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attack. The particular effectiveness of Mg?* as a
template for chelate binding of ATP and ADP,
bending the P—O—P link and exposing the bridging
oxygen, is attributable to the cation’s relatively small
ionic radius and large charge-to-radius ratio. Among
the cations that are present in the biological milieu in
greater than trace amounts, namely, the so-called
bulk metals, Na*, K*, Ca?" and Mg**, the magne-
sium ion is the smallest.
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Abstract

An examination of various preparations from the
structural series Pb.Bi, ,Sr,Ca, Cu,0442,+5 by
selected-area and convergent-beam electron diffrac-
tion (SAD and CBED) shows that despite super-
structural symmetries which range from monoclinic
to orthorhombic, space groups Amaa or A2aa can be

0108-7681/92/040376-14%06.00

unambiguously identified for the subcells of different
samples (here for n=1 and n=2 respectively),
independently of the long-range superstructural
result. An analysis of the n = 2 compound within the
compositional range x =0.2—0.3 shows that both
Pb-independent and Pb-dependent superlattices co-
exist for this range of x, the former superlattice
retaining the superspace-group symmetry of

© 1992 International Union of Crystallography
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N.A2aa.l11. Following this, a semi-quantitative
analysis is made using data from a commensurate
Bi—Sr—Fe—O superstructural refinement. The
most probable siting of Pb atoms within the Bi—O
layers is determined, and a model consisting of a
semi-random array of commensurate supercells
derived, which accounts qualitatively for the appear-
ances of both the observed incommensurate superlat-
tices. A more general description of these structures
requires consideration of low-angle crystallographic
shear (CS) planes, identified from SAD data. Their
existence may be used to explain the present varia-
bility of space group, and of superconducting
properties, found for these componds over a range of
cation stoichiometries and preparation procedures.

1. Introduction

The structural series Pb.Bi,_ Sr,Ca, .,Cu, 042,45
with n=1, 2, 3 have become known as the 2201,
2212 and 2223 compounds, in conjunction with their
initial discovery and subsequent study as high T,
superconductors (Maeda, Tanaka, Fukutomi &
Asano, 1988). These compounds have a great deal of
crystallographic interest in their own right, although
investigation of the relationship between structural
(e.g. order—disorder) and superconducting properties
currently provides a major incentive for their struc-
tural refinement.

The 2212 and 2201 compounds have been the most
studied of these compounds, reflecting the ease of
their preparation, in contrast to that of the meta-
stable 2223 form. One consequence of these studies is
that a debate has ensued over the centrosymmetry or
otherwise of the parent or subcell structures of these
essentially modulated structures. This evidence is
summarized in Table 1.

A second issue is that of the symmetry and nature
of the superstructures associated with these com-
pounds. So far, results obtained from electron and
X-ray diffraction suggest that these consist of two
incommensurate modulations, incommensurately
related one to the other, one of which is associated
with both the Pb-free and the Pb-doped structures,
the other being associated with the Pb-bearing struc-
tures only. It is convenient to label these as type (1)
and type (2) modulations, and identify them by their
primary modulation wavevectors g, and ¢,. Analyses
have been made for this superstructure using four-
dimensional space-group theory (de Wolff, Janssen
& Janner, 1981), so far mainly for the g, superstruc-
ture (e.g. Withers, Anderson, Hyde, Thomson, Wal-
lenberg, Fitzgerald & Stewart, 1988), and some of
these results are given in Table 2. In addition, X-ray
single-crystal structure refinement (Petricek, Gao,
Lee & Coppens, 1990) has determined the origin of
the ¢, modulation to be the incorporation of addi-
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Table 1. Space-group results found for the 2212 and
2201 structures by the various techniques

Technique Space group Reference
2212 structure
CBED Amaa or A2aa Withers et af. (1988)
CBED Amaa Fung et al. (1989)
CBED, LACBED Amaa Zhang et al. {1990)
CBED A2aa Kan ez al. (1990)
CBED, LACBED Alaa Present work
Neutron diffraction A2aa Bordet et al. (1988)
Neutron diffraction Amaa Sequeira er al. (1991)
X-ray diffraction Aaa Petricek et al. (1990)
2201 structure
CBED Amaa Wen ¢/ al. (1989)
CBED Amaa Present work
X-ray diffraction A2aa Gao ez al. (1988)

Table 2. Symmetry of results for supergroup-
symmetry determinations of q, and q- superstructure

