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The structure of CaygsCuO, was reexamined by means of electron diffraction and electron microscopy
using the newly developed method of selective imaging in intergrowth structures in which the two
substructures are based on different sublattices. The results of previous work are confirmed. Moreover,
it is shown that two stacking variants and their twin related structures occur in the calcium *‘substruc-
ture.’’ The copper—oxygen substructure occurs in one variant only; it is often modulated by the various

e

calcium arrangements, leading to

1. Introduction

In a previous paper (/) the modulated
structure of Cay ¢sCu0O, was discussed, and
it was shown often to be incommensurate,
as could be concluded from the occurrence
of orientation and spacing anomalies in the
satellite sequences exhibited by the diffrac-
tion patterns of a number of specimens. The
small and somewhat variable incommensu-
rability was suggested to be related to the
nonstoichiometry (2), causing mutual mod-
ulation of the two ‘‘substructures’’ forming
the intergrowth structure, which have dif-
ferent average periods along the b, direc-
tion. It was also suggested that the modula-
tion displacements were small and
presumably associated mainly with the cal-
cium substructure, the planes of constant
phase being parallel to the (011), planes of
the basic orthorhombic lattice.

It was also found that two twin-related
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phase’” disorder in its modulation pattern. It is shown that the
ribbons of CuQy clusters are presumably tilted with respect to the (010) plane.
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modulation directions occur and could be
attributed to longitudinal shifts of the cal-
cium chains within the ‘‘tunnels’ in the
CuO, matrix (/). The observation of the lat-
ter type of disorder implies that different
arrangements of the calcium chains are pos-
sible.

In this paper we present evidence that
indeed different ordered calcium arrange-
ments within the same CuO, matrix are com-
patible with the observed modulation pat-
tern and actually occur. It was also
suggested in (/) that the intergrowth struc-
ture could be referred to two different sepa-
rate sublattices: one for CuO, and one for
Ca. We exploit the spatial separation of the
corresponding reciprocal sublattices to im-
age selectively the CuO, arrangement on the
one hand and the calcium ararngements on
the other hand. We hereby use the recently
developed method of selective imaging (3).

As is shown further below, the different
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FiG. 1. Schematic representation of the structure
Cay4sCu0, with the face-centered orthorhombic unit
cell for the CuOQ, sublattice (solid lines) and the “‘all-
face-centered’’ monoclinic unit cell for the Ca sublat-
tice (dashed lines).

Ca arrangements are based on various
monoclinic sublattices, while the Cu ar-
rangement remains orthorhombic. For the
sake of self-consistent correlation between
these sublattices, we hereafter change the
notation for the orthorhombic unit cell
parameters (with the label “‘Cu’”) from the
notation (labeled ‘‘0’’) used previously in
(1) and (4), namely:

dac, = by, = 0.280 nm;
be, = a, = 0.632 nm;
Ceu = C = 1.057 nm.

This means that we interchange the g and b
axes as shown in Fig. 1; this is in agreement
with the setting proposed in (5) and (6) and
recently used in (7).

The same type of analysis that was ap-
plied here, i.e., in terms of two interpene-
trating substructures, the copper—oxygen
substructure on the one hand, and the cation
substructure on the other hand, could be
applied also to the series of compounds
studied by Davies (7) with nominal composi-
tions M,_ Ca,, ,CusO,,. When the composi-
tion of these compounds is written as
(M, _,Ca,)y5Cu0,, it becomes clear that
they are more cation deficient than the pure
calcium cuprate Cay 4sCuO, studied here.

It should be noted that the compounds
with compositions (Ca, ¢St 15)CuO, (8) and
(Sry4sNdj 15)Cu0, (9), in which the ratio
(cation/Cu) is unit, have a simple tetragonal
structure; as this ratio decreases, the struc-
tures become more complicated and are in
general incommensurately modulated in-
tergrowth structures (3).

2. Structural Considerations

To make it easier for the reader to follow
our considerations, we briefly recall the
building principle of the structure, as deter-
mined by neutron and X-ray diffraction, in
Refs. (4) and (6) and which is shown sche-
matically in Fig. 1.

It can be described as a framework of
edge-sharing CuQO, square planar clusters
arranged in ribbons parallel with the a., di-
rection and situated in (010)., planes, the
copper atoms being located on a face-cen-
tered orthorhombic lattice. These ribbons
form O-Cu-O lamellae parallel with the
(001) Cu plane. Within these lamellae the
ribbons have a staggered arrangement con-
sistent with the face-centered lattice of the
copper atoms. The unit cell contains two
such O-Cu-0O lamellae related by a dis-
placement vector % [ac, + ¢¢,], due to face
centering of the copper arrangement. Within
this CuO, framework the oxygen atoms lim-
iting two successive O—Cu-O lamellae form
rows of edge-sharing, slightly deformed oc-
tahedral interstices, which can be occupied
by calcium atoms. As suggested in (4) and
shown by means of high-resolution electron
microscopy in ({), roughly only 5 of 12 po-
tential positions are occupied in such a way
that five Ca—Ca separations along the chain
direction correspond with six Cu-Cu sepa-
rations in the ribbons. The position of the
Ca chain configuration as a whole, with re-
spect to the CuO, framework, can easily be
changed along the a, direction, by small
longitudinal displacements of the individual
calcium atoms. A small displacement of the
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Ca chain with respect to the CuQ, frame-
work results in a much larger shift of the
phase of the combined configuration of the
Ca and CuO, substructures.

In Ref. (1) we have shown that a long
period modulated structure results in a mod-
ulation vector very close to 15 [202]%,; in
fact, it is often incommensurate. The planes
of constant phase of the modulation pattern
are thus in (101)¢, or (101)¢, planes, leading
two twin related modulation variants.

In Ref. (1) the structure was described
with respect to an approximate monoclinic
superlattice unit cell with the a, lattice
parameter equal to the smallest common
multiple of the Ca-Ca and Cu-Cu sep-
arations, i.e., a; = 6ac, (=5ag,);
b, = b, ¢, = a¢, + ¢¢,- However, we
also pointed out that, alternatively, the two
substructures could be described with re-
spect to two separate, but closely related
sublattices. The copper—oxygen lattice is
face centered orthorhombic with the cell pa-
rameters (4,6): ac, = 0.280 nm; b, = 0.632
nm; ¢c, = 1.057 nm. The average Ca ar-
rangement in Ca, 4;CuQ, can be related to a
monoclinic sublattice with the cell parame-
ters ac, = (1/0.85) ac, = 0.330 nm; b, =
0.632 nm; cc, = 1.058 nm; B, = 87° (Fig.
D.

The latter nonprimitive (all-face-cen-
tered) unit cell is the one which is most
closely related to that of the copper sublat-
tice; it is slightly monoclinic, the ¢ axis en-
closing an angle of 3° with the corresponding
axis of the copper arrangement. A smaller
unit cell, based on a Bravais lattice, can be
defined as discussed under structural
Models.

