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Table 4. Permutation table of the beams of example 3

(see Fig. 8)
pam 1 4! 2 4 m.  m, m, mg
X T 92 93 9 T X 92
G 92 9 X 92 X 93 Ch
92 a1 X 4 R q 92 X
9 X q q2 X 9 q UE
r 4 0 0 0 0 0 2 2

VL. Concluding remarks

The quantum-mechanical formalism of the dynamical
theory of fast-electron elastic scattering provides an
elegant tool for understanding the main features of
the symmetry properties of the Hamiltonian.

The basic idea of the present description is to
express all symmetry operators directly in Hilbert
space in order to use essentially intuitive geometric
pictures for finding the symmetry-adapted basis.

As expected, the elastic Hamiltonian being real,
one can always find a basis on which the scattering
matrix is real. Each time a reflection is in a Bragg
position, the real basis has the same size as the natural
{l@)} basis. The 2,-fold dynamical extinction is an
illustration of the non-trivial case ¥”>=—1 anti-
unitary operation in Wigner’s original work.

Applied to unitary transformations, the present
technique leads to the same kind of beam reduction
as developed by Takeda (1986, 1987) and is especially
powerful for high-symmetry orientations. The system-
atic construction of the Hamiltonian matrix elements
can be performed by a simple diagrammatic scheme
where the self excitation (diagonal element) is
replaced by a summation (with appropriate signs for
non-symmorphic space groups) over all the internal
coupling potentials of the beams of the orbit, and the

Acta Cryst. (1988). Ad4, 798-805

SYMMETRIES AND BEAM REDUCTION

off-diagonal elements between two different orbits
are obtained by a summation of the coupling poten-
tials between one chosen beam of the first orbit and
all the beams of the second orbit.
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Abstract

Crystals of caesium and rubidium intergrowth tung-
sten bronze (ITB) have been studied by high-reso-
lution electron microscopy. The structure of these
consists of slabs of WO, type, intergrown with slabs
of hexagonal tungsten bronze (HTB) type containing
hexagonal tunnels in which the alkali atoms are
accommodated. In the images of thicker parts the
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hexagonal tunnels are clearly revealed. In the thin
parts the HTB structure mostly appears as a
hexagonal pattern of dots of equal intensity and the
tunnels are not recognizable. This applies particularly
to Cs ITB but also in many instances to Rb ITB. Image
simulations, assuming known or estimated degrees of
filling of the tunnels with alkali, show a clear
difference in contrast at the tungsten and alkali posi-
tions, especially at certain focus settings. The dis-
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crepancy is thought to be due to surface reconstruc-
tion, whereby tungsten atoms are trapped in the tun-
nels or the surface layers are shifted, making the
surface structure similar to that of WO,.1H,0.

Introduction

High-resolution electron microscopy (HREM) has
established itself as an invaluable tool for determina-
tion of the local structure of thin crystalline species.
The interpretation of HREM images can mostly be
performed in an intuitive rather qualitative way, as
- at the correct imaging conditions - black contrast
can be associated with columns of (heavy) atoms
(Cowley & lijima, 1972). However, the electron beam
carries quantitative information of the potential field
in the crystal (Cowley, 1975) and it is possible in
principle to use an image for evaluation of the finer
details of the structure, such as the degree of
occupancy at particular atomic sites. We have been
facing this problem in connection with studies of
crystals having alkali atoms in tunnels, and here we
present results obtained on intergrowth tungsten
bronzes.

Many crystal structures can be described as a poly-
hedral framework forming tunnels, in which suitably
sized ions can be accommodated. If the framework
contains transition-metal ions with an easily variable
oxidation state, there are possibilities for a variation
in the degree of filling of the tunnel sites, resulting
in non-stoichiometry.

The alkali tungsten bronzes are typical representa-
tives of this class of materials. Their general formula
is A,WO,, where A is an alkali metal (or one of a
few other electropositive metals). They have struc-
tures consisting of frameworks of corner-sharing WO,
octahedra of WQ; stoichiometry. Four-, five- or six-
membered rings of octahedra form tunnels in which
the A atoms can be accommodated. Several types of
tungsten bronzes exist. The one we are concerned
with here is the intergrowth tungsten bronze, ITB
(Hussain & Kihlborg, 1976), which forms with K, Rb,
and Cs for x values below 0-10 (Hussain, 1978a).
The structure of ITB can be considered as lamellar
intergrowth of hexagonal tungsten bronze, HTB
(Magnéli, 1953), containing wide six-membered rings
which form hexagonal tunnels, and a slightly dis-
torted ‘square’ network of WO, type, as shown in
Fig. 1.

