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The structures of the compounds YSr,CoCu,0; and (Nd/Ce)Sr,GaCu,04 and (Nd/Ce);Sr;GaCu,0y
[Nd/Ce),Sr:GaCu,0s.5,, 1 = 1, 2, . . .] are considered as derivatives of the prototype 123-phase.
They were previously found to contain layers of corner-sharing MO, tetrahedra. In this paper we
describe the superstructures which consist of a regular alternation of the two types of symmetry
related MO-chains leading to period doubling along the direction normal to the chains. These conclu-
sions are based on electron diffraction and on direct image evidence from high resolution electron
microscopy. Both compounds are fragmented in domains resulting from the two crystallographically
equivalent orientations of the chains which differ by $0°. Both compounds contain linear defects
confined to one MO-layer. Twin *‘lines’’ are due to orientation changes of the chains within a single
MO-layer and antiphase boundary lines result from the paratlel shift over one interchain distance, of

two parts of a layer. ® 1993 Academic Press, Inc.

1. Introduction

Doping of superconducting materials by
the isomorphous substitution of aliovalent
ions, with the effects of these dopants on
the superconducting properties studied, has
proved to be one of the most successful
methods in obtaining information on the
structural requirements for the occurrence
of high T, superconductivity; it atso allows
the optimization of these properties (/).

It is surprising to what extent the
YBa,Cu:0Oy (commonly called ‘*123°") com-
pound is tolerant in accepting various sub-
stitutions without profoundly modifying its
structural features (2, 3), even though the
superconducting properties are strongly in-
fluenced. In particular, a number of metal-
lic dopants, which are incorporated prefer-

* On leave from institute of Physics, University of
Zagreb, Bijenicka 46, P.O. Box 304, 41000 Zagreb,
Croatia.
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entially or exclusively in the CuQO-layer of
the 123-structure, are found to affect pro-
foundly the superconducting properties, in
particular, the critical temperature.

One important conclusion of these exper-
iments is the finding that the structural in-
tegrity of the CuQs-layer seems to be cru-
cial for the occurrence of superconductivity
(4), but that the stoichiometry and the dop-
ant atoms in the CuO-layer are important in
determining the number and the type of
charge carriers (5).

In the course of such experiments in vari-
ous laboratories (/-18), a large number of
compounds were prepared and their struc-
tures determined. Among these compounds
those containing gallium and cobalt are of
particular interest since they change the ox-
ygen coordination in the GaO- or CoO-
layer replacing the CuQO-layer of the proto-
type [23-compound. The structures of
these compounds have been studied by
means of X-ray and neutron diffraction (6—
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&), and it was shown that the oxygen coor-
dination around these ions is tetrahedral,
i.c., fundamentally different from the
square planar configuration around copper.

The isostructural compounds YSr;
Cu;Co0; (called **1212-Co”” below) and
Y SryCu:Ga0; (discussed in (6, 7) and called
*1212-Ga’ below) are closely related to the
prototype 123-compound. However, Co
ions, as well as Ga ions, have a strong ten-
dency to be tetrahedrally coordinated by
oxygen ions. As a result, the M and O ions
(M = Co or Ga, not Cu) of the MO-layer,
which replaces the CuQO-layer of the 123-
compound, adopt a configuration consisting
of chains of corner-sharing MOQ,-tetrahe-
dra, along the [110], and [110], directions.
(The subindex p denotes indexing relative
to the perovskite base.) However, for the
1212-Co-compound, as well as for the 1212-
Ga-compound, electron diffraction has re-
vealed deviations from the structure pro-
posed for the 1212-Ga-compound (6),
leading to long range ordered superstruc-
tures.

It has also been shown previously that
the rare-earth layer in the 123-compound
can be replaced by a fluorite-like lamelta of
variable thickness (9—15). In the compound
(Nd,Ce),0,,5r.GaCu,0s (referred to as
**n212-Ga’’ below), the rare-earth layer was
replaced by fluorite-like lamellag of
(Nd,Ce)O; and at the same time the CuQ-
layer was replaced by a GaO-layer identi-
cal to the GaO-layer of the 1212-Ga-
compound. We have studied the order and
disorder phenomena introduced by the lat-
ter substitutions.

2. Synthesis and Characterization

The materials studied were synthesized
using conventional solid state methods in-
volving intimate stoichiometric mixtures of
high purity Y,0,, SrC0,, Co;0;, CuO,
Nd,O;, CeO,, and Ga;0:. Single phase
Y Se,CoCu,(); was obtained after three heat
treatments in air (20 hr at 1000°C) with in-
termediate grinding. Samples of composi-
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tion (Nd|_5ceﬂ_58r263CU209:1 were pre-
pared by firing twice for 12 hr at 1080°C in
oxygen, but X-ray powder diffraction pat-
terns indicated slight contamination (ca.
5%) with one or more unidentified impuri-
ties. The extent of contamination was mon-
itored for samples with slightly different
cation ratios, and the major cause of the
impurities appeared to relate to the partial
substitution of Nd on the Sr sites. Accord-
ingly, samples with lower Sr and higher Nd
contents were synthesized, and the com-
position (Nd, sCeg s)(St) sNdg 2)GaCu,0s-,
was subsequently found to yield an essen-
tially single phase product, which was used
in the structural examinations reported
here. The X-ray powder diffraction trace
was indexed on an orthorhombic unit cell
with dimensions g = 5.527(3), & = 5.462(3),
and ¢ = 28.36(1) A.

3. Structural Considerations

With the structure of the 123-compound
achicving the status of a “‘prototype’ or
“reference’” phase for a wide class of
perovskite-derived layered cuprates, it
seems meaningful to describe the structures
under study by comparison with that of
YBa,Cus0; (19, 20). In YBa;Cu;0; the suc-
cession of the layers along the c-direction is

. . .—Cu0O-BaO-CuQO,—
Y-CuO,~-BaO-. . ..

The structure is orthorhombic, pseudote-
tragonal with g, == b, = 0.38, ¢, = .17 nm.

