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in the noncentrosymmetric trigonal Se and Te struc-
tures. We have not attempted to predict the magnitude
of the intensity differences. To determine whether these
differences are measurable would require a knowledge
of the form of the radial functions R, and an estimate
of the electron-population coefficients for these
structures.

Chandrasekaran (1968) has also suggested that
Bijvoet intensity differences may be observed in the
noncentrosymmetric elements. However, our argu-
ments for their appearance are independent of Chan-
drasekaran’s postulates.

The existence of the chain structure in trigonal Se
and Te is manifested by the anisotropy ratio of
intrachain to interchain bonding strength as reflected in
lattice dynamic and electronic structure studies of these
structures (Joannopoulos, Schliter & Cohen, 1975;
Martin, Lucovsky & Helliwell, 1976; and references
therein). The atoms within each chain are tightly and
covalently bonded to two neighbours; the interchain
bonding is partly van der Waals in character with an
admixture of some covalent bonding. This anisotropy
in the bonding renders particularly desirable a more
complete representation of the atomic charge density
than the usual spherically symmetric representation,
and gives credibility to our discussion.

As well as providing information of considerable
value about bonding features, observation of Bijvoet
intensity differences in noncentrosymmetric elemental
structures may also aid the resolution of ambiguities in
their symmetry. A possible example of such an
ambiguity is the question as to whether the f-uranium
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structure possesses a centre of symmetry (Tucker,
Senio, Thewlis & Steeple, 1956).
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the manuscript and suggesting improvements, and to
Miss Maria Agosto for typing it. He also gratefully
acknowledges the financial support of a Common-
wealth Postgraduate Research Award. The work was
supported by the Australian Research Grants Commit-
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The Crystal Structure of 4Nb,0,.9W O, Studied by 1 MV High-Resolution Electron
Microscopy
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Images of pale yellow crystals of 4Nb,0,.9WO,, obtained with a 1 MV high-resolution electron microscope
revealed twinned domains of a tetragonal tungsten bronze structure with a superlattice of 3 x 1 subcells.
Comparison with computer calculations suggests that the cations filling the pentagonal tunnels include both
Nb and W. Crystals darkened due to reduction on longer heating included no domains and were sensitive to
electron irradiation; cations were knocked on from the filled to the vacant pentagonal tunnels. This suggests
that some oxygens are released from the —M—O—M—O—M— strings in the tunnels on reduction to weaken
the chemical bonding. The number of deficient oxygens is known from the weight gain on oxidizing the
crystal. Some additional experiments reveal that there is no ‘6Nb,O;. 1 1WO,’ phase. The resolving power of
the present microscope is discussed on the basis of the analysis of the chromatic aberration.
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growth of the twins. No image could be observed with
incident electrons parallel to the ¢ axis, because no thin
fragments with suitable orientation could be found.

During the crystal growth, which occurred slowly
with increase of heating time, the contrast anomalies
were always observed together with the streaks from
the needles, so long as the crystals were not darkened.

The domains in the grain with undefined shapes also
grew very slowly with heating time. Such small
domains as in Fig. 2(a) still remained in some grains on
heating for several hours at 1300°C. The boundaries
became thinner on the growth of domains.

Thin fragments were attainable from the large needle
crystals which were darkened due to reduction. The
image of Fig. 4(a) was taken from a reduced crystal
heated for 45 h at 1300°C. Neither twins nor domains
were found. The contrast can be related directly to the
structure model in Fig. 1. In the thin areas a dark spot
corresponds to each cation site.

A remarkable difference between the reduced and
unreduced crystals is noticed when they are observed
for a long time in the HVEM. The former clearly
changes in structure because of irradiation damage,
while the latter does not. Fig. 4(b) is an image of the
same area as (a) after irradiation for about 20 min. The
sites of some vacant pentagonal tunnels, marked by
arrows, decrease in brightness while the sites of filled
tunnels near them become brighter. The contrast of the
octahedral cations and of the square tunnels is not
changed substantially. This indicates that the TTB host
lattice remains unchanged, while some cations in the
filled tunnels are shifted to neighbouring, vacant tunnel
sites. The situation is schematically represented in the
insert for the area outlined in Fig. 4(b); the initially
vacant pentagonal sites like 4, B and C are partially
filled by the shifted cations.

The displacements of the cations on irradiation often
occur collectively in small areas. They occur more
frequently in the thicker part of the crystal. No rules
were found for the direction of the displacements. No
such change was observed in a 100 kV electron
microscope. Thus it may be concluded that the
irradiation damage is due to the knock-on of the cations
by the 1 MV electrons. The temperature rise at the
irradiated region may play a minor role in the present
case, serving to promote the knock-on.