References
2212 Structure (g,)
Withers ef al. (1988)
Yamamoto, Hirotsu, Nakamura
& Nagakura (1989)

Superspace group

N.Ama.11 or N.A2aa.11]
N.Ama.11l or N.A2aa.111

Petricek ez al. (1990) N.A2aa.111
Yamamoto (1991) N.Ama.lll
2201 Structure (g, + ¢,)

Gao et al. (1988) P Aal

tional O atoms in the Bi—O planes of the Pb-free
2212 structure. Further to this, neutron diffraction
refinement of the Pb-bearing 2212 structure
(Sequeira, Rajagopal, Sastry, Yakhmi & Iyer, 1991)
has shown that the Pb atoms substitute on Bi sites of
this structure as Pb*". One problem here is that
while X-ray diffraction data cannot be used to refine
the O-atom positions, or distinguish the Pb positions
in the presence of Bi, single-crystal data can be used
to refine the superlattice. By contrast, neutron dif-
fraction Rietveld analysis can address the Pb/Bi sub-
stitution problem but cannot refine the superlattice.
On the other hand, a combined X-ray and neutron
Rietveld analysis has been carried out on the Pb-free
2212 structure by Yamamoto (1991), which confirms
the origin of the g, modulations as arising from a
Bi—O layer distortion caused by the periodic inclu-
sion of additional O atoms, but in which the
refinement is based on the parent-structure symmetry
of Amaa instead of the 42aa assumed in the Petricek
refinement. From this review it is clear that the issue
of the parent space group needs to be resolved
independently and ahead of X-ray and neutron dif-
fraction refinements.

At this stage it appears that electron diffraction
has an important role to play as a technique which is
sensitive to both space-group symmetry and super-
lattice geometry, and for which analytical electron
microscopy (using energy-dispersive X-ray spectros-
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copy, or EDS) can resolve Pb as a percentage in the
presence of Bi.

In the present work, we have made use of the
availability of material in both micaceous single crys-
tal and granular form, to carry out convergent-beam
and ‘large-angle’ convergent-beam electron diffrac-
tion (CBED and LACBED), for which extended
single-crystal surfaces normal to the long axis are
required (§3), and three-dimensional characterization
of the superlattice by selected-area diffraction
(SAD), for which equal access to all orientations
(provided by an ion-beam-thinned polygranular
sample) is required (§4). In both these investigations
EDS analysis is available.

2. Preparation and initial electron diffraction
characterization

Single crystals of the 2212 phase were grown by the
CuO flux method in alumina crucibles by the fol-
lowing procedure: PbO, Bi,O;, SrCO,, CaCO; and
CuO were mixed in proportions 0.25:1.75:1.5:2.0:4.5
with respect to the cation ratios. After calcining at
1073 K the mixture was re-ground and heated grad-
ually to 1298 K. The melt was held for 16 h, then
held successively at 1193 and 1123 K for equivalent
periods, using streaming oxygen at the lower tem-
perature, before finally cooling slowly to room tem-
perature.

In order to form single crystals of the 2201 struc-
ture, additional PbO was added to the starting mix-
ture of give the Pb:Bi ratio of 0.35:1.65.

Single crystals were extracted from these prepara-
tions by cutting sections through the alumina cruci-
bles with a diamond saw, and examining these
sections under a binocular microscope. Individual
sheet crystals were selected, and subsequently glued
to a 50-mesh copper grid. Transmission electron
microscope single-crystal thin-film samples were then
prepared by cleaving these to transparency.

Crystals of the 2212 and 2201 preparations were
found to have compositions Pbg ¢Bi, 54Sr;,Cagg-
Cu»O, and Pby,Bi, ¢Sr) ¢Cay 4Cu(yyO, respectively,
as determined by EDS, where Cu was not measured
since the specimen was on a Cu grid, and where the
Sr/Bi ratio is the least-reliable measurement.

Single-crystal growth by the above method could
not be induced to yield high-Pb crystals of the 2212
form; instead initial high-Pb proportions led to 2201
as a single phase. Sintered 2212 material with a
higher Pb content was however obtained starting
from a solution rather than dry materials. Thus by
rapid evaporation of a nitrate solution in 50% nitric
acid, with the metals Pb:Bi:Sr:Ca:Cu in the ratio
0.2:0.8:0.8:1.0:1.4, the components could be obtained
in a finely divided and reactive state. Following a
low-temperature decomposition of the nitrates, the

Pb.Bi, . . SrCa, - 1Cu, 0424+ 5

resulting oxide mixture was pelletized and fired in an
alumina boat for 4 days in a monitored mixture of
pure nitrogen and air at 1105 K, followed by slow
cooling in oxygen. The final composition determined
by EDS was Pby,3Bi, 751, 5Ca, 3Cu0,. Poly-
granular samples from this sinter were prepared for
electron microscopy by mechanical dimpling, fol-
lowed by ion-beam milling to transparency using a
liquid-nitrogen-cooled holder to prevent crystalline
melting.