The replacement of barium either by
strontium or by a mixture of strontium and
cerium to obtain the 12i2-compounds,
resp. the n212-compounds, does not change
the topology of the structure. The Y-layer,
which is oxygen free in the YBa,Cu;0;-
structure, is replaced by a fluorite-like la-
mella of (Nd,Ce)O; in the n212-compound.
This type of substitution has been described
before (9) for other perovskites and it was
shown that, e.g., in the compounds with
composition (Y,Ce),Sr;Cu(Cu,Fe)Oys2,-,
(z = 1), the fluorite-like block, which con-
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sists in this case of (Y,Ce¢)},0.,, may con-
tain one, two, three, or more layers. These
compounds thus form a homologous series
of mixed layer compounds with n = 1, 2,
3, ... (U3, 14, 15). The different com-
pounds can be distinguished by their c-pa-
rameters which obviously increase with the
number of such layers. The c-parameter of
the three homologous phases with one,
two, and three fluorite-like layers are re-
spectively: ¢ = 228 (= 2 X 1.14), ¢; =
2.82, and ¢; = 3.36 nm. The thickness of a
triple perovskite block, containing the suc-
cession of layers . . .—MO-SrO-CuO,-
{(Nd/Ce)-Cu0O,—SrO~-. . . is 1.14 nm. The
thickness-increment due to the addition of
one (Nd/Ce)O;-layer in a lamella is thus
cr = 0.27 nm. Moreover, every additional
(more than a single) layer induces a shift of
the perovskite blocks on both sides of the
fluorite-like lamella over 3 [110],. Thus, if
this number of layers is odd successive
perovskite blocks are vertically aligned
along the c-direction. With an even number
of layers the perovskite blocks on both
sides of the fluorite-like lamellae are shifted
one relative to the other over 3 [110],. Asa
result the lattice becomes body-centered
and the c-parameter doubles.

b0=aP‘JZ
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The former substitutions leave the main
features of the triperovskite structure un-
changed and, in particular, the tetragonal
symmetry of the perovskite block is con-
served. This is no longer the case when the
CuO-layer of the 123-compound is replaced
by an MO-layer (M = Co or Ga), since the
preferred configuration of oxygen around
Ga or Co is different from that around
copper.

The square planar configuration of oxy-
gen around copper, which gives rise to the
—Cu—0-Cu- chains in the 123-compound,
is replaced by a deformed tetrahedral con-
figuration of oxygen around the M ions.
The tetrahedron of oxygen atoms around
the M ion consists of the two oxygen atoms
of the SrO-layer, forming the apexes of the
CuQs-pyramid, and of two oxygen atoms in
the MO-tayer. The formation of the tetrahe-
dra gives rise to chains of corner-linked tet-
rahedra along the [110], directions, sepa-
rated by channels of oxygen vacancies
along the same directions. The CuQO-layer
of the 123-compounds is compared with an
idealized MO-layer model of the studied
compound in Fig. 1. Formally the MO, tet-
rahedra can be generated, starting from the
square planar CuO-configuration by dis-

a0= aP‘JZ
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F1G. 1. Schematic representation of the formation of chains of corner-linked tetrahedra in MO-layers
with reference to the square planar configuration present in CuO-layers (small circles are oxygen
atoms, large circles M atoms, circles in heavy lines are apical SrO-plane oxygen atoms, squares are
oxygen vacancies, dots are Cu-positions), (a) Square planar configuration of oxygen around copper
(represented by a black dot); vacancies are represented by squares. Two possible atom displacements
leading to tetrahedron formation are indicated by two sets of arrows; (b) the chains of tetrahedra have
been formed along the horizontal direction by the atom displacements i: (c) the chains of tetrahedra
have been formed along the vertical direction by the atom displacements marked 2; The configurations
have been idealized to emphasize the relationship with the basic perovskite structure,
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F1G. 2. The M—O-separation is increased by the rotation of the tetrahedra. The rotations can take
place in two different senses. (a) A “‘left”” L-chain is generated; (b} a *‘right’” R-chain is generated.
Tetrahedra rotated in positive sense are filled, rotation directions are indicated by circular arrows,
oxygen atom displacements by straight arrows, metal displacements by heavy arrows. (a) All atoms in
the MO-plane have a displacement vector component pointing to the left; (b) all displacement vectors

have a component to the right.

placing oxygen atoms into vacant positions
in the CuO-layer as indicated schematically
in Fig. 1. Depending on the assumed dis-
placements, indicated as 1 or 2, the result-
ing chains of MO, tetrahedra will all be ori-
ented along [110],, or all along the
perpendicular direction [ﬁO]p.

This idealized configuration will not be
realized in practice, but the chain, repre-
sented in Fig. 2, will form instead (6). This
is a consequence of the fact that the M-0O-
separation in the plane is too small in the
idealized configuration; the M—-0-distance
increases when the oxygen atoms move to-
ward the oxygen vacancy channels, as indi-
cated by straight arrows in Figs. 2a and 2b
The tetrahedra are hereby rotated about an
axis parallel to ¢. The M-atoms will leave
the original Cu-position, moving slightly to-
ward the center of the tetrahedron. The
corner-linking causes successive tetrahedra
(along [110], or [ITO]p) to be rotated in op-
posite sense.

It is important to note that the rotations
can take place in two a priori equally proba-
ble senses giving rise to zigzag chains of
opposite “‘phase’’ as represented in Fig. 2.
We shall call such parallel chains left (L)
and right (R} (23). In the structure formerly

proposed for the 1212-Ga-compound and
considered as the basic structure (indexes
refering to it having subindex o) (6), either
all chains are L-chains or all chains are R-
chains.

The basic undistorted unit cell with all
chains parallel and of the same type ac-
quires a rectangular quasi-square mesh, di-
aponal relative to the perovskite mesh (a, =
b, = V2ap), in the (001), plane. The a, or
{100}, direction is chosen perpendicular to
the chains, the b, or [010], direction parallel
to the chains (Fig. 2). Cell parameters are
d, = 0.54, b, = 0.55 nm for the n212-Ga-
compound; a, = b, = 0.54 nm for the 1212-
Co-compound. In both the compounds
studied, the chains are parallel in two suc-
cessive MO-layers and are shifted with re-
spect to each other in such a way that they
form a staggered arrangement when they
are viewed end on. For the 1212-compound
or n212-compound with odd », this shift
over [100], (or equivalently [010],) or %
[110], causes a centering of the lattice and a
doubling of the c-parameter: ¢, = 2c;,. The
space group proposed for the 1212-Ga-
compound is fe2m (6, 8). For the n212-com-
pound with n even, the shift of the MO-
layers over % [110], or 3 [100], results from
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the shift between the perovskite blocks,
due to the presence of the fluorite-like
layer. The structure becomes B-face cen-
tered orthorhombic (quasi-tetragonal) with
lattice parameters a, = b, = V2a,; ¢, =
2¢p + 1 - cg. In the model proposed in (6) all
chains were assumed to be identical (L or
R}. In this paper we propose an orthorhom-
bic superstructure in which these “‘chain-
sites’” are occupied in an ordered way, al-
ternatingly by L- and R-chains, leading to a
doubling of the lattice parameter along the
a, direction: a; = 24, ; the other superlattice
parameters remain unchanged: b, = b,;
€5 = Co-

The L—R distinction is only a relative dis-
tinction because an L-chain is transformed
into an R-chain by a mirror operation per-
pendicutar to the chain direction or by a
rotation of 180° about the c-axis. Such a
mirror is a symmetry plane for the tetrago-
nal perovskite blocks between which the
MO-layers are sandwiched. This means
that the L and R-chains have identical sur-
roundings and hence are energetically
equivalent; both will thus be formed with
equal probabilities.

