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Study of the orthorombic high-Tc¢ superconductor YBa,Cu,0,., was carried out by electron micros-
copy in an attempt to understand the influence of its non-stoichiometry on its superconducting proper-
ties. Observed and calculated high-resolution images of regular crystals of YBa,CU;0; were acquired
in four favorable orientations. Most crystals exhibit numerous domains which can be identified as
either twinning domains or oriented domains. Both phenomena are interpreted in terms of change in
the orientation of the CuQO, groups; different models are proposed. Misorientation between thin ori-

ented domains is a typical feature, besides strains and moiré patterns.

Introduction

Following the first reports of supercon-
ductivity in the Y-Ba-Cu-0 system (I, 2),
the high-Tc¢ superconductor YBa,Cu;0s-,
was recently isolated almost simulta-
neously by two groups (3, 4). X-ray diffrac-
tion on single crystals (5-7) and neutron
powder diffraction (8—10) techniques led to
different conclusions. Both methods have
shown that this orthorhombic oxide can be
described as an ordered oxygen-deficient
perovskite in which one yttrium plane alter-
nates with two barium planes; from the
neutron diffraction study, it is now clear
that this structure is built up from triple lay-
ers of corner-sharing CuOs pyramids and
CuO, square planar groups whose cohesion
is ensured by yttrium ions (Fig. 1). The X-
ray diffraction study led to a slightly differ-
ent arrangement of the oxygen atoms (5),
involving a ‘‘semi-ordered’’ distribution of
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oxygen vacancies. This different character-
ization can be explained by twinning of the
crystals investigated by X-ray diffraction.
From these results it appears that this
orthorhombic superconducting phase can
be formulated YBa,Cu;07-,. In spite of the
rather low value of &, the deviation of the
oxygen content from ideal stoichiometry
may have a drastic effect on the supercon-
ducting properties of those materials. Con-
sequently, the investigation of defects by
high-resolution electron microscopy is ab-
solutely necessary to characterize super-
conductivity in this oxide. A study of the
HREM images of the ‘‘perfect’’ ordered
perovskite is necessary to investigate and
interpret the defects. The first part of our
work deals with the study of observed and
calculated HREM images and with the
investigation of regular crystals of
““YBa,Cu;05.”> The problem of twins and
domains is also studied. The study of the
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FiG. 1. Perspective view of the structure of YBa,
Cll307.

defects in this oxide will be the purpose of a
subsequent paper.

Experimental

The orthorhombic superconducting ox-
ide YBa;Cus0,., was prepared according
to a technique previously described (3):
synthesis from a mixture of ultrapure ox-
ides Y,0; and CuQ and barium carbonate at
1050°C in air and sintering at 950°C, fol-
lowed by a slow decrease of the tempera-
ture (18°C/hr) under oxygen. The observed
superconducting transition temperature
was 92 K. The sample exhibits a pure
orthorhombic phase with

a = 3.8206(DA b = 3.8851(1)A
c = 11.675(4)A
The material was prepared for examination

in the microscope by grinding under alcohol
in an agate mortar and mounted on holey
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carbon-coated grids. The electron diffrac-
tion study and the first investigation of sam-
ple homogeneity were carried out on a JEM
120CX fitted with a side-entry goniometer
(x60°). The high-resolution electron mi-
croscopy images were recorded with a JEM
200CX, fitted with a top-entry goniometer
providing a =10° tilt about two axes. The
spherical aberration constant of the objec-
tive lens was C, = 0.8 mm and the objective
aperture radius was 0.47 A-! and 0.82 A-!
in reciprocal space. Astigmatism was cor-
rected by observing the granularity of the
carbon film, and micrographs were re-
corded at magnification in the range
550,000-710,000% . Simulated images were
calculated using the multislice method and
computer programs written by Skarnulis et
al. (11).