All strong ‘‘superlattice’’ reflections ap-
pearing in X-ray powder diffraction patterns
represented in Fig. 2. in Ref. (¢) could be
indexed on the basis of the nonprimitive, all-
face-centered monoclinic cell (Fig. 1) of the
cation sublattice, explicitly: 111¢,, 111¢,,
113¢,, 113¢,, . . . (I). Such a simple inter-
pretation is not given to the lines in Fig. 2

and Table I in Ref. (7) for the analogous
reflections of Ca,. Y, ,CusO,,, although
this is possible, when referring to the cation
sublattice cell, as in our analysis.

According to the apparent similarities be-
tween the diffraction patterns of Cu, ¢4sCa0O,
and M, Ca,_ CusO, (M = Y, Nd, Gd), a
similar description has to hold for the latter
compounds, although the cations are now
distributed over 4 of 10 potential octahedral
positions instead of over 5 of 12. Four cation
separations would thus correspond with 5
copper separations along the chain di-
rection.

However, the average cation sublattice in
the rare-earth cuprates (7), (RE,Ca,_,)y5
CuO,, has a different lattice parameter, a.,,
which is close to but not exactly what one
would expect on simple grounds, a,, = (1/
0.8) ac, = 0.355 nm, and moreover varies
with x (7). (The label “‘ct’’ is used to refer to
the cation sublattice in ‘‘mixed’’ cuprates.)

3. Experimental

Ca, gsCuO, material was synthesized from
high-purity CaCO, and CuO using conven-
tional solid state techniques. Intimate mix-
tures were heated for two periods of 16 hr
in flowing oxygen at 800°C with an interme-
diate regrind (¢). The detailed procedure
was given in (4). It should be emphasized
that the preparation was aimed at achieving
as closely as possible the stoichiometric
composition CaCuQ,. It turns out that the
ratio Ca/Cu = 0.85 is the largest ratio that
could be realized.

Electron microscopy samples were pre-
pared by further crushing and dispersing the
powder on a copper grid dipped in a liquid
glue.

4. Reciprocal Space

4.1. Observations

Detailed exploration of reciprocal space
by tilting the specimen confirmed the possi-
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Fi6. 2. Comparison between thediffraction patternsalongthe {101} zone of CaggsCuO,oftheincommen-
surate form (a) and the commensurate form (b). The sequences of satellite spots, indicated by arrows,
exhibit a spacing anomaly in a, while they do not in b. Note the two meshes defined by the positions
of the most intensive spots belonging to the two sublattices; the open dots indicate spots due to the
calcium sublattice, whereas the closed dots refer to the copper—oxygen sublattice. The vector Ag which
generates the satellites is indicated.

bility of describing the complete reciprocal
lattice as the superposition of two distinct
reciprocal lattices which are generally in-
commensurate, one describing the transla-
tion symmetry of the copper—oxygen frame-
work and the other one that of the average
calcium arrangement, as shown in Fig. .
However, it was found that in well-ordered
specimens the structure is sometimes com-
mensurate over appreciable areas. We
therefore consider in particular this com-
mensurate structure, the diffraction pattern
along the [101]¢, zone of which is illustrated
in Fig. 2b and compared with an incommen-
surate diffraction pattern along the same

zone and of the same type as that considered
previously (/) (Fig. 2a). The ideal stoichio-
metric composition in the commensurate
case, according to Fig. 2b, would be Cas
Cus0,,, i.e., CapzCu0,. We also some-
times observed diffuses ‘‘relplanes’ per-
pendicular to the Ca chain direction and
passing through the nodes of the copper—ox-
ygen reciprocal lattice, for instance, as
shown in Fig. 3.

4.2. Interpretation

We now discuss these observations in
more detail. In Fig. 4 we have reproduced
the [010],, = [010]c, zone diffraction pat-
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Fi1G. 3. Diffraction pattern of CaygCu0O, along the [001]c, zone. Note the presence of diffuse lines
through the rows of copper spots, indicated by arrows; these lines are traces of “‘relplanes’’ perpendicu-
lar to [100]c,.

X1}

tern and we have indicated by labels “‘a’’ to
““d”’ the most characteristic sections along
which diffraction patterns were obtained by
tilting around the [010] zone axis; these pat-
terns are reproduced in Figs. 5a-5d corre-
spondingly.

From a number of such patterns taken at
very small angular intervals as viewed along
the [010] zone axis, we have constructed the
reciprocal space represented in Fig. 6a, for
the simplest situation. Usually twinning of
the type already described in Ref. (/) com-
plicates the patterns (Fig. 6c), as we shall
see further below.

The electron diffraction patterns (Figs.
Sa-5d) are not entirely consistent with the
reciprocal space sections to be expected on
the basis of the structure proposed in Ref.
(1) and represented by the reciprocal lattice
projection in Fig. 6a. For this structure
model the copper—oxygen, as well as the

calcium, sublattices are both face centered
in direct space (Fig. 7a), and, hence, the
reciprocal lattice would be body centered
for both substructures (Fig. 6a). From the
diffraction patterns in Fig. 5, one can see
that this is indeed still the case for the copper
sublattice, for which only spots with un-
mixed indices appear as strong spots and,
thus, it remains face centered orthorhombic
(at least to a good approximation, as we
shall see below). However, the reciprocal
calcium sublattice exhibits sometimes rela-
tively intense spots which would be forbid-
den for a face-centered lattice, thus sug-
gesting that the Ca sublattice is C face
centered (Fig. 6b). This can, for instance,
be concluded from Fig. 3 and Fig. 5b both
of which represent the [001]., section desig-
nated “‘b’’ in Fig. 4. The intensity of the
110, spot indicated in the center of the rec-
tangular mesh in Fig. 3 and Fig. 5b differs
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FiG. 4. Diffraction patterns along the [010]¢, zone of Ca;gsCu0,. This section contains twin-related
sequences of ‘‘satellites;”’ the odd order satellites are extinct. Note that every third row parallel to ¢*
consists of unsplit spots. The dashed lines a, b, ¢, d indicate the traces of the sections in Fig. 5.

for diffraction patterns taken in different
areas of the specimen. This clearly means
that, in some areas, a variant structure ex-
ists in which the Ca substructure is built on
a monoclinic C-face-centered Bravais lat-
tice with 8 = 87° (Fig. 7b), rather than on a
face-centered, redundant one correspond-
ing with a C-face-centered Bravais mono-
clinic lattice with 8 = 105° (Fig. 7a). More-
over, a number of weak as well as a few
strong spots in electron diffraction patterns
remain unaccounted for. It was therefore
necessary to take into account twinning of
both types of calcium sublattices as demon-
strated in Figs. 6¢ and 6d. This leads to the
reciprocal space schematically represented
in Fig. 6e, which now accounts for all ob-
served spots.