The presence of an oxygen vacancy or of
a square-planarly coordinated Cu ion may
interrupt the corner-linking in the chain.
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Hence an L-chain may become an R-chain
along the same line, at such a point defect
(Fig. 3)}. Alternatively, the presence of a
copper atom in an MO-chain may induce a
change in direction by 90° of the MaO-chain
by forming a square planar configuration of
oxygen around the copper (Fig. 4). Disor-
der in the MO-layer can thus a priori be
expected at several structural levels: An L-
chain may change into an R-chain by the
presence of a vacancy or copper atom, or it
may change its orientation by 90° within the
same layer; the L-R arrangement within
the layers may exhibit deviations from a
regular arrangement {such as . . .-.L-R-
L-R-. . )); finally, stacking disorder be-
tween successive MO-layers may exist. No
such possibilities are present in any other
layer. These considerations suggest that
any disorder is most probably associated
with the MO-layer; we shall present direct
high resolution evidence that this is the
case.

4. Diffraction Patterns

4.1. The 1212-Co-Compound

Monodomain diffraction patterns along
the simple crystallographic zones [001],,
[010]),, [100],, and [210], (=[110)) are re-

<IZ : @ﬁacancy

F1G. 3. Schematic drawing of MO-chains. The presence of a vacancy or of a copper atom may induce

an L-chain to become an R-chain or vice versa.
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¢y TwinLine || |

square planar |

copper-oxygen
configuration

F1G. 4. Schematic representation of a twin line in the MO-layer of the substituted 123-intergrowth
structure. (a) The twin line coincides with a line of oxygen atoms; (b) the twin line is localized through
the heavy atoms which may be copper atoms forming deformed square planar configurations. O atoms
are indicated by small circles, M atoms by large circles, Cu atoms by waved-circles, and a small black

dot shows the **perovskite’ Cu-position.

produced in Fig. 5a and as insets in Figs. 6
and 7b. The intense spots are produced by
the perovskite blocks, whereas the weak
spots in zones [001], (Fig. 5a) and [210],
(Fig. 7b) are due to a superstructure. The
indexes with subscript o refer to an
orthorhombic unit cell with dimensions
Ao X by X co(ao=ap\/§;b0=oap\/§;c{,:
2cp, with @, =~ 3.8; ¢p = 11.4A) (8).

The [210], zone (Fig. 7b) exhibits rows of
superstructure reflections paraliel to the ¢*-
axis; it shows that the unit cell must have a
c-parameter ¢, = 2c,. Alternating rows
show slightly elongated reflections; they
correspond to the superstructure spots in
the [001], zone. -

The presence of the weak spots indicates
that a superstructure is present with unit
cell dimensions a X b, X ¢, (a; = 2a,; bs =
by ¢s = ¢,). From the different sections the
reciprocal lattice was derived and is repre-
sented in Fig. 8a as viewed along the [001],
zone. The l-coordinates of the reciprocal
lattice nodes are cited in the legend. The

indexes with subscripts p, o, and s refer to
the pseudotetragonal perovskite unit cell
(ap X by X ¢p), the diagonal orthorhombic
unit cell, and the superlattice unit cell, re-
spectively,

Very often, the selected area contains
two orientation variants, differing by a rota-
tion over 90° about the ¢-axis. This can be
deduced from the high resolution images to
be discussed below. The resulting diffrac-
tion pattern then has apparently tetragonal
symmetry along the [001], zone (Fig. 9).

4.2. The n212-Ga-Compound

Sections of reciprocal space of the 2212-
Ga-phase along the zones [010],, [100],,
[210],, and [110], are reproduced in Fig. 10.
Except for the [210], zone these patterns
are not very different from the homologous
patterns produced by the 1212-Co-com-
pound. The [001], zone of the 2212-Ga-
compound is compared with the [001], zone
of the 1212-Co-compound in Fig. 5. From
these patterns the reciprocal lattice repre-
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Fig. 5. Diffraction pattern of the two »212-inter-
growth phases along the [001] zone: {a) Co-1212, (b)
Ga-2212. The section through the streaks present in
the [210], zone {Figs. 10d and 7b) is indicated.

sented in Fig. 8b, as viewed along the [001],
zone, was constructed and indexed in the
same way as described above, using the
same symbols,

In the [210], zone pattern alternating
rows parallel to ¢* are continuously
streaked; also the other spot rows are
slightly streaked along the c¢*-direction.
The spots observed in the [001], zone and
which correspond to the intersections of
the continuous streaks of the [210], zone
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pattern of Fig. 10d are very weak. They are
encircled in Fig. 5.

The most striking difference consists in
the absence in the [001], zone of the strong
spots at positions (110},, which, as we shall
see, is a consequence of the presence of a
double fluorite-like layer, causing a relative
shift over § [110], of the two perovskite
blocks.

The diffraction pattern taken along the
[110], zone, from an area containing inter-
growths of the two n212-Ga-phases (n = |
and n = 2) with two different thicknesses of
the fluorite-like lamellae, is reproduced in
Fig. 11. Note that the two superimposed
patterns have different geometrical fea-
tures. The pattern corresponding to the
smaller c-spacing (c¢; = 2.28 nm) has a rec-
tangular mesh outlined by solid lines in Fig.
11, showing that the orthorhombic recipro-
cal unit cell is not body centered. This is
consistent with the presence of a single
rarc-earth layer in the structure. The pat-
tern corresponding to the larger c-spacing
{c; = 2.82 nm) has a centered unit mesh
outlined by dotted lines in the figure; it
shows that this reciprocal unit cell is body
centered, which is consistent with the pres-
ence of a double layer rare-earth oxide la-
mella, causing a relative shift of successive
perovskite blocks.

Ignoring the weak reflections due to the
superstructure, the diffraction conditions
deduced from the reciprocal lattices of the
1212-Co- and the 1212-Ga-compounds are
compatible with the space group fc2m,

5. Structural Models

5.1. Preliminary Remarks

We shall first discuss an idealized struc-
ture mode] for the 1212-Co-compound since
for this material well-defined diffraction
patterns, largely free of diffuse scattering,
are available for all relevant zones. More-
over the complications arising from the
possibility of a relative shift of two succes-
sive perovskite blocks, which may also lead
to faulting, are avoided.
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Fi1G. 6. High resolution image of an area of Co-1212-phase containing two orientation variants of the
superstructure. In the left part the structure is viewed along the [100], zone which is normal to the
chain direction, whereas in the right part the chains are viewed along their length axis, i.e., along
[010];. Note the staggered arrangement of the bright (or dark) dots situated in the CoO-layers.
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F1G. 7. High resolution image of the Co-1212-phase along the [110]; zone. Most atomic layers are
imaged as lines, due to the small intercolumn separation. [n the CoO-layers the bright dots reveal the
superstructure (spacing, 0.48 nm). (a) The regular stacking can be observed in the upper five dot rows;
in the next row a defect appears. (b) The corresponding diffraction pattern is shown. In certain CoO
layers ({c}, A to B) also the (.24-nm spacing between bright dots is revealed, indicating the presence of
an intralayer line defect. Note that the widely spaced dot arrays in A (or B) and in C are out of phase.
The [001]; direction peints upward.
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F1G. 8. Schematic representation of the reciprocal lattices as viewed along the [001] zone (a) for the
1212-Co-compound, and (b) for the 2212-Ga-compound. The unit meshes of the basic perovskite lattice
(ay, b3} and of the superstructure {a¥, b¥) are indicated. Superstructure reflections are indicated by
encircled black dots.

