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Abstract

The modulated structure in (Sr, Ca),,Cu,,0,, has
been studied using electron diffraction and high-
resolution microscopy. The structure can be con-
sidered as consisting of two interpenetrating substruc-
tures. The first sheet-like substructure is shown to be
hardly modulated while the second substructure, con-
siting of c-oriented chains, contains most of the modu-
lation. High-resolution electron microscopy allows
either separate imaging of the two substructures or
identification of the misfit between them.
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1. Introduction

The compound (Sr, Ca),,Cu,,0,, was discovered by
Subramanian, Torardi, Calabrese, Gopalakrishnan,
Morrisey, Askew, Flippen, Chowdhry & Sleight
(1988) as an unwanted by-product of the crystal
growth of Bi-based superconducting materials, and
by Mehbod, Van Lathem, Deltour, Duvigneaud,
Wyder, Verwerft, Van Tendeloo & Van Landuyt
(1990) as the secondary phase in iron-doped Bi-Sr-
Ca-Cu-O superconducting compounds. Although
the present material is semiconducting and not super-
conducting, it is of interest because of its peculiar
structure, which was determined by X-ray diffraction
soon after the discovery of this new phase (McCarron,
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Subramanian, Calabrese & Harlow 1988; Siegrist,
Schneemeyer, Shunsine, Waszcak & Roth, 1988).
These studies have shown the structure to be incom-
mensurately modulated, and could be treated as sug-
gested by de Wolff, Janssen & Janner (1981).

Electron diffraction patterns described by Wu &
Horiuchi (1991) exhibit diffuse streaks that have been
attributed to ‘initial phase disorder’ of modulated
chains on one sublattice of the structure; the second
sublattice also being modulated but phase ordered.
After this paper was submitted, real-space informa-
tion (from high-resolution electron microscopy) on
this particular modulation also became available
(Wu, Takayamo-Muromachi, Suehara & Horiuchi,
1991). In that paper, the authors made use of conven-
tional high-resolution electron microscopy. It is the
purpose of this paper to describe studies using selec-
tive imaging techniques and to present a model for
the incommensurate modulation.

The structure determined by X-ray diffraction is
the average structure; high-resolution electron micro-
scope studies can provide complementary informa-
tion on local structures. This is particularly relevant
for modulated phases where such local structures are,
as a rule, different from the average structure.
Moreover, since in the present case the two substruc-
tures have rather well separated diffraction patterns,
it is in principle possible to image the two structures
separately along selected directions.

2. Structural considerations

The crystal structure as derived by McCarron, Sub-
ramanian, Calabrese & Harlow (1988) consists of two
interpenetrating structures based on two different
sublattices. One sublattice (1) is face-centred ortho-
rhombic with lattice parameters a=11.4, b=12.9,
¢;=3.91 A. The structure based on this sublattice
consists of sheets parallel to the ac plane formed by
zigzag chains of edge-sharing square-planar CuO,
clusters, of the same type as the double chains that
occur in YBa,Cu,O¢ (Marsh, Flaming, Mandich, De
Santolo, Kuo, Hong & Martinez-Miranda, 1988) and
SrCuO, (Teske & Miiller-Buschbaum, 1970). These
chains are interconnected by bridging O atoms. This
essentially planar arrangement is represented in Fig.
1(a). On both sides of this sheet the Ca/Sr ions
occupy sites that are positioned along b in the centres
of the large squares in this arrangement, indicated by
crosses in Fig. 1(a).

The second sublattice (IT) is also face-centred
orthorhombic with the same lattice parameters a and
b as sublattice (I), but with a different ¢ parameter:
cn=2.75 A. The structure consists of planar chains
parallel to the ¢ direction, of edge-sharing square
CuOj clusters, arranged as shown in Fig. 1(b) when
projected on the ac plane. Successive chains along
the a direction form a staggered arrangement in this
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plane. Since sublattice (II) is face-centred, the
arrangement of chains along the b direction is also
staggered.

The succession of atomic layers along the b direc-
tion can thus be represented as . . .-[(Sr, Ca)-Cu,0;-
(Sr, Ca)]-[CuO,]-... where the layers between
brackets refer to sublattices (1) and (1I) respectively.
The planar CuQ, chains along b fit between the layers
of Sr/Ca ions (Fig. 1¢), leading to a variable coordi-
nation of the Sr/Ca ions.

3. Experimental

(Sr, Ca),4Cu,40,; needle-shaped crystals have been
obtained as a by-product of the growth of pure and
doped Br-Sr—Ca—Cu-O single crystals. An alumina
crucible of high purity has been used to avoid con-
tamination. As a flux composition we have chosen
Bi-Sr,—Ca,—Cu, using Bi,0;, SrCO;, CaCO; and CuO
as raw materials. The starting materials were ground,
heated in air at 1193 K for 5 h, then cooled to 913 K
at a rate of 0.5 K h™' and followed by cooling to room
temperature in the furnace. Single crystals were iso-
lated mechanically.

