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A model is proposed for the superstructure of Bi,Sr,CaCu,0y ,. It involves the addition of one in ten oxygen atoms in the BiO
planes and a displacement of the surrounding atoms. This model is consistent with electron microscope, neutron and X-ray
diffraction data. In particular it is consistent with the symmetry determined by convergent beam electron diffraction and with
details of the high resolution electron microscope image contrast.

1. Introduction

The very marked long period superstructure in
Bi,Sr,CaCu,0y4 . s poses a problem for the complete
determination of its structure. However, it is now
agreed that the average or basic structure is as de-
termined by X-ray diffraction [1,2] and by neutron
powder diffraction [3,4]. See fig. 1. A review of the
structural determination of the Bi,Sr,Ca,Cu,+ 102,46
series is given in ref. [S]. An important step in the
structural investigation of Bi,Sr,CaCu,0Og was the
determination of the space group of the average
structure as Amaa or A2aa and its four dimensional
superspace group as either N¢%** or N17#* by With-
ers et al. [6] using convergent beam electron dif-
fraction. High resolution electron microscopy
(HREM) has also provided very useful information
about local atomic displacements and density vari-
ations associated with the superstructure. See for ex-
ample refs. [7-17].

The complete structure of Bi,Sr,CaCu,0Og. s has
yet to be obtained from single crystal X-ray (or pos-
sibly neutron) data when sufficiently good crystals
become available. As the first attempts using X-rays
have shown [1R] this is not straightforward, since
scattering from the oxygen beam is too small to allow
precise determination of their positions. Neverthe-
less an analysis of single crystal X-ray diffraction
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Fig. 1. The structure of Bi,Sr,CaCu,Oy as determined by neutron
powder diffraction. The oxygen in the BiO planes are seen to be
displaced towards the line joining the Bi atoms.

patterns does provide some clues about the super-
structure [19,20]. Also, examination of the direc-
tions of static displacements obtained from neutron

0921-4534/89/%$03.50 © Elsevier Science Publishers B.V.

(North-Holland Physics Publishing Division )



E.A. Hewat et al. / Model for the superstructure of Bi ,Sr;CaCu0s ; 503

powder refinements of the average structure gives
additional information about the oxygen atom
displacements.

Several models for the superstructure of
Bi,Sr,CaCu,Oy,, s have been proposed, but none have
successfully explained all the structural data. Pro-
posed models include:

(a) an ordering of Bi depleted zones [21],

(b) additional oxygen in the BiO planes [22,23],

(c) an ordering of Sr vacancies [24], or

(d) an ordering of the orientation of Bi** lone pairs
[23].

(a) The superstructure model involving an order-
ing of Bi depleted and Bi enriched zones was first
proposed by Maeda et al. [21] and elaborated in
more detail by Matsui et al. [14]. This model was
inspired by their very beautiful high resolution elec-
tron microscope images in the [010] orientation,
which show clearly the modulation of position and
intensity in the BiO phases and the tilting of the per-
ovskite columns. They suggest that there is either a
periodic replacement of Bi by Sr and/or Ca atoms
accompanied by lattice distortions, or that only dis-
tortions of the Bi site occur without atom replace-
ment. In particular they simulate images for a model
where three Bi atoms in ten are replaced by Sr. This
model involving Bi replacement by Sr is not sup-
ported by single crystal X-ray diffraction patterns
which indicate that the superstructure is largely dis-
placive in nature [19], nor is it in accord with X-ray
microanalysis results which indicate that these su-
perconductors may be deficient in Sr and Ca [23,24].
As well, this model only has the correct symmetry in
the [010] orientation.

(b) A detailed model involving excess oxygen in
the BiO layers was proposed by Zandbergen et al.
[23]. They justified their model by electron micro-
scope image simulations and with chemical evidence
from substitution experiments. They showed for ex-
ample that Sr>* can be partially replaced by La’*
and concluded that this must be accompanied by ex-
cess O?~ in the lattice for charge compensation. The
substitution of 50% Sr?* by La3* led to a decrease
in the modulation periodicity from 4.7 to 3.4 times
the basic unit cell. The major problem with the model
proposed by Zandbergen et al. is that it only has the
correct symmetry in the [010] projection and not in
the [100] and [001] projections.

(¢) It was suggested by Cheetham et al. [24] that
an ordering of Sr atom vacancies could be the cause
of the superstructure. This model was based on X-
ray microanalysis results which indicated a Sr defi-
ciency in all samples tested. For the same reasons as
given for the Bi substitution model in (a) above this
model is not supported by the single crystal X-ray
diffraction data, nor is it in agreement with the im-
age contrast seen in high resolution electron micro-
scope images.

(d) The possible ordering of the orientation of
Bi** lone pair electrons was discussed by Zandber-
gen et al. [23]. It is clear however that while such an
ordering may exist, it is very unlikely that it is the
sole cause of the large displacive modulation seen in
Bi,Sr,CaCu,05 5.

In this note the structural information on
Bi,Sr,CaCu,04_; from HREM, X-ray and neutron
diffraction are reviewed briefly and a model consis-
tent with these data is proposed. This model has the
formula Bi,Sr,CaCu,Os ».