Results

The reciprocal lattice of numerous crys-
tals was constructed to test for homogene-
ity of the sample, thus confirming the
orthorhombic symmetry, without any re-
flection condition, of all microcrystals. The
spectacular feature of this material con-
cerns the existence of numerous twins, do-
mains, moiré patterns, and strains in the
crystals. An HREM study is the only way
to characterize these features; their detec-
tion, and particularly their interpretation,
require a knowledge of the correlation be-
tween the image contrast and the structure
of the material. Such an analysis is particu-
larly necessary in the oxygen-deficient
perovskites (¢—6); indeed, the oxygen at-
oms contribute weakly to the image con-
trast whenever a slight displacement of the
cations may have a noticeable effect, re-
quiring sophisticated interpretation.

HREM Images of YBa,Cu;0;

Four orientations of the thin crystals
were chosen to study the domains: the elec-
tron beam was incident along [100], [010],
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F1G. 2. Calculated through-focus series and corresponding projections of the structure. (a) [110]; (b)
[001]. Large dots correspond to 2Ba + Y columns; open circles, to 3Cu + 20; small dots, to oxygen.
(c) [010); (d) [100]; defocus specified in A. (e) Experimental [010] and [100] images obtained for three
different values of focus.
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[001], or [110]. Drastic variations of the
contrast were observed with changes in fo-
cus and in the thickness of the crystals.
Thus, image calculations were carried out
with the atomic positions obtained from the
neutron diffraction study (2) with thick-
nesses 12A < ¢ < 100A. Small variations of
oxygen content were also tried: it was con-
firmed that a decrease of the oxygen con-
tent from 7 to 6.9 distributed at random or
in the O(4) site of the square groups does
not affect the image contrast. Figure 2
shows through-focus series calculated for
YBa,Cu;0; and with thickness of roughly
30 A.

Clearly, the [110] orientation (Fig. 2a)
does not provide the best description of the
oxygen and vacancy distribution or of a
possible variation in that distribution, ow-
ing to their mean projection. The [001]
through-focus series (Fig. 2b), except for
the —250-A image, shows the typical
perovskite contrast, characterized by two
main features. First, the periodicity of the
images is either 2.7 or 3.8 A, the latter value
arising from the difference between the
scattering power in the Ba and Y columns
(proportional to 2Ba + Y) and the Cu and O
columns (proportional to 3Cu + 20). Sec-
ond, images for which low-electronic-den-
sity zones appear as light contrast (—350 A)
differ only by 2.8-A translation from those
where high-electronic-density zones are
highlighted (=650 A); this implies that the
characterization of the experimental images
absolutely requires that the experimental
through-focus series be carried out.

Comparison of [010] and {100] through-
focus series (Fig. 2c, d) points out the simi-
larity of contrast between most of the im-
ages and proves that very few values of
focus allow both orientations to be distin-
guished. As an example, Fig. 2e exhibits
experimental images taken with both orien-
tations and different focus values. The main
difference in contrast is observed for —420
A, as expected from the calculated images.
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Twins

Electron diffraction patterns obtained
from YBa,Cu;0; with the zone axis along
the [001] direction (Fig. 3) typically exhibit
split reflections, characteristic of twinned
crystals: hh0 reflections which are unsplit
are common to both components. The rela-
tionships between the twinned domains
were previously studied (7, 12). The angle,
28, between the two directions [110]{of one
domain and [110]f; of an adjacent domain
agrees with the theoretical value obtained
from the angle between [110] and [110] di-
rections of the orthorhombic cell (90° = ).
This phenomenon results from the phase
transition between the tetragonal high-tem-
perature phase and the orthorhombic low-
temperature form, at roughly 750°C (12,
13). By beam heating, we observed the
transformation of the orthorhombic form
(Figs. 4a, b) into the tetragonal form (Figs.
4c, d).