(a)

Cn
(b)

(c) b

0—o
p—o0
0—04+-0—0—0—0—0—010—0
p—o

0—o0

Fig. 1. Structural model of the compound (Sr,Ca),,Cu,,0,,.
(a) Structure of the Cu,0; zigzag chains in the ‘sheet’ layer
viewed along [010]. (b) Structure of the CuO, ‘chain’ layer
viewed along [010]. (¢) Spatial arrangement of the constituent
layers viewed along [001]. Cu-O bonds are indicated by full
lines; CuO, squares are lightly shaded. The large open circles
represent Cu, the small open ones O and the large filled ones
Sr or Ca ions. The crosses in (a) indicate the positions of the
Sr and/or Ca ions above and below the ‘sheet’.
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multiple of ¢; and ¢y, i.e. 7% ¢; =10 X ¢;;. The ¢, period
of 3.91 A is prominently present in the direction of
the rows of bright dots, i.e. along the ¢ direction in
Fig. 7. The broad fringes due to the brightness modu-
lation are not always straight and perpendicular to
the c direction. In some areas, especially when look-
ing under grazing incidence at lower-magnification
images, it becomes obvious that the broad fringes
sometimes make a small angle with the normal to ¢
and that they shift gradually sideways. This observa-
tion is relevant since it throws some light on the
relative shifts of the ‘sheet’ and ‘chain’ substructures,
as will be discussed below.

The images corresponding to the sections (011)§
and (011)};, reproduced in Figs. 8(a) and (b) respec-
tively, are of particular interest since they reveal - in
the same area - the two substructures separately. Fig.
8(a) shows the image corresponding to the sharp spot
pattern of the (011)F section (see Fig. 4a); it rep-
resents the Cu,0;-‘sheet’ structure. The relation
between the image and the projected structure along
the same direction becomes clear when comparing
Fig. 8(a) with Fig. 1(a); the CuO, chains do not
appear in the image because they do not form a
column-type configuration. All columns containing
heavy atoms in the ‘sheet’ substructure can clearly be
recognized as well separated bright dots. The brightest
dots may be associated with the pair of Ca/Sr-atom
columns, the less bright dots represent copper-
containing columns (Milat, Van Tendeloo &
Amelinckx, 1992). The periodicity of the projected
structure along [011] is 3.75 A as expected for the
‘sheet’ substructure.

Fig. 8(b) shows the image associated with the
(011)}; section of Fig. 4(b). Again, the heavy-atom
columns are revealed as bright dots, but now rep-
resenting Cu in the CuO, ‘chains’ (Fig. 1b). Therefore
the period of 2.65 A which corresponds to the CuO,
chains, is dominantly present along the [011] direc-
tion in the rows of less bright dots, i.e. between very
bright but poorly resolved rows that represent the
Cu,0;-Sr/Ca layers. Large areas of this image were
found to reveal a periodic structure even though the
diffraction spots are heavily streaked and the ‘sheet’
sublattice is certainly not columnar.

5. Interpretation and discussion

The observations will be interpreted in terms of two
possible structural models.

The presence of diffuse insensity planes in
reciprocal space is indicative of ‘pencil disorder’ in
real space, i.e. the type of disorder occurring in an
assembly of parallel linear strings of strictly equidis-
tant scattering centres arranged in a two-dimensional
lattice, but of which the longitudinal positions are
disordered. The longitudinal relative shifts can be a
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non-negligible fraction of the repeat period along the
strings. This type of disorder may result, for instance,
if the linear strings are embedded in a matrix where
open channels are available to accommodate the
linear strings. Along such channels more than one
stable or quasi-stable equilibrium position may exist.
The diftuse planes in reciprocal space are then per-
pendicular to the strings and their separation is equal
to the inverse of the repeat distance of the scattering
centres along the linear strings.

A related type of disorder, which will produce
similar diffraction effects, may occur in structures
containing longitudinally modulated strings. In such
structures the phases of the longitudinal modulation
waves in neighbouring strings may be disordered,
even though the equilibrium positions are essentially
the same in all chains. In this case only small atomic
displacements are sufficient to cause an appreciable
change in the phase of the modulation wave. In this
case diffuse planes pass through all modulation satel-
lites; this has been shown explicitly by Wu & Horiuchi
(1991). The latter situation is observed in the present
case.

The selective imaging of the two sublattices can
provide significant information on the relative magni-
tude of the displacements in the two sublatices. The
image in Fig. 8(a), representing the ‘sheet’ structure,
strongly suggests that this structure is either not at
all or at most only weakly modulated. In any case it
does not lead to displacements observable under high-
resolution conditions. If one takes into account the
heavy streaking of sublattice (I1), the image of the
‘chain’ structure in Fig. 8(b) is still surprisingly well
ordered, although with some visible deviations from
strict periodicity. These deviations can best be
observed under grazing incidence along the dense
rows of dots. Comparing ‘sheet’ and ‘chain’ images
we conclude that the ‘sheet’ sublattice is to a good
approximation undeformed, the modulation being
mainly confined to the ‘chain’ sublattice. Even in the
latter case, the displacements involved are apparently
rather small and do not lead to striking effects in a
high-resolution image.