5.2, The 1212-Co-Compound that the reciprocal lattice is face centered

From the [001] zone diffraction pattern of  and hence that the lattice is body centered,
Fig. 5a it is clear that the 110, reflection is  as proposed in (6) and (8). The other basic
prominently present, which would suggest sections of reciprocal space show that

Fi1G. 9. Diffraction pattern along the [001], zone of an area containing two orientation variants
differing by a 90° rotation about the c-axis.
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Fia. 10. Diffraction patterns of the 2212-Ga-intergrowth phase along different zones. (a) [010], zone:
The staggered arrangement of spots shows the B-centering of the chain lattice, (b) [100), zone: Note
the absence of centering along this zone; (c) [110], zone, (d) [210], zone. The continuous streaks
marked by arrowheads are due to disorder in the superstructure.
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F1G. 11. Diffraction pattern of the n212-Ga-intergrowth structure along the [lTO]c zone. The selected
area contains two phases with different c-parameters: ¢ = 2.28, ¢ = 2.82 nm, corresponding with
compounds containing respectively a single and a double fluorite-like lamella.
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whereas the [010], (or [010],} zone pattern
is centered as well, this is not the case for
the [100], (or [100];) zone pattern (Fig. 6).
The lattice based on the unit cell V2a, x
V2a, % 2c, is nevertheless body centered,
systematic extinctions preventing centering
of the [100], zone. This is consistent with
the space group Ic2m found in (6) for the
1212-Ga-compound.

The presence of the (110), reflections in
the [001], zone finds actually its origin in
the fact that the arrangement of the
perovskite blocks (ignoring the MO-chain
layers} is C-face centered in the orthorhom-
bic description, and thus leads to a centered
unit mesh of intense reflections in the [001],
zone. On the other hand, the staggered
chain sublattice is B,-centered since we
cannot distinguish L.- and R-chains when
viewing along the chain direction; there-
fore, the [010], (or [010],) zone pattern also
has a centered unit mesh V2a, x 2c,. The
discussed diffraction patterns are consis-
tent with a model in which all chains are
equal, but equally well with a model in
which L- and R-chains paraliel to b, alter-
nate along a, since the projected structures
are the same in successive c-layers for both
models. The intense spots, which are due to
the averaged structure of a single orienta-
tion variant, are thus accounted for.
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Differentiation of the two models is pos-
sible by viewing along certain oblique sec-
tions or along the [001], zone, It is ¢lear that
the body centered fc2m space group found
in (6) and (8) must be considered as refer-
ring to a structure averaged over the differ-
ent variants. This is also suggested by the
observation of the split positions of the ox-
ygen atoms proposed in (2).

We have noted above the L- and R-
chains are equally probable; they should
therefore occur in equal numbers, either in
separate crystal parts or within the same
crystal. The doubling of the lattice para-
meter along a, (a; = 2a,), as required by
the weaker spots in the [001), and [110),
diffraction patterns, can be achieved in a
natural way by assuming alternating paral-
lel CoO-chains are different (but energe-
tically equivalent). The logical assumption
is therefore that L- and R-chains alter-
nate in a given CoO-layer as shown in Fig.
12b.

Chains of the same type can be formed
with respect to the underlying perovskite
block in four different positions, related by
displacement vectors 1 [120]., % [100],, and
1 [120],, as shown in Fig. 13. The positions
(a) and (b) of course can not be occupied
simultaneously in the same CoO-layer,
since the same Co-atoms would be involved

FiG. 12. Models for the structure of the chain layer MO. (a) All chains are of the same type, (b) L-
and R-chains regularly alternate. The unit meshes are indicated by solid lines.
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F1G. 13. The four possible arrangements of the MO-alternating chain layer, (a), (b), (c), and {d), with
respect to the underlying perovskite block, indicated by small black dots. The rectangle and the
perovskite unit cell in heavy lines serve as reference. The different positions are characterized by a
displacement vector relative to the reference rectangle.

in two chains. However, it is plausible to
assume that chain positions within the same
layer differing by a translation a, = ia,,
such as (@) and (d), can a priori be occupied
either by chains of the same type as was
assumed by Roth er al. (6) or alternatively
by chains of opposite type as we propose
here. From the occurrence of split oxygen
positions in neutron diffraction, there is
some indication that two types of chains
may occur (6, 8).

We note moreover that also the c-axis
(e, 2.28 nm) must be doubled as
compared to that of the reference 123-
compound (c, = 1.14 nm). Since the
perovskite blocks are stacked vertically,
this must be achieved by a staggered config-

uration of the chain positions in the succes-
sive CoQ-layers, as required by the [010],
diffraction pattern of Fig. 6. The vertical
stacking of chains can be excluded on this
basis.

Doubling of the a, and ¢, parameters can
be achieved simultaneously if the sublattice
of chain positions has a B-centered unit cell
and if moreover within each layer chains of
different type alternate on this sublattice.
We show that such a model for the super-
structure is consistent with the observed
diffraction patterns,

A characteristic feature of the [001], dif-
fraction pattern of Fig. 5a, produced by a
single variant of the Co-superstructure, is
that the superstructure reflections with 4 =
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4m + 2 {m integer) for k even, as well as
those with 2 = 4m for k odd, are systemati-
cally absent. In the [110]; section of Fig. 7
the rows with & = & = odd contain super-
structure spots for all I, whereas rows with
h =k = 4m + 2 contain only spots for { odd.
The rows with # = k = 4m coincide with the
spots due to the basic structure. Extinc-
tions can of course only be observed where
such superstructure reflections do not coin-
cide with rows of reflections due to the ba-
sic perovskite structure.

In the Appendix, it is shown that all these
observations can be explained consistently
by assuming a perfect . . .-L-R-L-R-

. arrangement of parallel chains, a, =
#a, apart, in the CoO-layers, the arrange-
ments in successive CoQO-layers being re-
lated by a translation 4 [122],, as shown in
Fig. 13. The systematic extinctions of the
superstructure reflections due to the CoO-
chains are fully accounted for on the basis
of this model {(see Appendix).