The satellite sequences along the [101]&,
direction (Fig. 4 and Fig. 5c), and also along
the twin-related [101]%, direction, can be at-
tributed either to double diffraction or to
mutual modulation of the two substructures

in the way described in (/0). It is not obvious
how the two effects could be distinguished
since the geometry of the resulting diffrac-
tion patterns is the same for both cases. The
sequences of satellite spots can formally be
generated by repeatedly applying the
difference diffraction vector Ag =
$[101]¢, (indicated in Fig. 2 and in Fig. 6a)
to all basic spots; Agis the vector connecting
the 111, node with the 111, (or 111MCa)
node. The interpretation in terms of two
sublattices, rather than as a simple modula-
tion of one of the two sublattices, for in-
stance, the copper-oxygen one, is sup-
ported by the observation that the decrease
in intensity of the satellites with increasing
distance from their ‘‘center of gravity’ is
not monotonous. The relative intensities of
the satellites are most clearly visible in Fig.
2 (and also in Fig. 5¢). The most intense
spots coincide with node points of the sub-
lattices; the weaker spots can be attributed
to double diffraction or mutual modulation.
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FiG. 5. Diffraction patterns along different sections of reciprocal space of Cay ¢;CuQ, obtained by tilting
around [010]: (a) [001], zone revealing the reciprocal section containing only the copper—oxygen spots
(besides common spots along the b* axis). Note the presence of spots of the type: hkQ with 4 = even,
k = odd (indicated by arrowheads); (b) [001]¢, zone revealing the section which contains only the
calcium sublattice spots (besides b* axis). Note the absence of spots of the type mentioned in (a); (¢)
[101], zone revealing the section which contains the spots of both sublattices (Cu plus either one of
the two twin variants of the Ca sublattice) and the sequences of satellite spots, Closed and open dots
indicate the basic spots of the CuO, and the Ca sublattices, respectively; (d) [101]c, zone. Section with
only Ca sublattice spots.



STRUCTURAL VARIANTS OF Cay CuOy(Cas., ,CugO;5) 99

002¢y
Ca (a)
000 4
® ° o °
002 ) 202¢4
g: === 202¢,
g, ! (b)
000 ¢ e A _ZOOCU
105 200693
° .
[ o d
8 L)
002¢,
e
115281 2003 (c)
000 Q2 200,
_ 8- 200
002¢,0 oc
Ca
[ ) Y ° .
002¢cy ¢ Q 202
T Cu
1 1100) 4, 2000 (d)
000 4 —w9 200,
110... 200
- ¢ c
002¢, ¢ ° ol
Ca
e ® o .
g o
002¢, [¢]
ca® g o (e)
000 o 200¢, 4
AQ b
) o c
d

FiG. 6. Schematic representation of the reciprocal
space projection along [010]* for the two types of struc-
tures of Cag3sCuQ, which correspond to the two stack-
ing modes of calcium arrangement. (a) Type I stacking
mode; (b) type II stacking mode; (c) two twin-related
variants of the type I stacking mode; (d) two twin-
related variants of the type II stacking mode; (e) the
four structural variants are superimposed to represent
the complexity of the reciprocal space as usually ob-
served. Lines a, b, ¢, d indicate the traces of sections
in Fig. 5 corresponding to those in Fig. 4. Smaller and
larger dots represent spots belonging to the CuO, and
the Ca sublattices, respectively.
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FI1G. 7. Structure models for CasCu¢O,,, assuming
different stacking modes for the calcium chains. Smali
and large dots represent Cu and Ca atoms; closed dots,
in the plane; open dots, above or below the plane.
(a) Type I stacking of the calcium chains; (b) type II
stacking of the calcium chains; (c) reflection twin on
(001) for type I Ca stacking within the untwinned CuQ,
framework; (d) reflection twin on (001) for type 1I Ca
stacking within the untwinned CuO, framework. The
dotted lines in (a) and (b) indicate the planes of equal
constant phase for the Ca and CuO, sublattices. The
unit cells are outlined by solid and dashed lines for the
copper—-oxygen and the calcium sublattices, respec-
tively; cells indicated by heavy dashed lines are re-
ferred to in the text as unit cells; Ca cells indicated by
lightly dashed lines have their (100) faces parallel with
the planes of constant phase.

From Fig. 2, it is obvious that the separa-
tion of the two most intense spots (indicated
by closed and open dots) in each of the satel-
lite sequences increases stepwise by Ag with
increasing distance of the satellite sequence
from the 00 row of spots. This is also visible
in the (010)* section of Fig. 4, where the two
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most intense spots are separated by 2Ag, as
indicated in Figs. 6a and 6b; note that the
odd order reflections are extinct along this
zone (Fig. 4). This geometry of the intense
spots is exactly what one expects if the re-
ciprocal space consists of the superposition
of two reciprocal lattices with a different
lattice parameter along the horizontal direc-
tion in Fig. 2. The weaker spots are then
due to double diffraction and (or) mutual
modulation of the substructures (/0).
Summarizing this discussion, we can state
that the reciprocal lattice shows that the
copper sublattice is in all specimens the
same, face centered orthorhombic, as de-
scribed in Ref. (/) and (4). However, the
calcium sublattice is complicated by the oc-
currence of two different calcium arrange-
ments, both based on a monoclinic lattice
and both arrangements exhibiting twinning:
one of the arrangements (type 1) is based on
a nonprimitive all-face-centered monoclinic
unit cell described with reference to the or-
thorhombic sublattice by the base vectors

Acy = 6/SaCu; bCa = hCu;
CCa = l/sacu + Ccu.

This structure is schematically shown in
projection along the b axis in Fig. 7a; this
sublattice was discussed in Ref. (1).

The other one (type 1) is based on a
smaller C-face-centered monoclinic lattice
the base vectors of which are given with
respect to the same copper sublattice by the
relations

ac, = 6/5ac,;

bCa = bcu; Ccy = 1/2(1/53(:“ + cCu)’

This structure is schematically shown in
projection along the b axis in Fig. 7b.

5. Structural Models

5.1. Calcium Arrangements

There is apparently no reason to question
the overall structure of the copper—oxygen
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framework as represented in Fig. 1. The dis-
cussion can therefore be restricted to the
different possible stacking modes of the cal-
cium chains within this framework. It was
pointed out previously (/) that different
stacking modes are possible, leading, for in-
stance, to twinning of the calcium sublat-
tice. (It is worth noting that the observation
of well-defined calcium columns in Fig. 8
of Ref. (/) is consistent with a longitudinal
displacement of certain Ca chains, provided
that the displacement is half of the Ca-Ca
separation in a chain. Such displacements
would not affect the straightness of the Ca
columns.)