Single crystals of the Pb-free 2212 material suitable
for cleavage preparation as extended thin-film
samples were obtained from another laboratory.

2.1. Initial electron diffraction characterization

Fig. 1 shows the [001] SAD zone-axis patterns
obtained from the above samples. As can be seen in
this comparative series, the symmetry and intensity
modulation of the satellite reflections varies with
both composition and structure.

Fig. 1(a) shows that for the Pb-free crystal of 2212
composition, the satellite rows run obliquely through
the sublattice rows parallel to a*. The same effect has
been reported by Kan, Kulik, Chow & Moss (1990)
for this compound. This means, as recorded by these
authors, that the modulation wavevector in this case
has a b-axis component, so that ¢, =c* + y,a* +
8,b* breaking the orthorhombic symmetry and
modulation vector g; = c¢* + y,a* assumed by the
authors listed in Table 2, for the 2212 compound.

Fig. 1(b) shows the similar [001] pattern from the
cleaved single-crystal film crystal of the 2212 struc-
ture with a Pb/Bi substitution in the ratio 1/12. The
main difference observable from the pattern of Fig.
1(a) is the collinearity of the satellite rows, so that
the simpler orthorhombic form of g, appears valid.

Fig. 1(c) shows the pattern from the sintered 2212
compound, with lead substitution of 1/7 > Pb/Bi >
1/8, characterized by a set of strong superlattice
orders and strong thermal-diffuse scattering near the
central beam. As with Fig. 1(b) the superlattice rows
appear strictly collinear, the most obvious difference
here being the greater strength of higher-order satell-
ite reflections between the main Bragg reflections. An
additional Pb-induced superlattice with the primary
wavevector ¢, is evident in regions close to the main
Bragg spots, particularly in regions of the pattern
away from the central region.

Fig. 1(d) shows the [001] pattern from the 2201
extended single-crystal sample of the 2201 structure
with Pb/Bi=1/9, Here the satellite reflections are
uniformly strong and collinear between the main
reflections, although they are not as regularly spaced
as those appearing in Fig. 1(c).

All these patterns have in common a certain quasi-
periodic component i.e. in patterns like those of Figs.
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Bi(1) and Bi(4) replaced with Pb** and Pb*" with
the required spacing of 3.5 x a (giving a repeat of 7
x a overall).

S.1. Derivation of the incommensurate superstructures

Using the above model (Figs. 95 and 9¢), we find
that the simplest arrangement which will give the
correct Pb-foading of 1/7— 1/8 substitution of Bi will
require 50% of the eligible Bi(1) and Bi(4) sites to be
substituted, and will give a periodic structure 7 % a/2,
7 x al2, 6 x a/2, with an average superspacing of 4,
=6.67 x /2. This substitution is shown schemati-

® Pb** 8DO
2+
’ Pbo N, BO

Fig. 9. (¢) Topology of a Bi—O layer in Bi,Sr,sFe,,O4, following
Le Page er al. (1989), with labels 1-5 for the five distinct
Bi-atom coordination sites, following the nomenclature of these
authors. Oxygen shifts are indicated by the symbols, as: DO =
(2) displaced O atoms (from the rock-salt position). BO = (3)
bridging O positions. () The same layer, showing a statistical
averaged occupation of Bi(1) and Bi(4) sites by Pb** and Pb*"
ions respectively. (¢) The same layer, with occupation of Bi sites
by Pb*’ and Pb?' at distances requircd by the present model
(only one Bi—O string is shown with Pb replacement). (d) A
string of three supercell units of 10-9-10 half-unit-cell lengths,
showing a centrosymmetric unit.
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cally in Fig. 10(a), where the lateral stacking
sequence is shown in terms of the Bi-atom labels 1-5
used by Le Page er al. (1989). Bearing in mind that a
required spacing is ~7 x a/2 for the basic modula-
tion (our experimental results), we can accommodate
this by reducing the size of two out of every three
primary supercells from 4, =5%xa to A, =45 xa,
corresponding to 9 instead of 10 Bi atoms along x.
This same change will then bring the average value
of A, down from S to the incommensurate value of
4.67 x a, i.e. within experimental accuracy of the
measured value of 4.7 x a.