The knock-on occurs more frequently in the thicker
part of crystal because there are more atoms. It is
however difficult to estimate the exact number of
knocked-on cations from the image since the intensity
changes non-linearly with atom number as the
thickness increases. Once some cations are displaced,
the crystal lattice is locally distorted. The lattice
distortion might promote the successive knock-on in
this region. This may be the reason why the damage
occurred collectively in small areas.

It is important to note that the cations are preferen-
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tially shifted from sites not of octahedral but of dodeca-
hedral coordination. This means that the chemical
bonding in the pentagonal site is somewhat weaker in
the reduced state than in the unreduced state. A
possible explanation is that some oxygens are released
from the —M—O—M—O—M— strings in the pentag-
onal tunnels during the reduction to make the cations
unstable. Some of the residual oxygens must be
knocked on by the electron irradiation, although they
have little effect on the contrast.

In order to estimate the amount of oxygen deficiency
the reduced crystals were reheated in air at 900°C.
They berame transparent with a light brown colour
within 3 h and the weight simultaneously increased
owing to oxidation. Both the colour and weight showed
no appreciable change on further heating. The ratio of
the weight before and after the reheating was 0-9984. It
is calculated from this value that 1-2 oxygens per unit
cell are deficient in the reduced crystal. The reheated
crystal was electrically non-conductive. Its fragment
shows an image similar to that of Fig. 4(a) but is in-
sensitive to irradiation, so long as the electron beam is
kept at the minimum intensity necessary for the
observation.

The oxygen vacancies in the reduced state are
considered to be statistically distributed in the —M—O—
M—O—M— strings. Such modifications of the crystal
structure as this would be difficult to detect by the
conventional X-ray diffraction method. The technique
using the electron irradiation damage may be widely
applied to crystals with similar structural modifications
and this is one of the useful applications of high-
resolution HVEM.

0

-05

2 X
v e

A

(log)
25

-30

i

intensity
_3‘.5

/

400 0100

50 100 .
crystal thickness (A)
Fig. 5. Plots of calculated intensities of strongly scattered waves

(with indices) against the thickness of a 4Nb,0,.9WO, crystal,
in which incident electrons are parallel to the ¢ axis.

o
¥

0









946

‘6Nb,0,. 11WO,’

It was known that the powder X-ray diffractometer
profile of ‘6Nb,O,. 11WO,’ was very similar to that of
4Nb,0,.9WO, (Roth & Waring, 1966), although a
structure model has been proposed for this composition
(Stephenson, 1968). Electron-microscopic observations
(lijima & Alipress, 1974; Obayashi & Anderson, 1976)
could not provide any evidence of ‘6Nb,O,.11WO;’.
We have tried to solve the problem. Crystals with
composition 6Nb,0,.11WO, were prepared both at
1300 and 1250°C. They gave diffraction patterns and
images very similar to those of 4Nb,0,.9WO,.
Additional specimens with compositions 4Nb,O;.
6WO, and 5Nb,0;.5WO, were prepared at 1300°C.
It was expected from the phase diagram that the
9Nb,0,.8WO, and 6Nb,O,.11WO, phases co-
exist in both of them. The electron-microscopic
observation revealed, however, the presence of
4Nb,0,.9WO, together with 9Nb,0,.8WO, (Roth &
Wadsley, 1965). The same results were obtained from
the specimens prepared at 1250°C with the same
compositions, although 8Nb,0,.5WO; and 6Nb,O;.
11WO, were expected from the phase diagram. It
should be mentioned here that the reliability of the
present temperature measurement is within 5°C. At
any rate, it is important to note that there is no
‘6Nb,O,. 11WO;’ phase. Fig. 8(a) shows a structure
image of 9Nb,0,.8WO, (tetragonal, a = 26-3 and ¢ =
3-81 A), prepared together with 4Nb,0;.9WO; at
1250°C. It is clear on comparing with the structure
model in Fig. 8(b) that the crystal is composed of 5 x 5
blocks. Each cation within the blocks is resolved as a
dark spot. The cations in the octahedra sharing edges,
as well as those in the sites of tetrahedral coordination,
are shown in the image.
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A Simple Method for Obtaining Triclinic Cell Parameters from Weissenberg Photographs
from One Crystal Setting
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A simple method is described for the interpretation of Weissenberg photographs and the determination of
triclinic cell parameters from a single setting of the crystal. The theoretical approach is followed by an
example illustrating the procedure. A comparison of these results with those derived from diffractometer

measurements is made.