More striking evidence for the relative shifts of the
two sublattices can be obtained from the dark-field
image of Fig. 6, in which the structure is viewed along
the b direction (ie. along the normal to the layer
planes). The bright dots along the rows parallel to
the c axis vary in sharpness and in successive rows
they are sometimes shifted relative to each other
over observable distances, so as to generate
parallelograms, instead of rectangles, which would
be in agreement with the selected configuration of
reflections in reciprocal space. This observation
confirms, as explained above, that successive rows of
‘chains’ are in difterent relative positions with respect
to the underlying ‘sheet’ structure. The better visibility
of the shifts in this imaging mode is essentially due



MILAT, VAN TENDELOO, AMELINCKX, MEHBOD AND DELTOUR

to the ‘vernier’ effect described above, and which was
exploited in this dark-field imaging mode.

Without having to specify which atom will occupy
which ‘hollow’, it is possible to visualize how the
9.2 A period results from the near coincidence of
atomic positions. In Fig. 9 the 2.75 A period has been
schematically indicated by the upper row of bars; it
can for instance be associated with the Cu atoms in
the chains along the ¢ direction in Fig. 1(b). In the
lower row we have indicated by heavy bars the 3.91 A
period, and by dotted bars the 3.91/2A =196 A
period. These periods can for instance be associated
with the centres of the small squares [defined by the
Cu-0O bonds in Fig. 1(a)] in the sheet layer. Succes-
sive crystallographically equivalent sites are therein
related by a 3.91 A symmetry translation. However,
the centres of the intermediate small squares could
serve as possible almost equivalent sites. The Cu
atoms of the chains would probably tend to occupy
sites that project onto the centres of these small
squares, but this is not essential for our reasoning.
From consideration of the two parallel rows of bars,
it becomes evident that near coincidence of heavy
bars occurs at sites separated on average by 9.2 A. In
reality, the spacing between successive near-coin-
cidence sites is not constant and consists, in Fig. 7,
of two shorter segments alternating with one longer
segment. In fact, the sequence will tend to be a ‘uni-
form’ mixture of spacings, approximating the average
value. Similar observations of uniform mixtures of
two periodicities are common knowledge in long-
period-ordered alloys (Loiseau, Van Tendeloo, Por-
tier & Ducastelle, 1985). If the equilibrium situation
is assumed to correspond to the closest coincidence
of the heavy bars, it is evident that small displace-
ments in the sense indicated by arrows in Fig. 9 would
tend to take place. This implies that certain segments
are under tensile stress (indicated by ‘+*), while others

C|| - - + - - - -
[ IR T IR R A T A I T R RO O O B |
[ I | ! 1 [ B | | | ! I
Sy - + +
1/Ag=9.2
(-~
27.6

B |

Fig. 9. Near-coincidence scheme of atomic positions in ‘chain’
(upper) and ‘sheet’ (lower) sublattices with their corresponding
periodicities of ¢;;=2.75A and ¢,=3.91 A respectively. The
average near-coincidence period 1/ 4g* deduced from electron
diffraction is indicated by open arrows pointing up as well as
the quasi-commensurate spacing 27.6 A (=3/d4g*="7¢,;). The
accommodating strain and the regions of tensile and compressive
stress are indicated by small arrows at the top, and by ‘+* and
‘=" signs, respectively. The upper signs refer to the upper layer,
the lower signs to the lower layer.
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would be under compressive stress (indicated by ‘—’).
The overlap of ‘+’ regions in one row with ‘=’ regions
in the neighbouring row corresponds to the situation
of least strain energy, i.e. with a possible equilibrium
situation.

The fact that the ratio of the sublattice parameters,
¢/ ¢y, is incommensurate and very close to 2172
favours the assumption that the building unit -
square-planar CuQ, - is very little distorted in the
‘sheets’ as well as in the ‘chains’. This, however, is
no proof, since the lattice parameters are average
values only. Evidence for this assumption also comes
from the lattice parameters of the isomorphous com-
pounds in which different cations are substituted for
(Ca, Sr) as in the work of Siegrist, Schneemeyer,
Shunsine, Waszcak & Roth (1988). Such substitutions
mainly affect the b parameter, as one would expect,
since the size of these ions determines to a large extent
the layer spacing. However, the effect on the ¢ param-
eter is an order of magnitude smaller than that on
the b parameter, which again is consistent with the
assumption that the CuO, groups are rigid. On this
basis it is to be expected that the incommensurateness
will not be accommodated in localized discom-
mensuration walls separated by commensurate
domains but will at most lead to some mutual modula-
tion of the two sublattices. The evidence suggests that
the ‘chain’ lattice is likely to suffer the largest displace-
ments, the ‘sheet’ lattice remaining rigid.

This work has been performed in the framework
of the Belgian National Impulse Programme on High
T. Superconductivity under contract nos. SU/03/017
and SU/03/009, with the financial help of IUAP 11.
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