The twinning domains can readily be de-
scribed by considering vacancy ordering
along [010]: the change in direction of the
oxygen vacancy ordering implies a perpen-
dicular orientation of the CuQ, groups from
one domain to an adjacent one. Possible
models of the junction between domains,

F1G. 3. Typical [001] electron diffraction pattern.
Spots are split parallel to {110]* except for hhO reflec-
tions. In this twinned crystal, both components are
indexed.
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Fi1G. 4. (a) Low-resolution image [001] and (b) electron diffraction pattern of a typical crystal of
orthorhombic YBa,Cu;0,.,.. Twin boundaries (T.B.), which appear as black lines, are shown by
arrows. (¢) Low-resolution image and (d) electron diffraction pattern of the same crystal under beam
heating. Note that spots are now unsplit and that the twinned domains have disappeared.

with or without (110) mirror plane, are pre-
sented in Fig. 5; only one polyhedral layer
out of three is drawn to simplify the repre-
sentation; we have chosen the characteris-
tic {Cu0,). layer as being built up from
CuQ, groups. The first model (Fig. 5a) with
a mirror plane is based on the presence of

additional CuQOg octahedra and CuQs pyra-
mids in the [CuO,].. layer at the boundary.
In the second model, the junction is
achieved solely by CuOs pyramids, as
shown in Fig. 5b. These two models imply
the presence of additional oxygen at the
boundary but no drastic displacements in
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the cation framework. A third model, the
simplest because the junctions are achieved
solely through tetrahedra, can also be con-
structed. However, the existence of such
CuQ, tetrahedra, which involves a dis-
placement of the Cu atoms, appears to be
really less favorable (Fig. 5¢). The dark-
field image (Fig. 6a) obtained by selecting a
reflection 220 (circled in Fig. 3) with the
objective aperture permits the domains to
be displayed and their width to be mea-
sured; it appears that from one crystal to
the other the domain width is variable but
its mean value ranges from 500 to 1000 é

The equivalence of the [110] and [110]
directions is illustrated in Fig. 6b by the si-

F16G. 5. Three idealized models of junctions between
the twinning domains in the [CuO,].. layers. (a) Junc-
tion in a mirror plane through CuQg octahedra and
CuOs pyramids. (b} Junction through CuOs pyramids
and (c) junction in a mirror plane through CuQ, tetra-
hedra. Note that in contrast with the third model the
first two imply additional oxygen; such arrangements
between octahedra and pyramids are frequently ob-
served in oxygen-deficient perovskites.
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multaneous existence of quasi-perpendicu-
lar twinning domains in the thicker crystals.
The idealized model (Fig. 6¢) shows the ar-
rangement of the [CuQ,). planes at the
quasi-perpendicular boundaries. Such a
phenomenon can easily take place because
the domains result from a change in va-
cancy ordering within the core of the matrix
without any large displacement of the cat-
ions in the host lattice.

Through such twin boundaries, the O-
Cu-O chains are not actually broken but
zigzag in the [CuO,l. layer of the
perovskite matrix. As previously shown
(Figs. 5a, b), such a change in the O-Cu-O
chains requires the presence of additional
oxygen; moreover, the problem of the exis-
tence of defects resulting from these junc-
tions between two adjacent twinning do-
mains can be considered. To check this
feature, the best orientations are indeed
[110] and [001], owing to their direction
with regard to the twin plane. Observations
of the twinned crystals along [110] do not
provide any important structural informa-
tion (owing to a mean projection of the oxy-
gen atoms, as shown from the calculated
images) but they clearly show that no par-
ticular defect areas are coupled with the do-
main boundaries. With an aperture of 0.85
A-1, the micrographs recorded along [001]
from a well-oriented crystal show a similar
contrast from one domain to the other,
which thus are hardly distinguishable. It is
necessary to use a smaller objective aper-
ture (0.48 A1) to make the domain bound-
aries appear, and this only in that part of
the bulk where black lines image them (Fig.
7a). An enlargement of the thin part of the
crystal (Fig. 7b) close to a twin boundary
(T.B.) shows the presence of numerous de-
fects which are not localized specifically at
the boundary areas but within the whole
matrix (I4-15).

