Note that from the X- 
ray data alone there is no way of determining that the materials 
contain numerous planar defects, or &at the orthorhombic 300°C 
annealed material is not a bulk superconductor, it is in fact the 
“most” orthorhombic material. 

Cu-rich 

Y-rich 

To characterize the specimens, both X-ray dif- 
fraction and high resolution electron microscopy were 
employed. For the X-ray work, a diffractometer with 
a Cu-K, source was used. For the high resolution 
electron microscopy specimens were prepared by very 
gentle grinding between two glass plates (to mini- 
mize mechanical deformation), mounted dry onto 
holey ca n films and then examined using a Hi- 
tachi I%9000 electron microscope operated at 300 
kV. In general, specimens were freshly prepared be- 
fore microscopy analysis to avoid problems with 
water vapor damage of old specimens. Image sim- 
ulations were performed using the NUMIS suite of 
programs on an Apollo workstation ring to cbarac- 
terize the materials. 

3. Results 

The as-quenched material (see fig. la) showed a 
highly defective structure with disorder of the c axis 
periodicity. Based upon our earlier studies of fast 
quenched materials [ 8,131 we can understand these 
results as due to a disordering of the metal atoms in 
the basic perovskite 3.8 A unit cell; at 940°C the tri- 
ple perovskite lattice is not well established but is only 
established on cooling. There may well be a solid so- 
lution range at higher temperatures where either (and 
p&ably both) additional copper and yttrium is dis- 
solved in the 123 phase. After annealing to 3OO”C, 
{see fig. lb), the triple perovskite ordering was es- 
tablished. X-ray measurements indicate that this 
material has an average orthorhombic composition 

(see table I). The high resolution results show that 
there is still substantial disorder with only limited 
ordered regions. As the material is annealed to higher 
temperatures (see fig, lc) the material becomes bet- 
ter ordered and planar defects extending several 
thousand 5ngstriims normal to the c axis are present 
as shown in fig. 2. This, and all the other electron 
microscope images herein show the typical structure 
of the material, rather than than found in only a few 
grains, and is not an artifact of mechanical defor- 
mation or other damage to the material. Analysis of 
the images (see fig. 3a) indicates that the copper 
planar defects have the same basic structure as re- 
ported elsewhere [ 7-9 JP which is shown in fig. 3b, 
with the two copper planes occurring predominantly 
in the basal plane between two barium sites (rather 
than between barium and yttrium) with a transla- 
tion vector between the two planes of either i [ 3011 
or i [a31 1. The excess yttrium is accommodated in 
a very similar fashion as shown in fig. 4a with the 
structure shown in fig. 4b. Although perhaps not 
completely apparent in the images shown, there is no 
danger of confusing the copper- and yttrium-rich de- 
fects; the latter show substantially higher contrast and 
occur at different positions with respect to the, ad- 
jacent perovskite framework. For the 800°C an- 
nealed copper specimens there are indications of 
coarsening leading to defects composed of three cop- 
per planes as shown in fig. 5. Although we cannot 
rigorously prove this interpretation from the image 
contrast, both the spacing, contrast level and the abL 
sence of single plane copper defects in the region of 
these larger defect structures support this interpre- 

Annealing 
temperature 

a (A) b (A, c 6) 

,300 3.82 I 3.885 11.675 
700 3.833 3.880 11.644 
800 3.835 3.885 11.659 

800 3.828 3.884 Il.655 



Fig, 2. L ~ '  mag~ifseatio~ imagg of~he cocker-rich material annealed to 800°C, The image shows a typical region containing numerous 
copper-rich defects running across the figure. The ¢lancs are continuous over at least several thousand tlngstr6ms. 
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Fig. 3. High resolution image (a) and structure model (b) of the copper-rich defects taken from the 800°C annealed specimen with a 
calculated image inset. The image contrast correlates well with that reported elsewhere [7-9]. 
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I? : . .  A W-L #a\ with imae &&tjmw (inset4 and struature model (b) for the yttrium-rich defects. 
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Fig. 6. Resistivity meawrements: (a) 300°C annealed specimen, 
(b) 700°C annealed specimen, and (c) 800°C annealed specimen. 

tation. The density of the copper- or yttrium-rich 
planes was consistent with the initial starting com- 
position, and the total excess cation concentration 
appeared to remain essentially constant during the 
annealing. However, we cannot completely rule out 
the possibility that a small fraction of the excess cat- 
ions has phase separated, but we can defmitely state 
that the majority of the excess cations have not. For 
instance, in the case of the yttrium-rich material, 
substantial quantities of the green phase 
( Yb2BaCu0,) were not apparent in either X-ray or 
electron diffraction patterns, and the material was 
primarily “single phase” Y, . , Ba2Cu307--x. 

In many respects the most surprising result was the 
width of the superconducting transition using four 
point resistance measurements on fresh pellets which 
is shown in f;,g. 6. For the 300°C anneal the material 
is almost completely semiconducting, with only a 
small indication of a superconducting transition 
around 90 K, while the 700°C samples show a small 
tail and in the 800°C samples the transition is very 
sharp. Experiments to analyze in more detail the su- 
perconducting properties from Meissner measure- 
ments are in progress which may reveal more 
information. 

4. Discussion 

One clear conclusion from this work is that copper 
and/or yttrium planar defects may be very common 
in the YBa2Cu30,-, superconducting system, and 
may well be a source of systematic errors in property 
measurements. For instance, we feel that the con- 
clusions of experiments where other elements have 
been substituted into the superconductors, e.g. ref. 
[ 151, have to be considered as suspect since it is not 
clear that these elements have in fact replaced the 
copper; they may be present as planar defects or even 
precipitates and it does not appear that this has been 
tested. The fact that annealing at 800°C for 48 hours 
does not eliminate (by phase separation) the excess 
metal explains their quite common observation by 
high resolution electron microscopy. The surprising 
result that we see no change in the superconducting 
transition width for the 800°C specimens implies that, 
the superconduction is quite strongly localized nor- 
mal to the c axis, and is not effected by the existence 
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of disruptions to the lattice 10 or 20 A away. The 
quenching of the transition in the 3OW.Z samples in- 
dicates that disrupting the ordering normal to the c 
axis strongly effects the bulk superconductivity, al- 
though there may be small superconducting domains 
which are electrically disconnected. Fnrther expeni- 
ments to explore this and, among other properties, 
the mechanical characteristics of these materials are 
in progress. 
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