2. Electron microscopy

A résumé of the electron microscope and diffrac-
tion data can be seen in figs. 2 and 3. In the electron
diffraction patterns, only the first and second order
satellites are shown (fig. 2). The most important
point to notice is the existence of the 011 type spot
in the [100] orientation. It is the existence of these
spots which differentiate the Bi,Sr,CaCu,0; struc-
ture from its undistorted basic lattice or the “iso-
morphous” Tl,Ba,CaCu,0s. It is also important to
note that this 110 spot must be considered as arising
from the basic structure, since superstructure satel-
lites are generated from it. (Figure 2, the [001] ori-
entation.) Schematic representations of the corre-
sponding high resolution electron microscope images
are shown in fig. 3. The [110] projection image is
not shown as it has the symmetry of the undistorted
structure. It is clear from the [010] projection image
that any model must involve waves of displacement
with a variable distance between the Bi atoms in the
BiO layers and tilting of the perovskite columns about
the b axis. The presence of tilting of the perovskite
columns about the a axis cannot be ascertained from
these images because opposing tilts would be pro-
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Fig. 2. Schematic electron diffraction pattern of Bi,Sr,CaCu;0s., 5.
® and O represent diffraction spots of the basic lattice in and
above the plane of the page respectively, while e and o represent
superlattice satellites in and above the plane of the page
respectively.

jected on to the same plane. The [001] image is
dominated by the ,/2a,X./2a, square net but a
modulation in the intensity along the a axis of ap-
proximately 5a/2 is evident (not shown on the dia-
gram). For thicker crystals and/or higher defocus,
lines of higher intensity displaced by 5/2 between
each band are visible; this means that the periodicity
of the modulation is 54, not 5a/2, and that there is
a lateral component of displacement in the super-
structure. Most important, in the [100] projection
images there is a contrast feature of periodicity b in
the BiO planes. This feature is displaced by b/2 in
successive layers. None of the images of this type are
sufficiently well characterized to predict the origin of
this feature. It is this feature that gives rise to the 011
spot in the corresponding electron diffraction pat-
tern (fig. 2) as discussed previously.

3. X-ray diffraction

X-ray diffraction patterns of single crystals are
[3,19,20] similar to those seen in electron diffrac-
tion patterns, but the intensities differ. Since X-ray
diffraction is not affected by multiple diffraction,
these diffraction patterns give additional informa-

tion about the nature of the superstructure. The gen-
eral increase in intensity of satellites with distance
from the origin indicates that the superstructure is
largely displacive. Also the very low intensity of sat-
ellites of low order equatorial 0k0 spots implies that
the net lateral displacement (i.e. displacements per-
pendicular to the modulation direction) must be very
small, except possibly for the oxygen atoms which
are weak scatterers for X-rays. Thus the lateral dis-
placements observed in [001] electron microscope
images may be simply the enhancement of a very
small displacement, or a displacement of oxygen at-
oms. Such enhancement can be produced by mul-
tiple diffraction of electrons.

4. Neutron powder diffraction

The neutron powder refinement of the
Bi,Sr,CaCu,05 structure [3,4] gives the average
structure shown in fig. 1. The oxygen atoms are seen
to be displaced towards the line joining the Bi atoms,
that is the oxygen atoms are displaced ina [110] di-
rection. Thus the oxygen atoms in the BiO planes
have a component of displacement perpendicular to
the [100] direction of the modulation. The thermal
parameters on the Bi atoms are also high, indicating
considerable displacements of these atoms.

5. A model for the superstructure of Bi,Sr,CaCu,0yq

Of the four different types of superstructure model
listed above only the model with additional oxygen
in the BiO planes was found to fit all this structural
data. The contrast seen in the [010] projection lim-
its the choice to models involving modification of
the BiO planes. The contrast in the BiO layer is not
consistent with rows of missing Bi atoms as sug-
gested by Kapitulnik [25]. Nor is there any evidence
in the X-ray diffraction pattern for broad Bi defi-
cient bands as suggested by Maeda et al. [21]. The
ordering of the Bi3* lone pairs is not sufficient alone
to cause the large displacements of the Bi atoms seen
in the images. Different projections of the proposed
model are shown in figs. 4 and 5. The insertion of
additional oxygen in the BiO layers is accompanied
by an expansion of the surrounding lattice prefer-
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Fig. 3. Schematic representations of HREM images of [010], [100] and [001] projections of Bi,Sr,CaCu,Os..5. The [1 10] image is not
shown since it has the symmetry of the basic lattice. In the [001] projection image the superstructure modulation with an approximately
5a/2 periodicity is not shown, although it is the strongest contrast feature in this projection.

entially in the [100] direction. It is supported that
the oxygen atoms move towards the line joining the
Bi-Bi bond as required by the neutron results. The
tilting of the perovskite columns is then dictated by
the displacements in the BiO plane. The close prox-
imity of interstitial O®>~ to the Bi** cations leads to
speculation as to whether at least some of the Bi is
present as Bi**. The scanning tunneling microscope
images of the cleaved (001) surface of Kapitulnik
[25], can be interpreted as one in ten rows of Bi**
(black because they give no signal) in a bright Bi**
lattice. It thus remains a possibility that the BiO lay-
ers play the role of electron reservoirs.