The structure, as reportedin (1), is clearly
the one which gives rise to the type I recipro-
cal lattice schematically shown in Fig. 6a);
in direct space, it can be represented sche-
matically as in Fig. 7a, as viewed along the
[010] direction (for simplicity the oxygen
atoms are not shown in Fig. 7). The ‘‘planes
of constant phase’’ for the complete struc-
ture, which determine the direction and
spacing of the ‘‘satellite’” sequences, are
parallel to the (101)., planes of the copper
sublattice, as indicated by the trace marked
in Fig. 7a. Their projected spacing along
this zone is clearly half their actual spacing,
which explains the systematic extinctions
of the odd order satellites in the diffraction
pattern made along this zone (Fig. 4). An
alternative manner of explaining the same
feature is to say that the commensurate
composite structure has a glide mirror plane
parallel to the (010) plane, when described
with respect to the Ca;CugO,, superlattice
unit cell, as was done in Ref. (/). The geome-
try of the satellite sequences, i.e., their ori-
entation and spacing, is thus consistent with
the structure of type L

The alternative structure, which leads to
the type II reciprocal lattice (Fig. 6b), is
obtained from the type I structure by shift-
ing every other (001) calcium layer over one-
half of the Ca—Ca separation distance along
the chain direction (Fig. 7b). This results in
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halving the ¢ parameter and the structure is
now based on a smaller C-centered mono-
clinic unit cell. In projection along the [010]
zone the structure looks the same as that of
type 1. It is therefore again consistent with
the extinction of the odd order satellites
when viewed along this zone. As a nonprim-
itive unit cell of the calcium sublattice, one
can choose either a redundant all-face-
centered monoclinic cell outlined in Fig. 7b
or a twofold C-face-centered monoclinic
one. The latter cell is closely related to the
Cu orthorhombic unit cell, whereas the for-
mer one has faces which are parallel to the
planes of equal phase. Both redundant cells
contain two C-centered unit cells of a Bra-
vais lattice.

We can designate the two positions of the
calcium layers within the same CuQ, matrix
as A and B; they differ by a displacement
vector R = §{100]¢,. The type 1 structure
can then be represented by the notation
. . .ABAB. . ., whereas the type II struc-
ture would be designated . . .AAA. . . or
. ..BBB. . . . It is to be expected that
more complicated sequences, such as
. . .AABAAB. . ., may occur. Faulty se-
quences would give rise to streaks along the
c*c, direction associated with the reflections
g (referring to the calcium reciprocal lattice)
for which g - R = #(mod 1), i.e., for & odd.
These are the reflections in the center of the
rectangle of intense spots in Fig. 5b; these
reflections are indeed streaked, as has been
found by means of tilting experiments.

It is clear that both structures can be
tormed within the same copper—oxygen ma-
trix in two versions, the two variants being
related by a mirror operation with respect
to the (001) plane, which is a mirror plane for
the copper sublattice but not for the calcium
sublattice. In both cases the planes of the
constant phase also adopt orientations re-
lated by a mirror operation with respect to
the (001) plane, as represented in Figs. 7¢
and 7d and in reciprocal space in Figs. 6¢
and 6d. Low-resolution lattice fringes exhib-

101

iting the modulation wave fronts were repro-
duced in Fig. 8b of Ref. (/). Since these
images exhibit the same geometrical fea-
tures for the twins of both types of struc-
tures, they give no indication of the stacking
mode of the calcium chains. We demon-
strate that high-resolution selective imaging
(3) of the calcium substructure allows us to
confirm the occurrence of the two stacking
modes.

5.2. Geometrical Considerations

The presence of the sequences of sharp
satellite reflections proves that the planes of
constant phase (PCP) are well determined
and are defined primarily by the orthorhom-
bic copper—oxygen sublattice since they are
parallel to planes of this sublattice with very
simple indices: (101)¢, and (101)¢, planes.
The observations further require that the
calcium lattice be compatible with these
planes of constant phase (either 101)q, or
(101)¢,, corresponding with the observed
twins). However, the intrachain spacing ac,
is different from a,, whereas b, and b, are
identical, and ¢, and ¢, are nearly equal.

The various requirements can be recon-
ciled only by assuming a monoclinic ar-
rangement of the calcium ions; the mono-
clinic angle of the sublattice is given by the
relation tan 8 = c¢/{ac, — dacy), as can be
deduced from Fig. 8a. In the specific case
of Ca;Cu,0,,, 6ac, = Sac, and we have tan
B = Sc¢,/ac,. This is indeed the observed
monoclinic angle of the calcium sublattice.
These geometrical reiations suggest that the
phase of the Ca chains must be rather
strongly and rationally correlated with the
orthorhombic copper-oxygen sublattice.
The positions occupied by the calcium
atoms within the octahedral interstices situ-
ated along a given (101)¢, (or (101),) plane
(Fig. 8b) must be the same for all chains
in a given variant, possibly modulus zac,,
however. It should be noted that the planes
of constant phase, as viewed along the [010]
direction, remain invariant if the Ca chains
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Fi1G. 8. Derivation of the geometrical relations be-
tween the copper—oxygen and the calcium sublattices
in CasCug0,. The orientations of the planes of constant
phase (PCP) are indicated in the two sublattices as well
as their twins.

are shifted longitudinally over 3ac,, since
this is the projected repeat distance along
the chains.

These rational relationships are also ap-
parent from the twin diffraction pattern
along the [010] zone (Fig. 4), in which every
third spot row, parallel with the [00/]* un-
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split central row, is found to be unsplit as
well. This is directly related to the fact that
the twinning vector A(Fig. 8b) is a simple
rational fraction of A:a., = 3. This suggests
that twinning can be brought about by shift-
ing calcium chains in successive (001) planes
over A, 2A (= —A),3A (= 0), . . . along
the a, direction; i.e., small displacements
over A of the chains can bring about
twinning.

5.3. Oxygen Arrangement

It is interesting to note that in the diffrac-
tion pattern along the (001)¥, section in Fig.
Sa, the reflections 4k0 with & = even and
k = odd are relatively weak, but present
(indicated by arrows), violating the extinc-
tion criteria for an all-face-centered ortho-
rhombic lattice. However, the 0k0 reflec-
tions with & = odd are not present in
sections of the calcium sublattice (Fig. 5b)
obtained from the same area by tilting about
the [010] zone axis (from ‘‘a’’ to *‘b’’ in Fig.
4). This suggests that the copper—-oxygen
sublattice is not strictly face centered ortho-
rhombic, the deviation being such that these
forbidden spots are weakly present. This
could, for instance, be due to a small tilt of
the planar CuO, ribbons about their length
axis, A possible scheme is represented in an
exaggereated manner in Fig. 9, as viewed
along ¢, and ac, axes. Such tilts would not
directly affect the 700, 040, and 00/ rows of
spots, but they would affect the noncentral
rows such as 2k0 and 240, present along the
diffraction zone in Fig. 5a. The additional
spots with k = odd along the 040 row would
then result from double diffraction out of
the 2k0 row.