Two other orientations, [010] and [100],
are theoretically favorable for the observa-
tion of changes in direction of the CuO,
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Fic. 6. (a) Dark-field image [001] of twinned domains. The selected reflection is circled in Fig. 3. (b)
Low-resolution image of quasi-perpendicular twinned domains. (c) idealized model showing the ar-
rangement of the [CuO,].. planes in the quasi-perpendicular boundaries.

groups, since they can be distinguished
through characteristic variations in contrast
for some particular values of the focus.
However, the 45° orientation of the domain
boundary with respect to the ¢ and b/ axes
implies an overlap of the two adjacent do-
mains whose width is equal to the crystal
thickness. Such an overlap obviously af-
fects the contrast and hinders the detection
of defects in the close neighborhood of the
boundary.

Oriented Domains

The observation of the YBa;Cu;0; crys-
tals in such orientations showed that a sec-
ond type of domain exists which forms

slices perpendicular to the ¢ axis (Fig. 8).
Such domains can more easily be inter-
preted for crystals with a ¢ axis parallel to
the thin edge (Fig. 9a). Enlargements of ar-
eas labeled 1 and 2 are shown: area | ex-
hibits the typical contrast of a [100] image
for t = 30 A and Dy = —430 A, whereas area
2 is characteristic of a [010] image, under
the same conditions. Such domains are in-
terpreted by invoking a change in orienta-
tion of the (CuO,]. layers, from one triple
polyhedral layer to the adjacent one, form-
ing “‘oriented” slices perpendicular to the
c axis; the idealized model of the “‘ori-
ented’’ domains is proposed in Fig. 9b. It
is worth pointing out that, in contrast to
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FIG. 7. (a) [001] image showing in the thick part of the crystal twin boundaries (black lines shown by
arrows). (b) Enlargement of a twin boundary (T.B.) in the edge of the crystal; defects appear all over

the matrix instead of close to the T.B.

the twinning domains, these domains are
characterized by a junction involving a jux-
taposition of two different parameters a and
b, respectively at the boundary. The do-
main interfaces are then particularly dis-
turbed, as observed in the thicker part of
the bulk.

Misorientations of Crystal Areas

Another typical structural feature corre-
sponds to misorientation of crystal areas. A
characteristic diffraction pattern of such
crystals is shown in Fig. 10. We clearly ob-
served the contribution of every compo-

250A
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FiG. 8. Medium-resolution image of a crystal where domains form slices perpendicular to the ¢ axis

(arrowhead).
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FiG. 9. (a) High-resolution image of ‘‘oriented’’ domains; areas labeled 1 and 2, respectively, show
contrast corresponding to [100] and [010] images; calculated images enclosed in the enlargements were
calculated for a defocus of —430 A and thickness of ~30 A. (b) Idealized model of these oriented
domains.

F1G. 10. Typical diffraction pattern of a crystal with
misoriented areas; the two ¢ axes differ by an angle g.
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F1G. i1. Low-resolution image of most common crystais and corresponding diffraction pattern; both
twinned (I} and oriented (II) domains are observed.

nent to the pattern. However, the 8 angle of the corresponding crystals exhibit the
between the domains varies from one crys- two types of domains (Fig. 11); domains of
tal to the next. It appears that the majority the first type, the twinning domains, are ob-

Fia. 12. High-resolution image of a crystal showing overlap of misoriepted domains; strains related
to microfractures and moiré patterns are observed.
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served in the area labeled I and domains of
the second type, oriented domains, are ob-
served in the crystal perpendicular to 2 (la-
beled I1). When the domains are numerous
and thin, as in this case, the discrepancy
between parameters (=2%j) results in spec-
tacular strains and bending of the crystal.
From those observations, we assume that
the strains are reduced by loosening the
framework through the mechanism of mi-
crofractures; they just begin to form at the
edge of the crystals but are not always
achieved. The overlapping of two adjacent
domains leads sometimes to moiré pat-
terns; such microfractures explain the vari-
ations of the B angles. An HREM image of
such a misorientation is shown in Fig. 12.
The angle between two domains and their
overlaps are clearly visible.