The model we propose thus consists of a periodic
insertion along the a axis of pairs of oxygen atoms
in the Bi,0, layers. One oxygen atom pair is inserted
after every five unit cells along the a axis. These in-
terstitial oxygen atoms are located on the line joining
the Bi-Bi atoms in the BiO plane. The displacements
of all the other atoms can be considered as the re-
laxation of the structure due to the insertion of ox-
ygen atoms.

If one supposes that the interstitial oxygen can be

inserted at an integral (fig. 4a) or half integral (fig.
4¢) multiple of the basic unit cell g, then the sym-
metry of the [100] projection depends on the pe-
riodicity of the superstructure. The symmetry of the
[100] projection is as shown in fig. 2 for an integral
periodicity and is unchanged from the basic lattice
for a half integral periodicity. In a study of La doped
Bi,Sr,CaCu,0g [23] a periodicity of 3.4a was ob-
served, together with the symmetry expected for this
model for a half integral superstructure period.

The variations observed in the average period of
the Bi,Sr,CaCu,O; superstructure, depending on
preparation conditions, can be explained by a vari-
ation in the distance between oxygen interstitials. As
discussed in Hewat et al. [7-9] an ordered sequence
of blocks of different lengths can give rise to a non-
integral average periodicity. The most commonly
observed case for undoped Bi,Sr,CaCu,Oj; is a se-
quence of 5+5+5+4 giving an average repeat of
4.75a.
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Fig. 4. Schematic representations of the proposed model for the
superstructure of Bi,Sr,CaCu,0g »: The [001 ] projection. (a) One
BiO plane. (b) The next BiO plane. (c) A projection of two BiO
planes. (d) A projection of the complete unit cell. Only the BiO
planes are represented. (¢) One BiO plane for a superstructure
with a one half integral (3.5a) “repeat”. The true repeat is of
course 7a.

6. Discussion

A model for the superstructure of Bi,Sr,CaCu,0g »
is proposed which is consistent with all available
structural data. It involves one in ten additional ox-
ygen atoms in the BiO planes giving a formula of
Bi,Sr,CaCu,0s5,. This model predicts a direct cor-
relation between the number of oxygen interstitials
and the superstructure period. It must of course be
verified by a complete structural determination by a
single crystal X-ray and/or neutron diffraction, for

which it should provide a useful starting model.

Matsui et al. [14] simulated the [010] projection
image for partial replacement of Bi by Sr and Zand-
bergen et al. [23] simulated the same projected im-
age for their oxygen interstitial model. Both simu-
lations give satisfactory fits for this projection
particularly as the heavy atom positions were taken
directly from the images. This is a demonstration of
the fact that high resolution electron microscopy
cannot be used to establish a variable heavy metal
occupancy particularly where variable interatomic
distances are involved, nor can it be used to directly
locate oxygen atom interstitials in a heavy metal atom
lattice as is the case here. it is also important to ap-
preciate that in the [100] projection, i.e. looking
down the direction of the superlattice modulation,
the projected atomic columns include atoms with
slightly different displacements perpendicular to the
projection. In this case there are five different atomic
displacements per column. With so many adjustable
parameters it is not realistic to suppose that a good
fit between real and simulated images will give a
unique solution for the model.

The model we propose is consistent with the ob-
served symmetry of all three principal projections
and with the general location of image contrast fea-
tures. This is an improvement on all previously pro-
posed models, none of which have the correct sym-
metry in all three principal projections.

On completion of this note we received a preprint
of an article by Torardi et al. {26] which describes
single crystal X-ray structural refinements of
Bi,Sr,CaCu,0q, s and related Y doped crystals. They
have refined the average structure and find a partial
occupation of oxygen atoms in the BiO planes on the
sites as we propose here. However they go on to pro-
pose a model for the superstructure with lines of in-
terstitial oxygen atom pairs along the 4 axis, i.e. along
the direction of the superstructure. While this model
does not agree with the HREM observations, which
indicate variable Bi-Bi displacements along the a
axis, the location of interstitial oxygen pairs in the
BiO planes does support our own model.

Note added in proof. After completion of this work
we received a preprint by Le Page et al. [27] in which
they describe the single crystal X-ray refinement of
the complete structure of Bi,Sr;sFe,046, which has
a commensurate superstructure and is apparently
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Fig. 5. Schematic representations of the proposed model for the superstructuré of Bi,Sr,CaCu,0q,: The [010] and [100] projections.
The Cu and O atoms are not shown. Only the interstitial O atoms in the BiO plane are shown.

isomorphous with Bi,Sr,CaCu,0;..s. They find ox-
ygen atom interstitials as we propose with a relax-
ation of the lattice around them, however the dis-
placements of some of the oxygen atoms are not
identical to our model.
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