The postulated displacements of the oxy-
gen atoms are in agreement with the neutron
diffraction results in (4), which showed that
the thermal agitation ellipsoid associated
with the oxygen atoms is highly anisotropic
with its largest axis parallel to the [040] di-
rection. We assume that the lattice of the
copper atoms remains orthorhombic face
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F16G. 9. lllustration of the proposed tilt pattern of the
CuQy squares in the CuQ, ribbons: (a) as viewed along
[001]; (b) as viewed along the length axis of the ribbons:
[100]. Small dots represent copper, large dots represent
oxygen.

centered and the tilts of the oxygen squares
are all in the same sense along a given (010)
layer. The body-centered reciprocal lattice
of the copper arrangement must then be
complemented by the contribution of the
oxygen arrangement. The oxygen arrange-
ment is based in direct space on a B-face-
centered orthorhombic lattice of the copper
and oxygen arrangements is then as ob-
served in Fig. 5a; the most intense spots
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originate from the copper arrangement; the
weak spots are due to the tilted oxygen ar-
rangement; the spots 0k0 with £ = odd are
kinematically extinct but produced by dou-
ble diffraction out of the 2k0 row. This is
consistent with their absence in the central
row in the Ca sections (Figs. 5b and 5d).

6. High-Resolution Imaging

In Ref. (3) it was shown that by a proper
choice of the reciprocal lattice sections one
can separately image the two substructures
of a composite intergrowth structure. In the
present case, we are interested mainly in the
geometry of one of the sublattices, i.e., the
calcium sublattice, and it is therefore of in-
terest to image this substructure selectively
for each of the two types of structures as
characterized by their reciprocal lattices.

From Fig. 4 we can deduce that the
(001)¢, section indicated by label *‘b”’ and
the (101)&, section indicated by label “‘d”’
are suitable for revealing the calcium ar-
rangement selectively (3), since the electron
diffraction patterns along these sections
(shownin Figs. 5b and 5d, respectively) con-
tain only spots of the Ca sublattices. These
sections are composed of the diffraction pat-
terns with different unit meshes for the two
structural variants. This can be concluded
by comparing the intensity of the spot in the
center of the rectangular mesh, indicated as
110, in Fig. 3, with the corresponding spot
in Fig. 5b, as both diffraction patterns are
taken along the same [001];, zone. In the
diffraction pattern along the [001], zone for
the type I structure the unit mesh is a primi-
tive rectangle with no 110, spot, as can be
deduced from Fig. 6a, whereas for the type
Il structure, the unit mesh is a centered rect-
angle, indicated by the 110, spot on the
dashed line connecting 000 and 200, in the
[010] projection (Fig. 6b).

A high-resolution image along [001],
which selectively reveals the Ca arrange-
ment in the Cay., Cus0,, structure is shown
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F1G. 10. High-resolution selective images of substructures in CasCu¢O,;. (a) Along the [001], Zone of
an area containing the two stacking modes of the calcium sublattice. In A, stacking mode—type [—two
dots per ac, reveal staggering of the Ca chains; in B, stacking mode—type II—a single dot per ac,
reveals the alignment of Ca chains. (b) Along the [001]., zone of the same area as that in a. The
bright dot pattern reveals the positions of Cu atoms in the projected structure of the face-centered
orthorhombic CuQ; sublattice. The optical diffraction patterns in the insets can be compared with the
corresponding electron diffraction pattern in Fig. 3 and Figs. 5a and 5b, and with the computed patterns

in Figs. 1lc and 11d.

in Fig. 10a (as imaging along the [001], di-
rection). The corresponding diffraction pat-
tern is Fig. 3; it contains the type II arrange-
ment of spots,

Two different patterns of bright dots can

clearly be recognized in Fig. 10a: the rectan-
gular one in the region labeled ‘*A’’ and the
“‘hexagonal’’ one in the region labeled ““B’’.
There is a relatively sharp boundary be-
tween these regions; the type B pattern cov-



STRUCTURAL VARIANTS OF Cay4CuOx(Cas. .CuO,»)

ers only a small fraction of the total area in
which type A prevails. Optical diffraction
patterns from the corresponding areas of the
high-resolution negative are given as insets
A and B, respectively. The diffractogram in
B has an additional spot in the center of the
rectangular mesh of spots, which has the
same shape and size as the unit mesh in A.
In the image, the vertical spacing (along the
[010] direction) is the same in A and B (0.316
nm = b/2); the horizontal separation of
bright dots (along the [100], direction) in B
is equal to a;, = 0.33 nm and twice as large
as the corresponding separation in A. In B
the dots form a centered rectangle, whereas
in A the same rectangle has dots also in
the centers of the edges due to the all-face-
centered lattice. Therefore the dot separa-
tion of 0.17 nm corresponds with half the
Ca-Ca spacing along the ac,.

By selective imaging along the (001)§, sec-
tion of the same area, the projected struc-
ture of the face-centered octahedral CuO,
sublattice is clearly discernible in Fig. 10b.
The spacing between the horizontal rows of
bright dots is 0.316 nm, i.e., the same as
that for the Ca sublattice, but the spacing
between the dots within these rows corres-
ponds with half the Cu—Cu separation along
ac,:0.14 nm = ¥ ac,.

As we show in the paragraph on computer
simulation, these two types of bright dot
patterns in Fig. 10a reveal the two types of
Ca arrangements in the projected structure
of the Ca,Cus0,,, as can be seen in Fig.
11. 1t is clear that in the type I structure a
rectangular arrangement of dots (Fig. 11a)
represents the geometry of the columns of
calcium atoms as viewed along the [001],
direction. This projection is consistent with
the face- centered monoclinic arrangement
of the calcium atoms.

The projection of the type Il structure
(Fig. 11b), as viewed along the same direc-
tion, consists of a quasi-hexagonal (centered
rectangular) pattern. This projection is con-
sistent with the C-face-centered monoclinic
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arrangement of the calcium atoms in the
type II structure. Cu and O atoms are pro-
jected onto the nearly continuous horizontal
strings of points for both stacking variants
of Ca atoms in Fig. 11. The computed dy-
namical diffraction patterns and the corre-
sponding simulated images for the two types
of Ca arrangements in Ca;Cu.O,, are also
presented in Fig. 11.

Regarding the observed high-resolution
image in Fig. 10a, we can conclude that two
different Ca arrangements occur since view-
ing the structure along the same direction
leads to different dot configurations in adja-
cent areas. It should be noted that we con-
vinced ourselves that this observation was
not due to local differences in the diffraction
conditions, leading to the excitation of spots
belonging to a higher Laue zone in certain
areas. This conclusion is thus quite indepen-
dent of any theoretical interpretation. That
the difference is due to the calcium arrange-
ments can be deduced from the particular
choice of the reciprocal lattice section used
for imaging and also from the fact that when
using the ‘‘homologous’  section—
(001)k,—selectively revealing the copper
arrangement (3), one finds the same config-
uration of dots all over the area (Fig. 10b).