To derive the space group, the diffraction
conditions cannot be used as such, since
they are more restrictive than those associ-
ated with any one of the 230 space groups.
However, following a reverse reasoning, a
space group can be deduced from the pro-
posed model. The two-dimensional group
of the proposed chain arrangement in the
CoO-layer is P2gg. The space group result-
ing from the spatial arrangement of these
layers, i.e., of the CoO-sublattice, is Pca2,
(No. 29). It is a subgroup of the Ic2m space
group of the structure in which all chains
are assumed to be identical (6). With this
space group being itself closely related to
subgroups of the space groups Pmmm and
Pd/mmm of YBa,Cu;0; and YBa,CuyOs,
respectively, it can be concluded that the
space group of the CoO-sublattice is in turn
a subgroup of that of the perovskite block.
We can therefore conclude that Pca2, has
to be the space group of the complete struc-
ture, since it is only the chain structure
which reduces the symmetry of the 123-
structure. The more restrictive diffraction
conditions are to be attributed to the special
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positions associated with the specific ar-
rangement of the chains, as discussed in de-
tail in the Appendix.

5.3, The 2212-Ga-Compound

The differences between the [001], dif-
fraction patterns of the 1212- and 2212-
phases are mainly due to the larger degree
of disorder in Fig. 5b as compared to Fig.
5a, but the absence of strong (basic) spots
at the 110, position in Fig. 5b is the most
striking feature. It is due to the presence of
the relative shift over 3 [110], between the
successive perovskite blocks in the 2212-
Ga-compound, which causes body center-
ing of the basic ‘‘perovskite’ unit cell or
face centering of the V2a, X V2a, X ¢
unit cell, as opposed to the C-centering of
the a, X b, X ¢, cell in the 1212-compound.
In the orthorhombic description this leads
to face centering of the unit cell and hence
to the body centering of the corresponding
reciprocal lattice. This is in agreement with
the [110], section shown in Fig. 10c for the
2212-compound and in Fig. 11 for overlap-
ping [110], sections of both 1212- and 2212-
compounds. The [010}, zone (Fig. 10a) is
centered as a result of the chain arrange-
ment and not because of the arrangement of
the perovskite block.

The streaks along c¢? in Fig. 10d and
along a¥ in Fig. 5a can be attributed to the
presence in reciprocal space of ribbon
shaped regions of diffuse scattering with
their length axis parallel to ¢ ¥ and extend-
ing in width along the a ¥ direction. The ob-
served streaks are the intersections of
Ewald’s sphere with such ribbons. The
shape of these diffuse intensity regions sug-
gests that two different types of disorder
occur simultaneously: pronounced one-
dimensional disorder of layers along ¢, and
less pronounced disorder of chains within
the layers, along ;.

The disorder along a; can be attributed to
the violation of the alternating L—-R ar-
rangement of parallel chains. The high reso-
lution images suggest that the site lattice of
the chains is rather perfect (Fig. 14), Conse-
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FiG. 14. High resolution image of n212-Ga-compound: {a) along the [110], zone. Note the presence
of rare-earth oxide lameliae of different thicknesses: one, or three layers. The rare-carth columns have
been marked by dots. (b) The same area as in (a) imaged along the [120], zone. Except for the GaO-
layers, which are imaged as dots (c), all other layers are imaged as lines. Two areas A and B are
magnified in the insets. The staggered arrangement of the bright dots irrespective of the number of
rare-carth layers in fluorite-ike lamellae i1s emphasized in A. Exceptionally, two vertically stacked

layers are present in B.

quently, the disorder must be attributed to
the occupation of this sublattice by L- and
R-chains, i.e., to deviations from the regu-
lar alternations of R- and L-chains. Such
disorder leads to Lorentzian broadening
(21} along a¥ of all superlattice reflections
since it effectively leads to a distribution of
projected spacingsofa,, 2a,,3ap,. . .,cen-
tered around 2a,, between chains of the
same kind. This is apparently more pro-
nounced in the Ga-compounds than in the
Co-compound, as can be judged from Figs.

5a and 5b. When such disorder within the
layers is present, inevitably stacking disor-
der must also be present along ¢, leading to
streaks along c¢¥. The reverse is nof true
however. Perfectly L-R ordered parallel
chain layers may still be stacked along ¢ in
a disordered way, and give rise to streaks
along ¢ ¥ without broadening along a¥. Not
all reflections become streaked however. If
R is the vector connecling the correct
stacking position with the faulted one, only
reflections g for which g - R # integer will
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be streaked (22). In the present case the
displacement vector leads from the position
1 [102], to % {102]; and is thus  [100],, and
hence, only superstructure reflections with

h, = odd (1

will become streaked along c*.

Allowing also for the fact that occasion-
ally a vertical stacking of the chain arrange-
ment occurs instead of the normal stag-
gered stacking (Fig. l4c B), faults with a
displacement vector, leading from the posi-
tion % [0L1], to 4 [102),, i.e., § [120],, should
be considered as well. Applying the same
reasoning as above, they lead to streaking
of the superstructure reflections for which

(h + 2k), # 4-fold. (2)

The conditions (1) and (2) account satisfac-
torily for the presence of the diffuse streaks
in Figs. 10d and 5b.

The presence in certain specimen areas
of a mixture of single and double flucrite-
like lamellae is a further source of diffuse
streaking along ¢¥. The fault vector is in
this case 3| 110],; it therefore causes streak-
ing of the basic reflections with (A + &), =
odd. A diserdered mixture of single and
double fluorite-like lamellae will also lead
to streaking of the fundamental reflections
along the ¢* direction.

Finally, the presence of superposed la-
mellae belonging to different 90° orientation
variants would cause further complications
in the diffraction pattern. Along the [001]
zone the diffraction pattern could acquire
fourfold symmetry due to the superposition
of two diffraction patterns such as Fig, 5,
differing 90° in orientation (Fig, 9).

6. High Resolution Imaging

6.1. The Basic Structure

6.1.1. The 1212-Co-compound. High res-
olution images of sufficiently thin parts of
the specimen reveal directly the different
layers of the structure. Only the basic
structure is revealed when imaging along
those zones which correspond to reciprocal
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lattice sections in which no extra superlat-
tice spots are present. These zones include
the [100],, [010],, [110],, and [110],. In Fig.
6 the [010], zone image (on the right side) as
well as a [100], zone image (on the left side)
is reproduced with the corresponding dif-
fraction patterns. Assuming all cobalt to
substitute for copper in the CuO-layers of
the reference structure, the layer sequence
is

.. —=3r0-CuO,-
Y-CuQ:-Sr0-CoO-. . ..

The CoQ-layer can be identified from
symmetry considerations, as it is clear that
it must be located on a (001) mirror plane
for the structure. Two such mirror planes
are present, the other being the Y-layer.
Since the Y-layer is imaged identically
along [010], and along [100],, the CoO-lay-
ers can be identified; they are indicated in
Fig. 6 by small circles, marking unit cell
node points. This layer being located, the
other layers can easily be labeled. Since the
CoO-chains of corner-linked tetrahedra are
parallel to [010],, the [010], zone images are
of particular interest. Along this direction,
the CoO-chains are imaged as rows of bar-
shaped dots separated by 0.54 nm. Irre-
spective of whether the cobalt columns are
imaged as bright or dark dots, the image
proves that they occur in a staggered ar-
rangement viewed along [010],. In this case
the staggering cannot be attributed to a rela-
tive shift of the perovskite blocks since
only a single rare-earth layer is present.