Conclusion

From this work, it appears that a large
majority of the microcrystals of the super-
conductor YBa,CuzO; exhibit numerous
domains which result from change in the
direction of the CuQO, groups within one tri-
ple layer or from one triple layer to the
other. Twinning domains involve additional
oxygens in the boundaries and the multi-
plicity of such domains is a favorable factor
in achieving an overstoichiometry of oxy-
gen, thereby producing the superconduct-
ing properties. By contrast, oriented do-
mains perpendicular to the ¢ axis produce
strains in the crystals, owing to a mismatch
of the parameters at the interface; this
results in misorientations which could af-
fect those properties, by layer and O-Cu-
O chain breaking.

273

References

1. People’s Daily (China), Feb. 25, 1987.

2. M. K. Wu, ]J. R. AsHBURN, C. J. TorNG, P. H.
Hor, R. L. MENG, L. Gao, Z. J. Huang, Y. Q.
WANG, AND C. W. CHu, Phys. Rev. Lett. 58, 908
(1987).

3. C. MicHEL, F. DESLANDES, J. Provost, P.
Leiay, R. Tournier, M. HErvVIEU, anD B.
RavEAU. C.R. Acad. Sci. Ser. 2 304(17), 1050
(1987).

4. R. J. Cava, B. BatTtLoG, R. B. VAN DOVER,
D. W. MurpHY, S. SUNSHINE, T. SIEGRIST, J. P.
REMEIKA, E. A. RIETMAN, S. ZAHURAK AND G.
P. EspiNosA, Phys. Rev. Lett. 58, 1676 (1987).

5. Y. LEPAGE, W. R. MCKINNON, J. M. TARASCON,
L. H. GReeNE, G. W. HuLL, AND D. M. HwANG,
Phys. Rev. B35, 7245 (1987).

6. T. SIEGRIST, S. SUNSHINE, D. W. MurpPHY, R. J.
Cava AND S. M. ZAHURAK, American Physics
Society Meeting, New York, March 1987.

7. G. RotH, D. EwWERT, G. HEGER, C. MICHEL, M.
Hervieu, B. RavEau, F. D'YVOIRE, AND A.
REVCOLEVSCHI, Z. Phys., in press.

8. J.J. Capponi, C. CHAILLOUT, A. W. HEwaAT, P.
LEsay, M. Marezio, N. NGUYEN, B. Raveau,
J. L. SouBeYroUx, J. L. THOLENCE, AND R.
TOURNIER, Europhys. Lett. 12, 1301 (1987).

9. L. SONDERHOLM et al., 2nd International Confer-
ence on the Chemistry and Technology of Lan-
thanides and Actinides, Lisbon, April 8, 1987.

10. B. RAVEAU, 2nd International Conference on the
Chemistry and Technology of Lanthanides and
Actinides, Lisbon, April 8, 1987.

11, A. J. SkarnNuLis, E. SUMMERVILLE, AND L.
EYRING, J. Solid State Chem. 23, 59 (1987).

12. M. Hervieu, B. DomEeNcGEs, C. MICHEL, G.
HEeGer, J. ProvosT, AND B. RAVEAU, Phys.
Reu. Lett., in press.

13. . K. SCHULLER, D. G. HiNks, M. A. BEno,
D. W. CaroneE II, L. SobernorLMm, J. P.
LocQuEeTr, Y. BRUYNSERAEDE, C. H. SEGRE,
AND Z. ZANG, Solid State Commun., submitted
for publication.

14. M. Hervieu, B DoMENGEs, C. MICHEL, AND B.
RAVEAU, Europhys. Lett. 6, 205 (1987).

15. B. DoMeNGESs, M. HErRvIEU, C. MICHEL, AND B.
RAVEAuU, Europhys. Lett. 6, 211 (1987).