It is found that in most specimens the two
types of structure occur simultaneously:
type | dominantly and type II in (adjacent)
small domains (as B in Fig. 10a). This is
reflected in the diffraction pattern by a vari-
able intensity of the 110;, spot (compare
Fig. 3 with Fig. 5b), when selecting different
specimen areas. This makes a clear choice
of the section to be used for imaging the
difference difficult, since it is not sharply
defined by the absence or presence of the
central spot. Moreover, the diffraction pat-
terns and hence also the images are compli-
cated by the almost inevitable presence of
twins. The image in Fig. 10a nevertheless
unambiguously demonstrates the existence
of the two stacking variants, both of which
are compatible with a long period modulated
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Fi1G. 11. Computer-generated projected atom positions along the [105],,of the commensurate monoclinic
superlattice of CasCusO); for (a) type I stacking and (b) type II stacking of the calcium atoms. Computed
dynamical diffraction patterns of the structures represented in (a) and (b) along the same zone: (¢) type
I stacking and (d) type II stacking of the calcium atoms. Computer-simulated images along the same
zone as the diffraction pattern in (c) and (d) and the projected structure in (a) and (b), respectively. (e)
type I stacking and (f) type II stacking of the calcium atoms.

structure having the same set of planes of
equal phase.

The selective imaging of one of the sub-
structures (3) is illustrated also in Fig. 12,
where a homologous pair of images was
taken along the (101)%, . .7 section (diffrac-
tion pattern, Fig. 5c) and along the (101)§,
section (diffraction pattern, Fig. 5d).

By imaging along the common section
(101)¢&, . c.r (Fig. 12a), both sublattices are
displayed; the brightness modulation fringes
along [010] reveal the mutual modulation of
the two sublattices perpendicular to [010].
It was shown (/) that the bright dots in the
thin region of the wedge-shaped specimen
area represent the Cu columns; in the
thicker region the Ca columns are repre-

sented by bright dots while the less bright
dots reveal the positions of the Cu columns.
In Fig. 10a, both types of atoms are clearly
discernible in the region of intermediate
thickness; the rows of Ca atoms and the
rows of Cu atoms alternate along the [010]
direction.

It was not possible to image selectively
the CuO, sublattice separately, in the same
area of the specimen, but the Ca sublattice
was seiectively imaged in Fig. 12b. The dif-
ficulty in imaging only the Cu sublattice can
be deduced from Fig. 6e: the trace labeled
*‘c” which represents the (101)¥,, o7 sec-
tion contains the 202, spot (small dot) and
also the 202.,t twin spot (larger dot). The
equivalent section with respect to the CuQ,
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0.316 nm

FiG. 12. Selective images of the same area of the Ca;Cu¢O;, crystal which reveal: (a) the mutual
modulation of the two substructures when imaging along the common (101)* section. The positions of
Cu and Ca atoms in the projected structure are indicated by arrows. The average dot spacing within
the Cu rows is dpcy = 0.27 nm, while within the Ca rows it is dg;c, = 0.29 nm. (b) The perfect order
of Ca atoms in type I stacking when imaging along the (101), section. The dot pattern represents the
projected structure of the Ca sublattice; it is indicated by black dots. The dot spacing along the

horizontal rows is dgc, = 0.28 nm.

orthorhombic lattice would be the (101)*
section which contains the 202, spot, but
also the 202, i.e., the Ca sublattice spot of
the twin variant. Therefore, the (101)* and
(101)* sections look qualitatively the same.
However, by imaging along each of them,
the regions with the well-resolved modu-
lated pattern (as in Fig. 12a) of the HREM
image usually alternate with regions of
poorly resolved modulation, depending on

the volume fraction of the twin variant of
the Ca substructure.

On the other hand, selective imaging of
the Ca sublattice is easily achieved (Fig.
12b) (by using the Ca reciprocal sublattice
section—the trace labeled ‘‘d’’ in Fig. 6),
and it reveals the nearly perfect order of the
Ca atoms. No regions revealing the type II
stacking of Ca atoms are usually found in
such selective images, which indicates that
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the type I stacking is overwhelmingly pres-
ent. This is in agreement with the X-ray
powder and neutron diffraction data (4)
which can be interpreted assuming exclu-
sively that the stacking of Ca is based on the
type I monoclinic sublattice within the CuO,
orthorhombic framework.

7. Computer Simulation

The dynamical diffraction patterns along
the [001]c, zone of the two stackings were
simulated using the structure models de-
scribed under Structural Models, referred
to as the monoclinic commensurate super-
lattice unit cell (7). The copper pattern in
the projected structure along the [001]¢, di-
rection, as well as the calculated diffraction
pattern, is found to be the same for both Ca
stackings; it consists of a primitive rectan-
gle, in complete agreement with the ob-
served electron diffraction pattern (Fig. 5a).
The geometry of the diffraction patterns of
the Ca sublattice, on the other hand, is dif-
ferent in the two cases. For type I stacking,
the diffraction pattern in the (001)%, section
consists of a primitive rectangular mesh
with no 110¢, spot in the center (Fig. 11¢).
On the other hand, for type II stacking, the
diffraction pattern in the (001)§, section is
built on a rectangular mesh with the same
size as that for type I, but it is centered (Fig.
11d). The intensity of the observed hkQ,
spots with #, k = odd reflects the fraction of
the type II structure present in the selected
area. The calculated diffraction patterns of
Fig. 11 are in agreement with the optical
diffraction patterns in Fig. 10a. The calcu-
lated Ca patterns were obtained by simulat-
ing diffraction along the [105],, zone of the
superlattice unit cell (referred to under
Structural Considerations) for CasCuO,,
and by including a shift of one of the two
(001) Calayers over zac, for the type II struc-
ture and no shift for the type I structure.

The diffraction patterns were in turn used
to compute (/1) images which are shown in
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Figs. 11e and 11f for the type I and type Il
calcium arrangements, respectively. They
are selected from an extensive matrix of im-
ages for different thicknesses and defocus
values. The image parameters in Fig. 11 are
Scherzer defocus (Af = — 60 nm) and thick-
ness (¢ = 10.6 nm). The simulated images
in Fig. 11 can be compared with the high-
resolution images in the regions A and B in
Fig. 10a.

8. Disorder and Diffuse Scattering

The relplanes passing through the spots
due to the copper—oxygen sublattice (Fig.
3) are situated in planes parallel with (100)*,
i.e., perpendicular to the ribbon direction.
This suggests that the copper—oxygen rib-
bons are modulated and that some disorder
is present in the phase of the modulation,
as was also found for (Sr-Ca),,Cu,,0,, (12,
13). This is somewhat surprising since we
have been given reasons to believe that
mainly the calcium sublattice is disordered
as a result of twinning and possibly of longi-
tudinal shifts along the ‘‘tunnels’” of octahe-
dral interstices. The disorder in the
copper—oxygen modulation can be under-
stood by assuming that the copper and/or
oxygen arrangement is modulated by the
calcium chains.

The disorder in the calcium sublattice is
due to the presence of the two stacking vari-
ants and to twinning of these variants, i.e.,
to the presence of four structural variants in
total. The twin variants produce differently
oriented symmetry-related diffraction pat-
terns of which only a fraction of the spots
coincide. Also the two stacking variants
produce different diffraction patterns, of
which half of the spots coincide. The pres-
ence of this type of disorder does not pro-
duce relplanes. Possibly ‘‘relrods’’ perpen-
dicular to the twin planes, i.e., along c¢*,
might be produced by sequences of thin ir-
regularly spaced twin lamellae.