Anticipating the discussion of the super-
structure, it is worth noting that along this
zone L- and R-chains produce the same
contrast since their projection along the
viewing direction is the same, This image
thus reflects an averaged structure, consis-
tent with the structure proposed in (6, 8).

6.1.2. The n212-Ga-compounds. Figure
15 shows an image of the n = 2 compound
as viewed along the [110], zone. The differ-
ent layers can again be identified from sym-
metry considerations similar to those in the
previous paragraph. It is evident from the
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FiG. 15. High resolution image of the 2212-Ga-
compound along the [110], zone. The atom columns
are imaged as dark dots, The open dots represent
strontium columns, and the squares represent the rare-
earth columns in the fluorite-like lametla. The large full
dots represent Ga atom columns, and the small full
dots represent copper atoms in the CuO,-layers. Oxy-
gen atoms are not imaged.

known layer sequence (13)

—Ga0=-Sr0-Cu0,-
(Nd/Ce}0,(Nd/Ce)—Cu0Q,-8r0-. . .

that the only monoatomic layer which oc-
curs only once in the repeat unit and which
is moreover located midway between two
multilayered lamellae which are mirror im-
ages with respect to that layer must be the
GaO-layer. Once this layer is recognized,
the other layers can easily be identified
(Figs. 14 and 15). The interpretation must
also be consistent with the occurrence of
fluorite-like layers of different thicknesses;
i.e., the dot rows assimilated with the fluo-
rite-like lamellae must be the only ones that
differ in multiplicity (1, 2, 3, .) in the
three members of the homologous series

KREKELS ET AL.

(Fig. 14a). Also the lateral shift, when
present, i.c., when the number of layers is
even, between successive perovskite
blocks occurs at the fuorite-like layers.
These considerations have led to the image
interpretation shown in Fig. 15, where
black squares indicate the fluorite-layers.

6.2. The Superstructures

6.2.1. The 1212-Co compound. The [010],
image of Fig. 6 has proved that the CoO-
chains in successive layers adopt a stag-
gered arrangement, their separation within
the layer plane being 0.54 nm. Information
on the superstructure can only be obtained
from reciprocal lattice sections involving
rows of superlattice reflections such as the
(110)* = (210)* section shown in Fig. 7b.
Apart from the [2277¥ and the [441]F rows,
produced by the basic V2a, X V2a, X 2¢,
lattice, this section contains rows of sharp
reflections [11/]F and [337]* which are ex-
clusively produced by the superstructure.
The lattice spacing corresponding to the
[44[]¥ perovskite reflections is too small
(=0.12 nm) to be resolved in this section;
with the 220, reflection in the first row of
sharp spots [221]1¥ corresponds a spacing of
0.24 nm. The spacing corresponding to the
first superstructure reflection 110, is 0.48
nm; spacings of 0,24 and 0.48 nm can be
resolved.

The image of Fig. 7a along the (110)*
zone axis, corresponding to the diffraction
pattern of Fig. 7b, shows bright dot rows
with a spacing of 0.48 nm which must be
attributed to the superstructure (no such
spacing is present in the basic structure). In
the major part of the area the bright dot
sequences in successive rows are shifted
over one-quarter of the interspot distance
alternatively to the left and to the right.
This zigzag arrangement of the dots viewed
along this zone axis is related to a staggered
arrangement of the chains. The observation
supports the model proposed above for the
stacking of successive MO-layers. Succes-
sive layers are zigzag -stacked, related by
vectors § [122]; and 4 [122],, as shown sche-
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FiG. 16, Arrangement of chains as viewed atong the {010], direction: (a) Staggered arrangement. The
vector connecting two similar chains in successive layers is indicated. The repeat period is ¢, = 2¢,,.

The stacking can be described as . .

—a-b-g-b=a-b—.

. . using the notation introduced in Fig. 8. (b)

Oblique arrangement leading to a repeat period of 4¢;. This stacking can be represented by the symbol

sequences . .
observed in Fig. 7.

matically in Fig. 16a. Occasionally the one-
quarter shift proceeds two or three times in
the same sense; locally the layers are then
stacked as in Fig. 16b with a cumulative
translation from layer to layer with the
same vector § [122].

In Fig. 7a the CoO-chains are viewed

—a—-b—c—d—-a-b—. . . . Bright dot arrangements, which image these stackings, are

along the [110], direction under an oblique
angle as represented schematically in Fig.
17 where the arrows are parallel to the
viewing direction. Assuming ali chains to
be equivalent (either all L or all R) as in Fig,
17c, the heavy Co atoms are situated on
zigzag columns, which are all equivalent

FiG. 17. (a} Schematic representation of a layer of MO containing an alternation of L- and R-chains.
The largest circles represent M atoms, the smaller ones O atoms. Identical columns along the [110],
viewing direction are indicated by identical shaded bands; the presence of two different types of
columns leads in the image to a period of 0.48 nm. {b) When viewed along the [140), zone all columns
produce equivalent images, leading to a period 0.24 nm. (c) If all chains are of the same type all
columns in the [110]; view are equivalent, the period being 0.24 nm.
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F16. 18. High resolution image along the [001] zone of the 1212-Co-compound: (a) low magnification:
note the presence of brightness modulations along [110], and [110], showing that a vertical twin
boundary is present. The horizontal dot rows suffer a small orientation change across the twin bound-
ary; this proves that a, and b, are slightly different in length; (b) high magnification of a small area of
(a), showing that the modulation period is two orthorhombic cells wide, i.e., a, = 24, = 2ap\/§.

and which have a spacing of 0.24 nm. Also
the “‘channels” of oxygen atoms between
the Co-columns are all equivalent and have
the same spacing 0.24 nm. In the case of an
alternation of L- and R-chains in the CoO-
fayer, Fig. 17 demonstrates that in images
along [110], and [140]; two types of dot
rows can occur, one with a spacing of 0.48
nm (Fig. 17a) and one with a spacing of 0.24
nm (Fig. 17b), depending on the orientation

of the CoO-chains. As suggested above,
stacking of the chain layers imaged as the
dot rows in Fig. 7 must thus be attributed to
the alternation of the L- and R-chains in the
chain array represented schematically in
Fig. 16a.

The image of Fig. 18 taken along the
[001] zone exhibits a weak modulation
along the two [110], and [110], directions,
the period being 1.1 nm, i.e., = 2 X 0.54
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nm, in accordance with the proposed model
for the superstructure.