The width of the intergrowing slabs may vary, in
which case different ordered members of a structural
family can form. The ratio of the number of tunnels,
i.e. alkali sites, to the number of tungsten atoms will
generally differ among these members, thereby allow-
ing a variable stoichiometry x. However, the alkali
content will also vary if the occupancy of the tunnel
sites is not restricted to a fixed value. The
stoichiometry is thus a bivariant problem. Since the
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high-temperature preparation procedure so far
applied almost invariably yields polyphasic samples,
which are mixtures of several different members, the
phase composition has to be estimated from a statis-
tical analysis of a number of electron diffraction (ED)
patterns or HREM images recorded from crystal frag-
ments in the sample (Hussain, 1978b).

If the gross composition of the sample is known,
the average tunnel occupancy can be calculated. This
type of analysis has been made recently on Cs ITB
samples (Kihlborg, Fernandez, Laligant & Sundberg,
1988). Although the statistical significance is limited,
it was found that the tunnel occupancy seems to vary
widely; from about 35% to near 90%. The correlation
with sample composition was found to be very weak,
but a marked increase in the occupancy with increas-
ing preparation temperature was observed. Chemical
energy-dispersive spectroscopy (EDS) microanalysis
of individual fragments, structurally characterized by
ED, has been made on the related fully oxidized
‘bronzoids’, Cs Nb, W,_,0O, (Sharma, 1985), but has
not yet been applied to the pure bronzes owing to
lack of suitable equipment.

The use of X-ray diffraction methods is seriously
hampered by the difficulties of obtaining true single-
phase samples, by the complexity of the powder pat-
terns, and by the inherent disposition towards defects
and disorder in single crystals. One structure determi-
nation has, however, been made of an ITB phase; a
caesium (1,7)-ITB crystal found after 35 crystals had
to be rejected because they gave poor X-ray diffrac-
tion patterns. The structure refinement indicated that
the tunnels were only partially filled with caesium;
the occupancy was found to be 62% (Hussain, 1977).

A more direct way to determine the tunnel
occupancy on a very local level would be to measure
the contrast at the corresponding places in HREM
images. The present investigation was initiated as an
attempt in this direction. It was also impelled by the
frequent observation that in very high-resolution

Fig. 1. Structure model of a member of the ITB family, depicted
in terms of WO, octahedra sharing corners in three dimensions.
The alkali atoms (not indicated) are located in the six-sided
tunnels in the HTB-type slabs. One unit cell is marked by dashed
lines. Since there are one and seven rows of octahedra between
the centers of the tunnels in one repeat unit, this particular
structure is designated (1,7)-ITB.
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appearance (¢f. Fig. 7a), obviously due to evaporation
of larger areas of the crystal, and in such instances
the tunnels might become clearly visible, as exemp-
lified above. Both Cs and Rb seem to be rather tightly
bonded in the tunnels owing to their large size.

We believe that the non-appearance of the tunnels
in the very thin regions of Cs and Rb ITB crystals is
due to an appreciable surface reconstruction, in which
the partly occupied tunnels may act as traps for
tungsten atoms. These could come from any part of
the crystal surface but it seems likely that they orig-
inate in the octahedra immediately surrounding the
tunnels. Some support for this is found in the variation
in contrast that is often seen also along the B rows
in the HTB slabs. It is even possible that the whole
octahedral framework is concertedly shifted by b in
the surface layers, whereby the tunnels become closed
at the ends. The contrast at the Cs and W positions
along the A and C rows would become more similar
by that mechanism, as observed. This shifted surface
structure would be similar to the crystal structure of
WO,.3H,0, determined by Gerand, Nowogrocki &
Figlarz (1981). Hydroxyl groups are indeed likely
to be present on the surface of the bronze, saturat-
ing the dangling bonds created when the crystal is
crushed.

In thin parts of crystals that are deteriorating by
prolonged heating in the beam, the tunnels do indeed
show up with a contrast compatible with a low and
variable alkali content (Fig. 7a). It seems reasonable
to believe that in these cases, when evaporation
obviously takes place, most misplaced or trapped
surface atoms have been removed. The off-center
displacement frequently seen when the contrast of
the spot in the tunnel is weak, exemplified here in
the rubidium case (Fig. 9), may be due to one or two
tungsten atoms in the surface layer. A location of
such atoms at the center of the tunnel would give a
very unsatisfactory coordination.
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Finally, one has to remember that a carbonaceous
contamination layer usually builds up on the surfaces
of the specimen in the microscope, as visible for
example at the edge of Fig. 3. It is hard to see,
however, that such a layer could give rise to contrast
changes preferentially at the tunnel positions. One
cannot exclude, however, that it might contribute to
inducing surface rearrangements.

It seems of little use to speculate further about the
possible surface structures that could explain the
effect observed here. A structural study of the surface
by other methods seems necessary in order to reveal
its true nature.
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