The relative sharpness of the calcium dif-
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fraction spots, even in the presence of the
described disorder, is due to the fact that
the relative displacements are discrete and
equal to one-half or one-third of the Ca-Ca
separation, i.e., simply and rationally re-
lated to the calcium sublattice. This type of
displacement would nevertheless produce
relrods along ¢* if successive calcium layers
paralle} to the (001) planes were shifted in
a faulted sequence as shown above. Such
relrods were indeed observed in tilting ex-
periments.

The nature of diffuse scattering, some-
times observed in the reciprocal space con-
cerning the copper—oxygen sublattice, is
different (Fig. 3). The CuQO, sublattice is
modulated by four different calcium ar-
rangements, the period of which is not sim-
ply related to the corresponding period of
the copper—-oxygen sublattice. As a result,
depending on which one of the four struc-
tural variants is present in a given area, the
phase of the modulation of the copper-oxy-
gen framework will be different. This quasi-
continuous distribution of the modulation
phase of the single copper—-oxygen sublat-
tice is responsible for the relplanes observed
in the diffraction pattern in Fig. 3.

It is worth noting that the diffuse intensity
through the satellite spots indexed 2-28a, 0,
2 + 28cl in Ref. (7) (and which we would
index as 201, spots in the cation reciprocal
sublattice) suggests the presence of relrods
parallel to [001]* or/and relplanes parallel to
(100)*, also in the rare-earth cuprates stud-
ied in (7), for which the cation/Cu ratio is
4/5. Such relrods reflect heavy twinning vis-
ible in Fig. 6, Fig. 7, and Ref. (7).

In the case of relplanes, they should in
fact be more pronounced in the diffraction
pattern of these compounds since the
smaller linear density of the cations in the
chains would favor phase disorder in the
relative positions of the chains (so-called
“‘pencil disorder’’). In the compounds with
a smaller cation/Cu ratio of 0.75 such as
Nd,CaCu,Oy, it is evident from the diffuse
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intensity in Fig. 11 of Ref. (7) that extensive
phase disorder (12, 13) is present, leading to
an average orthorhombic lattice.

It was shown in Ref. (3) that the relation-
ship between the two sublattices in an in-
tergrowth structure can be imaged by using
a section common to both reciprocal lat-
tices. In the present case section (010) is the
most suitable. This relationship is repre-
sented more clearly, i.e., with higher con-
trast, by a lattice image than by an atomic
resolution image. It is therefore desirable to
limit intentionally the resolution by collect-
ing only a limited number of spots belonging
in part to each of the two sublattices. Figure
13 was obtained by collecting the set of spots
surrounded by the circle in the (010)* sec-
tion diffraction pattern (inset in Fig. 13).
It contains three intense spots due to the
copper—oxygen sublattice and three intense
close pairs of twin spots connected by
streaks, due to the calcium sublattice. The
image of Fig. 13 exhibits a horizontal set of
straight equidistant fringes, intersected by
wavy fringes, roughly along the vertical di-
rection. This vertical set exhibits a number
of defects, such as twin-related patches of
fringes and dislocation-like configurations.
The set of straight equidistant parallel
fringes perpendicular to ¢* is due to the in-
terference between the spots belonging to
the same sublattice. The wavy fringes are
due to the interference between beams pro-
duced by two different sublattices. The posi-
tions of these fringes (i.e., of the intensity
extrema) are defined by the phase relation-
ship between the interfering beams. The
shift in their positions is thus indicative of a
relative shift of the two substructures. The
image of Fig. 13 can therefore, in a sense,
be interpreted as a map of the relative shifts
of the two sublattices. It proves that their
relative shifts are along the chain direction,
as suggested by the structural models, and
vary over the specimen area.

Further evidence of local disorder in the
phase of the calcium chains with respect to
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F1G. 13. Dark-field lattice image of CasCug0,, along the [010] zone, using the spots encircled in the
diffraction pattern reproduced in the inset (with three Cu and three pairs of twin-related Ca sublattice
spots). Note the parallel and straight horizontal fringes and wavy vertical fringes which indicate disorder

in phase relations between the two sublattices.

the CuQ, sublattice is presented in the dark-
field lattice image of Fig. 14. The imaged
areas exhibit sharply defined coherent mod-
ulation twin interfaces (Fig. 14a), as well as
ending microtwin lamellae (Fig. 14b). The
twinning occurs by a gradual longitudinal
shift of the calcium atoms along the ac, di-
rection.

Changes in the width of the microtwin
lamellae imply the presence of ‘‘twinning
dislocations.’’ In the present case (Fig. 14b),
these dislocations are of a peculiar nature

since they affect the calcium sublattice only;
the copper-oxygen lattice remains perfect.

Some indications of the nature of the mod-
ulation of the CuO, sublattice can be derived
from the significant anisotropy of the ther-
mal agitation ellipsoid associated with the
oxygen atoms according to the neutron dif-
fraction experiments (4). The largest axis
of the ellipsoid (1.9 A?) is found along the
direction normal to the plane of the CuO,
ribbons, whereas the smallest axis (0.4 A2)
is perpendicular to the (001) layer planes;
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Fig. 14. Dark-field lattice images (under the same conditions as those for Fig. 13) of CasCu¢Oy; in the
area showing (a) modulation PCP twinning due to the calcium sublattice; (b) the gradual shift of the
PCP due to the shift of the calcium chains along an ending microtwin tip.

the intermediate axis (0.8 A2 is along the
chain direction. This type of anisotropy is
consistent with a model in which the oxygen
atoms are displaced because the Ca** ions
are too small to be accommodated without
strain in the center of the oxygen octahedra
and probably prefer an off-center coordina-
tion. As a result, the adjacent oxygen atoms
are presumably displaced toward the cal-
cium ion, the displacements being deter-
mined by the exact position occupied by
the calcium ion. The latter position varies
periodically along the rows of octahedral
and/or tetrahedral interstices forming the
tunnels (/). The period of these displace-
ments is the smallest common multiple of

the Ca—Ca and Cu-Cu distances along the
chain direction. The phase of the displace-
ment waves is essentially determined by the
local relative positions of the Ca and CuO,
sublattices and may thus vary over the spec-
imen, a small relative displacement causing
a much larger shift of these phases. As
was discussed under Structural Models,
the CuO, squares in the CuO, ribbons
are slightly tilted. The tilt angle of the
ribbons of CuO, planar clusters is presum-
ably modulated with a period equal to
that of the calcium chains, causing the ap-
parent thermal agitation of the oxygen
atoms as detected by neutron diffraction

).
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9. Composition and Incommensurability