This final model is shown in Fig. 10(b) where both
the g, spacing (varying between 9 and 10 structural
subunits) and the equivalent g, spacing are shown,
above and below the ordering sequence respectively.
At this stage we have satisified the three constraints
imposed by the data i.e. by satisfying the first two
constraints of a definite ¢, value and a measured Pb
content we have incidently satisfied the third.

The substitutional structures of Fig. 9 in conjunc-
tion with the modelling above also allows many
observed diffraction features to be interpreted. For
example, incorporation of both Pb’' and Pb*" at
both expanded and compressed zones of the Bi—O
layer, i.e. at both nodes and antinodes of the
centering in the Q, structure (see space-group discus-
sion below) would explain the lack of corresponding
centering in the Pb-based superlattice. Statistical
occupation of the B(1) sites would contribute to the
diffuse streaks observed along (110} directions (Fig.
1¢); this model (Fig. 9¢) would also satisfactorily
explain the preponderance of the (Q, — @Q,) vector
found in the patterns.

One advantage of this argument is that it allows
an explanation of differing observed symmetries
(Amaa and A2aa) in terms of ordering. From Fig.
9(d) it 1s seen that if a superstructure is built in a
certain way there can be symmetrical units (as for
example with the repeat sequence: 10-10-9-10-10-9-

1177455472110 7455472110745547211274554321 12245547011 274554732112345
b 7 7 & 7 7 b 7 7
(a)
RS R N - 10 -0 -9 -ie 1o =
S42211234554T71102454321 10704547 211274554T01100454T011203454 30110245
7 7 8 & 7 7 8 & 7

Fig. 10. Sequence of Bi-atom types, using the numbering 1-5 of Le
Page er al. (1989), forming a semi-random sequence: (a) The
regular sequence incorporating Pb in 50% of Bi(l) and Bi(4)
sites. The substituted sites are underlined; the length of super-
period between substituted sites is given in units of «/2, below
each supercell. (b) Final model, in which alternate sequences of
primary superperiods of lengths 5z and 4.5a occur in semi-
random fashion. The lengths of superperiods between bridging
oxygens are given above the sequence. in units of a/2 multiples,
while the corresponding lengths of Pb-site superperiods are
given in the same units below the sequence.
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9-9-10-10 etc., as contrasted with the sequence 10-
10-9-9-10-10-), involving a symmetry induced by
twinning of the asymmetric bridging oxygen sites.
Therefore it is possible for the property of centro-
symmetry to be determined by specific lateral order-
ing, the space group then becoming sensitive to
details of preparation. Alternatively (or equiva-
lently), the higher symmetry can be interpreted as
arising out of a systematic micro-twinning between
noncentrosymmetric units, on a sufficiently fine
scale.

5.2. Symmetry expansion to the 2212 structure

In order to relate the ferrite structure to that of the
2212 phase the space group B222 needs to be
expanded to that of N.42qa.111. The main task in
this extension is the modification of the stretching
mode parallel to ‘@’ to be anti-phase along ‘b’ in
keeping with the a glide of 42aa. This mode was
described quantitatively by Gao, Lee, Coppens, Sub-
ramanian & Sleight (1988). Maintaining consistency
with their values, this modification is achieved in Fig.
11(a), where the additional oxygen acts to alterna-
tively expand and contract neighbouring rows in the

0.55
0.05
(b)
Fig. 11. (¢) Model for single Bi—O layer with a commensurate

fivefold superlattice following Le Page e al. (1989), with a-glide
symmeltry relating the alternate stretched (S) and compressed
(C) zones induced by the bridging oxygens, following the work
of Gao et al. (1988). (Note: positional phases of these authors
are followed, with an increased amplitude for diagramatic illus-
tration.) (6) Extension of the model! to include the I centering of’
1222, showing two of the four Bi—O layers, at z = 0.55¢ and
0.05¢, with some Pb-atom replacements. Note that the lattice
stretching mode is in phase for these layers in [001] projection,
consistent with N.42aa.111 symmetry observations. (Note: dis-
placements parallel to *¢’, important in [010] projection. are not
shown here.) The atom code for Pb**, Pb?' is the same as for
Fig. 9.