6.2.2. The n212-Ga-compound. For the
n212-Ga-compound the high degree of dis-
order in the L-R-stacking of the chains in
the Ga-O-plane was already revealed by the
presence of streaky segments in the [001],
diffraction pattern (Fig. 5a), as compared to
the sharp superstructure spots in the 1212-
Co-case (Fig. 5b) for 2212-Ga. In the image
of Fig. 14b, the heavy Ga atoms are situ-
ated in zigzag columns in the GaQO-plane,
with the average spacing of (.24 nm; they
form a staggered array along the c-direc-
tion, irrespective of the number (n = 1, 2, 3)
of layers in a fluorite-lamella (Fig, 14¢ A).
Only exceptionally a vertical stacking (Fig.
ld4c B) appears in a slab of the 2212-Ga-
compound (23). Nevertheless, the disorder
in the arrangement of L- and R-chains on
the chain sublattice is apparently so large
that no superstructure is revealed. In the
next section, we discuss the various defects
that cause the high degree of disorder that
conceals the superstructure in this com-
pound.

The larger separation between succes-
sive GaO-layers in the n212-Ga-compound,
compared to that between CoO-layers in
the 1212-Co-compound, possibly explains
the different behavior of these compounds.
To what extent the details of the prepara-
tion methods of the compounds play a role
has not been investigated.

6.3. Defects

6.3.1. Orientational domain structure.
Due to the two possible orientations of the
MOQO-chains with respect to the perovskite
structure a microstrnicture consisting of do-
mains differing 90° in orientation is to be
expected. Since the two chain directions
are [110], (and [[10];), the coherent twin
interfaces would be in (100), or (0L0),
planes. It is also possible that the (001), acts
as a contact interface, (The latter plane was
favored for the related twins in YBa,Cu,Og
where the (CuQ). double chains can have
also two mutually perpendicular orienta-
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tions (24)). The presence of such a domain
structure is revealed in a diffraction pattern
along the [100], {or [010],) zone, taken over
an area containing both variants, The
higher order k0! {or 0kl) reflections appear
split along the direction normal to ¢ ¥ since
a, and b, differ by about 2%. High resolu-
tion images along such a zone show the
structure in two different orientations when
such a boundary is present; this is the case
in Fig. 6. In the left area the structure is
viewed perpendicular to the chains (i.e.,
along [100],) whereas in the right hand area,
it is viewed along the chains (i.e., along
[010],). The transition between the two re-
gions occurs gradually and it visibly ex-
tends over four to five unit cells. It does not
occur along a well-defined interface, but the
changeover points in successive layers tend
to be aligned, leading to two domains in the
figure. Near to the specimen edge a few iso-
lated layers also exhibit a changeover
(pointer A in Fig. 6). In such cases the do-
main size is smaller, as observed above,
and very often the individual layers behave
in a way which is noncorrelated with the
neighboring layers. Such small misoriented
domains, present as defects, lead to the
streak observed in the diffraction pattern
along the {100}, zone.

If Fig. 18 these domains have been im-
aged along the [001] zone. The weak bright-
ness modulation of the dots differs 90° in
orientation in the areas on each side of the
vertical twin boundary. The small orienta-
tion difference between the lattice rows in
the two components of the twin is indi-
cated.

6.3.2. Antiphase boundary-lines and 90°
twin-lines, In the thinnest parts of the speci-
men in the [110], view one observes in cer-
tain CoO-layers the presence of two types
of dot sequences. Though most bright dot
sequences have a spacing of (.48 nm, a
gradual transformation into sequences hav-
ing an interdot separation of 0.24 nm has
been observed in some areas (Fig. 7c,
pointers).

This phenomenon can be explained by
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Fi1G. 19. Schematic representation of the image formation: (a) at an APB-line; (b) along two twin
lines. The two kinds of chains are represented as bands, cross-hatched along two different directions.
The full dots represent schematically the bright dots in the observed images, as viewed along the
indicated direction.

assuming that within the same MO-layer
the chains may change 90° in orientation,
induced by various peint defects, as dis-
cussed above in Section 2. This results in
an effective change of the viewing direction
by 90° with respect to the chain configura-
tion, going from the [110]; view, imaging
the 0.48-nm spacing (schematically repre-
sented in Fig. 17a), to the [140]; view, imag-
ing the 0.24-nm spacing (Fig. 17b). In Fig.
7c it is clear that along this new viewing
direction, columns of CoOQ with a spacing of
9.24 nm are present. Either these columns
or the channels between them are imaged.
The occurrence of this feature is consistent
with the small size of the orientation do-
mains in the cobalt compound.

Within the same layer of CoO the phase
of the 0.48 nm dot sequences may change
occasionally by i (at pointer C in Fig. 7¢);
this always occurs through the insertion of
a short sequence of dots with a 0.24 nm
spacing (Figs. 19a and 19b).

This feature can be attributed to the pres-
ence of an “‘antiphase’” boundary-line in
the arrangement of the chains within the
same layer of CoO. Along such an anti-
phase boundary-line, an L-chain becomes
an R-chain, and vice versa. This is repre-
sented schematically in Fig. 9a, in a view

along {001] where the different types of
chains are represented by different hatch-
ing. The chains in one part of the layer are
displaced with respect to those in the other
part by a vector R. This clearly leads to a
similar relative displacement of the atom
columns in the two parts of the layer and
hence, to a similar relative displacement of
the dot patterns. This displacement thus fi-
nally leads to an interchange of the relative
dot intensilies in a sequence, i.e., to the
observed change in phase of w. The APB is
assumed to be situated in a (010), plane, but
this is not essential. The viewing direction
is indicated and the two kinds of columns
parallel to this direction are represented by
heavy and light lines. The heavy lines rep-
resent those columns which are imaged as
an intense bright dot, while the light ones
are not imaged. Columns crossing the inter-
face and thus consisting partly of segments
of one type and partly of the other type are
imaged by dots of an intermediate bright-
ness. It is clear from Fig. 19 how the phase
change over w= comes about gradually.
These observations suggest strongly the ex-
istence of antiphase boundary lines.

In most cases one observes a short seg-
ment of closely spaced weaker dots (0.24
nm spacing) inserted between two se-
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quences of doubly spaced bright dots,
which are “‘in phase.”” These observations
can also be explained by the occurrence of
small domains of orientation variants, i.e.,
S0° twins. In Fig. 19b the separating lines
between the 90° microdomains are assumed
to be coherent, i.e., to be along the [110],
direction; this is not essential however. The
viewing directions are indicated; in domain
1 this is along [110]s, and in domain 2 it is
along a [ [40], direction (Figs. [7a and 17b).
In domain 2 all chains are imaged in the
same way with the dot intensity being inter-
mediate. In the case represented in Fig, 19b
the bright dot sequences in both parts of
domain 1 remain in phase, but depending
on the exact positions of the boundary-lines
these two parts may also be out of phase
by .

For an APB-line the width of the transi-
tion region is determined by the projected
width of this line; for a microtwinned region
the transition region may be much larger.