The present results suggest that a com-
mensurate compound CaCu,0,, exists, and
its structure has the monoclinic unit cell
with parameters

a, = 1.680; b, = 0.632 nm;
¢m = 1.095 nm; B, = 75°

This monoclinic cell is the smallest one con-
taining an integer number of unit cells of
both sublattices. The incommensurability of
the diffraction patterns can then be consid-
ered as being due to deviations from the
above composition: Cas, Cu,O,,. The in-
commensurability was related to ‘‘phase
slips’’ in the structure as observed by high-
resolution electron microscopy (/). A phase
slip corresponds in fact to the correlated
insertion of additional calcium ions in the
tunnels of the CuO, framework. This opera-
tion will decrease the average separation of
the Ca ions, which tend to be spaced uni-
formly as aresult of Coulomb repulsion. For
computational purposes we can, however,
assume that a sequence of five Ca atoms
which occupies a length of tunnel equal to
six Cu-Cu separations consists of five Ca
ions with a spacing equal to that of Cu
atoms, followed by a vacancy. Suppose now
that after every n such 5Ca/6Cu sequences,
a sequence consisting of six Ca ions and no
vacancy is inserted; then the bulk composi-
tion ratio Ca/Cu would become (5n + 6)/
(n + 1)6. With this assumption the nonstoi-
chiometry index x in Cas, ,CuO,, can be
expressed as a function of n, x(n) = 1/(n +
1), with the above-mentioned meaning of #.
Furthermore, the ratio of the average
Ca—Ca spacing over Cu-Cu spacing as a
function of composition would be 6(n + 1)/
Sn + 6) = 6/(5 + x).

In the limiting case n — 0, corresponding
to no insertion of 6Ca/6Cu sequences, the
composition would be the above-mentioned
Ca,Cus0,, (x = 0). In the other limiting
case, for n — 0, corresponding to the pres-
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ence of only 6Ca/6Cu sequences, the com-
position would be CaCuQ, with x = 1, and
the Ca—-Ca spacing would be equal to the
Cu-Cu spacing. This is apparently unstable,
the repulsion between the Ca ions being ex-
cessive; from the average Ca—Ca spacing in
the chemically related compounds
(Cay gsS19,15)Cu0, (8), Ca,CuO; (14), and
CaCu,0, (15), it seems that it is impossible
to pack calcium atoms closer than roughly
0.32 nm (6). Therefore the considered struc-
ture is, as expected, unstable for the n val-
ues0, 1, and 2 (x equals 1, 0.5, and 0.33) and
the corresponding Ca/Cu ratios
6/6 = 1, 5.5/6 = 0.91, and 5.3/6 = 0.88,
since these values imply that the Ca-Ca
spacings would be 0.280, 0.306, and 0.315
nm, respectively. The incommensurability
discussed in (/) and (2) can thus also be
considered as being due to nonstoichiome-
try in Cas, ,Cu,O,, forx = 0.125 (n = 7) and
x = 0.143 (n = 6), which closely correspond
with the nominal composition Ca,gCu0O,.
The value of 0.85 seems to be the upper limit
of the Ca/Cu ratio (4) for the Cas, ,Cu O,
structure.

Although we have not found a structure
which would correspond to a phase having
a smaller Ca/Cu ratio, superstructures with
compositions Ca,CusO,, and (Ca-RE),
Cu;0,, (5-7) were reported to have a super-
lattice analogous to the one for Caggs
CuO, (/), and, therefore, we can speculate
that our considerations, based on the two
sublattice intergrowth structure, are appli-
cable to all these compounds.

However, it is possible to envisage a num-
ber of compositions leading to analogous
commensurate structures (corresponding to
Cas, Cu0,,), with different coincidence se-
quences (Ca,, ,CusOy, Ca;, ,Cu,Og, . . ).
For a cation/Cu composition ratio equal to
0.583 in (Sr-Ca),,Cu,,0,,, a different struc-
ture was found(/6, /7) but also, in that case,
the structure can be described as an in-
tergrowth built on two different sublattices
(12, 18).
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10. Conclusions

Since the publication of our previous pa-
pers on the composition-driven modulated
structure of Ca,gsCuQO, (I, 2), the method
of selective imaging of the substructures in
intergrowth structures has been developed
{3). As pointed out in (1), the structure of
Cay4sCuO, can be described with respect
to two geometrically distinct sublattices: a
calcium sublattice and a copper-oxygen
sublattice. The method of selective imaging
can thus be applied to the present case. This
method of analyzing the structure has made
it possible to obtain some additional infor-
mation.

It was confirmed that commensurate as
well as incommensurate diffraction patterns
occur. In this paper we have focused atten-
tion mainly on the material producing a com-
mensurate diffraction pattern and which
was therefore assumed to have a commen-
surate structure with ideal composition Ca,
CugO,,. The ratio of the Ca—Ca separation
ac, to the Cu-Cu separation ac, is then ex-
actly ac,/ac, = 6/5.

It is suggested that analogous reasoning
could be applied to the wider range of com-
positions down to Ca,CusO,, or to Ca,;Cu,04
(and even for intermediate noninteger stoi-
chiometry (Ca-RE),Cu0,), for which the
ac,/ac, ratio would correspond to 5/4 or to
4/3 (or agyios(X}ac, = 1/x), respectively.

We have given evidence for the occur-
rence of two different stacking modes of
the calcium chains within the face-centered
orthorhombic copper—oxygen framework.
The calcium chains always have a staggered
arrangement within the (001) layers, but the
stacking along the [001] direction of such
(001) layers can take place according to two
different modes related by a vector
3[100]ac,. In the first mode (type 1,
. . .ABAB. . ) the chains are staggered
also along the [001] direction, forming a non-
primitive all-face-centered monoclinic lat-
ice. In the second mode (type II,
.. .AA. . .or. . .BB. . ) theyare verti-
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cally stacked, forming a C-base-centered
monoclinic Bravais lattice. ““Islands’’ ex-
hibiting type II stacking are found by high-
resolution electron microscopy to be em-
bedded in a “*sea’ of the type I stacked
matrix.

In view of the evidence found with elec-
tron diffraction, an attempt was made to
provide evidence for the type II stacking
mode in the X-ray diffraction patterns. It
turns out that all observed peaks can be
satisfactorily accounted for on the basis of
the type I structure. This is not surprising
since the electron microscopic observations
have shown that the type Il structure occurs
only in small islands embedded in type I
material.

The presence of hk( spots with & = even
and k = odd, in the selective diffraction
pattern associated with the copper—oxygen
substructure, was interpreted as being
caused by a small tilt of the ribbons of CuO,
clusters with respect to the (010) plane. This
interpretation is consistent with the elon-
gated shape along [010] of the thermal agita-
tion ellipsoids, associated with the oxygen
atoms, as determined by neutron diffrac-
tion. It is moreover suggested that the mag-
nitude of the tilt angle is modulated by the
calcium chains. The phase of this modula-
tion will thus depend on the phase of the
calcium chains, which was shown to vary
over the specimen area as a consequence of
the presence of two stacking modes and of
their associated twin modes, leading to four
stacking variants. As a result, the cop-
per—oxygen sublattice is modulated, exhib-
iting a spectrum of phases and thereby lead-
ing to the presence of diffuse relplanes
perpendicular to the chain direction in the
diffraction patterns.
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