Pb\'BiZ - xsr2can lcun04 +2n+é

‘b’ direction. Further expansion, introducing the /
centering (responsible for the L + K+ m = 2n rule
for N.A2aa.111) is achieved schematically in Fig.
11(h), showing two of the four Bi—O layers of the
structure. The fact that the covering three-
dimensional group for this structure is /222, and that
this is the only space group which would be evident
if the modulation was regular and gave rise to strong
reflections, serves to illustrate the value of superspace
descriptions which permit all the observable symme-
tries to be incorporated.

6. Summary and concluding remarks

Our present CBED observations, like those of Kan
et al. (1990), are consistent with the non-centro-
symmetric space group A2aa for the 2212 parent
structure. The asymmetry of the patterns is such that
the cations must be moved off centrosymmetric posi-
tions in the average structure. Thus simple O-atom
shifts as suggested ecarlier by Bordet, Capponi,
Chaillot, Chanavas, Hewat, Hewat, Hodeau,
Marezio, Tholence & Tranqui (1988) would not suf-
fice, but the later finding from X-ray single-crystal
analysis by Petricek et a/. (1990) that both Bi and O
atoms are located on noncentrosymmetric sites
within 42aa is more consistent with our results.

Our present analysis in terms of order—disorder
with particular Bi-site doping by Pb gives an expla-
nation of the main observations so far made on the
2212 structure Pb.Bi, ,Sr,CaCu,Oq,; with x=
0.23, where the two (g, and ¢,) superstructures co-
exist. In a publication received after our first sub-
mission. Hirotsu, Ikeda, Ichinose, Nagakura,
Komatsu & Matsushita (1991) present direct evi-
dence for the random sequencing of 9 and 10 half-
unit-cell blocks in this particular compositional
regime. This agreement with direct high-resolution
imaging provides a timely illustration of the comp-
lementary nature of present diffraction and real-
space methods. For example there is a divergence of
interpretation with respect to symmetry. Whereas the
above authors place emphasis on a transition from
tetragonal to orthorhombic symmetry as basic to
changes in the superstructure, CBED evidence of the
tetragonal phase is lacking; our evidence suggests
that there is no tetragonal phase, even when a = b, y
=90 as for the 2223 structure (not examined here),
and that the superlattice and parent-structure sym-
metry are not so simply related.

Finally, the detection of a ‘swinging’ crystallo-
graphic shear plane (CS) structure in some of the
diffraction patterns means that at best, the model of
Pb substitution within a single incommensurate
structure is an averaged description, for a particular
composition. More generally, the incommensurate
lattice itself is immersed in a low-angle shear struc-
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ture yet to be given a detailed description. However,
the CS mechanism would normally play a significant
role in accounting for a variable oxygen loading, and
the additional compositional flexibility which this
mechanism allows could well account for the spread
in both symmetry allocation and in superconducting
properties reported for these compounds.

The collaboration of the Monash Physics School
in providing crystals from Pb-free 2212 compound is
gratefully acknowledged. We are also grateful to the
Australian Research Council for supporting this pro-
ject (grant A68930390). Finally we wish to acknowl-
edge assistance given to us by Shaun Bulcock in
exploring various preparative paths, and in comput-
ing the content for Fig. 9.
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Abstract

Lanthanum dinickel trialuminide, LaNi,Al;, M, =
337.28, orthorhombic, 0524, Cmcm-gec?® ‘&No.
63), a=10.173 (1), b=7.834 (1), c=5.1374 (A, V
= 409.43 (9) A?, Z=4, D.=5471 mgmm 3,
A(Mo Ka)=0.71073 A, & = 19.904 mm ', F(000) =
608, 7=293 K, R=10.039, wR =0.034 for 318 con-
tributing unique reflections. The structure is a ter-
nary ordered variant of the BaZn;s type. As in the
two other structure types reported for RNi,Al; com-
pounds (R = rare-earth metal), ie. the hexagonal
YNi,Al; and PrNi,Al; types, Kagome nets are
found. In LaNi,Al; these nets are strongly distorted
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and are formed exclusively by Al atoms. The Ni
atoms are located between the Kagome nets and the
La atoms inside the nets. The LaNi,Al; and BaZn;
types can further be considered as vacancy variants
of Pu,Pd; which crystallizes in the same space group.

Introduction

Six compounds were reported for the La-Ni-Al
system by Bodak & Gladyshevskii (1985). Structure
types are known for two of these, i.e. LaNis . Alg_.y
with NaZn,,; type and LaNi,Als; (Yarmolyuk,
Rykhal’, Aksel'rud & Zarechnyuk, 1981) with
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