7. Discussion and Conclusions

The most important aspect of this work is
the finding that the structures of the studied
compounds differ from those published in
the literature by the occurrence of a super-
structure. The superstructure leads to a va-
riety of order defects, well known in other
systems, antiphase boundaries, and 9H°
twins, but also to some defects specific for
the present structures and which could be
termed antiphase boundary lines and 90°
twin lines, since they are confined to one
layer of either GaO or CoO.

High resolution images allow the locali-
zation of the layers responsible for the su-
perperiod. Whereas a view along the chain
direction [010], (e.g., Fig. 6) reveals di-
rectly the chain stacking as an undistorted
array, but does not discriminate between L.-
and R-chain orientations and thus only re-
veals an averaged stacking with 0.54-nm
spacing between the chains, an image taken
along the (110)¥ section in which the super-
structure spots are excited provides direct
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evidence that the superperiod is a conse-
quence of ordering in the MO-layers; only
the dot rows which image the MO-layers
exhibit period doubling (Fig. 7).

A view long the (110)¥ section (Fig. 7)
indirectty reveals the stacking sequence,
the relation between the actual configura-
tion and the dot pattern being represented
in Fig. 17. The dot configuration reflects the
stacking of the chains only indirectly and in
a distorted manner, but it does allow dis-
crimination between a stacking consisting
of all identical chains and a stacking con-
sisting of L- and R-chains. If a periodic dot
row associated with the MO-layer is as-
sumed to be rigidly fixed in space with re-
spect to the stacking of the chains, a rela-
tive shift of the M-layers over R will result
in a relative shift of the two dot rows, which
image these layers, over a vector which is
the component of R normal to the viewing
direction. This will be true even if the bright
dots are not the images of single chains
viewed along their axis, which is the case in
Fig. 7. This figure thus proves that only a
staggered arrangement of two types of
chains will produce the observed image.

The model involving an alternation of
two types of chains (Fig. 12b) implies al-
most inevitably the occurrence of stacking
disorder since several stackings are possi-
ble (23) for which the energy difference
only depends on the configuration of the
second nearest neighboring MO-layers.
Since the separation distance between such
layers is large (1.14, 1.41, 1.68 nm, . . .),
the interaction is weak and the energy dif-
ference very small. The “*stacking informa-
tion’’ is presumably transmitted mainly as a
result of relaxation of the adjacent atom
layers, possibly resulting in tits of the
CuOs-pyramids (6), finally slightly favoring
one type of chain over the other at a given
site (23).

The different stacking possibilities for
three successive layers are observed and
represented schematically in Fig. 7, as ob-
served through the (110)* dot pattern.
Some of the stackings, when repeated peri-
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odically, would lead to repeat periods
larger than 2c,. Such large repeat distances
have not been observed in the diffraction
patterns, but they occur locally as stacking
faults in the 1212-Co-compound, leading to
some weak streaking in the [11/]§ and
[33/1* rows of reflections (Fig. 7). In the
2212-Ga-compound, the disorder is more
pronounced. The (110)} image reveals the
highly disordered stacking and there are no
discrete spots in the superstructure rows of
the diffraction pattern (Fig. 10d).

Appendix

We shall call F, the structure factor of a
CoO-layer containing one period of a regu-
lar succession of parallel ~-L-R-L-R-~
chains; F, still depends on kkl. The chain
configurations in the two CoO-layers in the
unit cell of the superstructure are related by
the translation § [122], which is a symmetry
translation of the perovskite blocks. The
structure factor for the spatial superstruc-
ture of chains is then

Fua = Fo {1 + explQin/4)(h + 2k + 21)]}.

(1)
For k + { = even, (1) reduces to
Foy = F, [1 + exp(imhi2)]. (2)
For
(a) h = 4-fold: Fuu = 2F,
Iy ® 4F3
(b) h = 4fold = 1 Foy = FQ(] + I)
I = 2F (3}
(c) h=4fold+2 Fuy=0
Ly = 0.
For £ + [ = odd, (1) reduces to
Fue = F, [1 — explimh/2)]. (4)

For

(a) h = 4-fold: Fhkl =0
Ly = 0
Fuq = Fo(1 ¥ i}
Iy = 2F (5)
h = 4fold + 2 Fyu = 2F,
I},“ x 4FE,

(b) h = 4-fold + 1

()

KREKELS ET AlL.

It is evident that the extinction condi-
tions deduced from (3) and (3) can be sum-
marized as follows; reflections are absent if

with 4 = 4-fold + 2;
with A = 4-fold.

For the [001]; zone, i.e., for [ = 0, these
reduce to

k -+ I =even,
k+ 1 =o0dd,

with Ak = 4-fold + 2;
with k = 4-fold,

k = even,
k = odd,

and for the [110]; zone, i.e., for & = k, they
become

h=k=4-fold £2 [=even;
h =k = 4-fold [ = odd;
h=k%k=4-fold £ 1 no extinction.

This formalism to derive the extinctions
is only valid for reflections for which F, is
different from 0, which is the case, except
for certain symmetry directions of the
chains. For certain refliections F, may thus
become zero due to the stacking of the
chains within the layer: reflections may
then become extinct for that reason, rather
than because of the stacking of the chain
layers. In order to take this possibility into
account we can write

F, = F_ + Fy explimh),

where F;. and Fgr are structure factors
which still depend on hk{ for an L- and R-
chain, respectively; they are positioned # a;
apart in the chain layers. Along the [010]
zone the chains are viewed along their
length axis and due to their symmetry (Fig.
6) we can conclude that F; = F for reflec-
tions belonging to the A0 zone.

Similarly, we can write for the [100] zone
reflections

F, = FL + Fp exp(imk),

where again F = Fg for reflections belong-
ing to the [100] zone. The factor exp(imk)
takes care of the fact that the tetrahedra
which produce the same projected lattice
potential in the L- and R-chains are shifted
over 3 b, due to the presence of a glideline
along the chain.
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For the formal structure factor of the
complete three-dimensional chain arrange-
ment we can thus write for the A0 zone

F = [FL + Fg explimh)]
{1 + expl(im/2)(h + 21)]}.

It is easy to show that spots will only be
present for

h = 4-fold, and [ = even, or
h = 4-fold + 2, and ! = odd.

For the 0kl zone we can similarly write

F = [F| + Fy explimk)]
{1 + explmi(k + DI}

It can be shown that F is only different
from 0 for reflections for which & = even
and ! = even. In particular there arc no su-
perstructure reflections of the type 400
other than those coinciding with basic re-
flections in agreement with Fig. 6. Never-
theless in the [001] zone patiern (Fig. Sb},
such reflections appear, and must be attrib-
uted to double diffraction.

These extinction conditions are consis-
tent with those observed in the diffraction
patterns of Figs. 5, 6, and 7 and with the
reciprocal lattice of Fig. 8.
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