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Abstract

A new type of tungsten oxide was synthesized from a
mixture of W and WO, by a solid-phase sintering
method under high-pressure conditions. The crystal
structure of the new oxide WO, ¢, was investigated
by selected-area electron diffraction and high-
resolution  transmission  electron  microscopy
(HRTEM). It has the following unit-cell parameters:
a=17.16,b=10.32, c =3.78 /f V=669 A% Z=44,
p=21(3)gcm™? and belongs to the space group
Cmm2. The W positions were determined from
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computer-processed HRTEM structure images. The
R-factor minimization procedure was used to refine
cationic sites; R" = 14.5%. It is shown that the crys-
tal structure is formed by edge sharing WO, octa-
hedrally and tetrahedrally coordinated W cations.

Introduction

High-resolution transmission electron microscopy
(HRTEM) provides a unique possibility of investi-
gating the structure of very small crystal fragments
of about several hundred angstroms in size. This size
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is much smaller than one needs for single-crystal
X-ray structure analysis (several hundred micro-
metres), because electrons are scattered by matter
approximately 10 times more effectively in compari-
son with X-rays. As a result, this method is
becoming very popular because it allows, in com-
bination with X-ray energy-dispersive microanalysis,
investigations of the structure and composition of
finely dispersed material (e.g. high-temperature
superconductors) when there is no possibility of
growing large enough single crystals and carrying
out X-ray structure analysis. The appearance of a
new generation of high-voltage electron microscopes
with point-to-point resolution 0.16 nm provides the
possibility of localizing the heavy-cation positions in
some complex oxides and determining their crystal
structure (Zakharov, Gribeluk, Vainshtein, Kovba &
Horiuchi, 1988; Zakharov, Gribeluk, Vainshtein,
Rozanova, Uchida & Horiuchi, 1983). A new pro-
cedure of HRTEM structure analysis has been pro-
posed by Hovmoéller, Sjogren, Farrauts, Sundberg &
Marinder (1984), which makes it possible to
determine cation positions in a complex oxide crystal
lattice with an accuracy of about 0.01 nm. The
accuracy of this method was corroborated with con-
ventional X-ray structure analysis methods.

The structure and phase composition of WO,
oxides, for x close to 3, have been investigated by
many authors (Magnéli, 1949, 1950). But all these
investigations were carried out under normal atmos-
pheric pressure and it would be interesting to trace
the structure modifications under high-pressure con-
ditions. Up to now the following stable phases in the
W-0O system, reliably fixed under atmospheric
pressure, were known: WO,, W 30,9, W500s5,WO;,
W1,054, W30 (B-W) (Sundberg, 1978; Magnéli &
Andersson, 1955; Palmer & Dickens, 1979; Hart-
mann, Ebert & Bretschneide, 1931; Roth & Waring,
1966). In the 0 < x < 2 region only one phase, W,0,
was observed in ultra-fine W powder. The structures
of all WO, oxides (except W;0) are formed by
slightly distorted WO; octahedral and pentagonal
bipyramids sharing corners or edges. One can
reasonably suppose that under high-pressure growth
conditions the crystal structure will be more closely
packed. As a result, the quota of edge-sharing or
even face-sharing octahedra will increase.

The main goal of this work is to investigate the
phase composition of WO, oxides grown under high-
pressure conditions and to determine the crystal
structure of unknown phases by HRTEM and
image-processing methods.

Experimental

The specimens were prepared from W and WO,
powders mixed in compositions WOy ,,, where n =

573

1-15. Powder mixtures were pressed in the form of
pellets 8 mm in diameter and 8 mm high. Sub-
sequently, they were wrapped in Mo foil and
placed into a special high-pressure chamber provided
with a graphite heater. The pellets were annealed for
about 10 min at approximately 6 x 10° kPa and T =
1573 (30) K.

The phase composition of the annealed pellets was
investigated by the X-ray powder-diffraction method
(Cu Ka radiation, Ni filter).

The chemical compositions of the observed new
phases were controlled by X-ray energy-dispersive
microanalysis (KEVEX system attached to a Hitachi
H-500 electron microscope). No other cations except
W were detected by this method.

The specimens were examined in a JEOL JEM-
4000EX electron microscope equipped with a top-
entry high-resolution goniometer and LaB, cathode,
operated at 400 kV. All the images were obtained
under approximately Scherzer defocus conditions (4f
=—48.5nm, C;=1 mm, 8.=1 mrad, £ =400 kV).

The resolution of the images was measured by
optical diffraction methods and was equal to
0.2 nm (2 A). The region of image characterized by
the highest symmetry and corresponding to the thin-
nest part of the wedge-shaped specimen was digitized
in a PDS-1010A microdensitometer using a window
size of 10 x 10 wm and a step size of 10 wm. The
latter corresponded to a step of 0.02nm in the
specimen plane. The optical densities, D, all meas-
ured in a photo plate, belonged to the interval 0-2
characterized by linear dependence between electron
dose and D for the photoemulsion used (ORWO
EU-2).

Results

According to the X-ray powder analysis almost all
specimens consisted of many different phases except
WO, ¢ which was practically a single phase (the
crystal structure of this phase is to be published
elsewhere). A second orthorhombic phase, however,
was observed in this sample by electron diffraction
and HRTEM. The electron microscope image of this
phase, used later for image processing, is shown in
Fig. 1(a). The rectangular region in the experimental
image characterized by the highest possible symme-
try and corresponding to the thinnest part of wedge-
shaped crystal fragment, where the thin-phase object
approximation is valid, was selected for digital pro-
cessing. In the experimental image near the specimen
edge, one can usually observe the region where the
contrast does not change qualitatively but increases
with the specimen thickness. This means that for a
given thickness interval, diffracted-beam amplitudes
vary almost linearly with the specimen thickness, and
the thin-phase object approximation can be used.
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(vii) For further structure refinement a method
well known in X-ray structure analysis has been
used. It implies small variations of cation positions
modeled so as to fit intensities of reflections in
experimental and theoretical diffraction patterns.
This method, however, could not be used for elec-
trons directly, because the intensities of diffracted
beams are strongly modified by dynamical scattering
effects, and this gives rise to a non-linear dependence
of reflection intensities, /,, on {f;|>. To refine the
structure we compared the moduli of observed struc-
ture amplitudes, listed in Table 1, with the calculated
ones. In this case the effect of dynamical scattering
on I, was negligibly small, because these amplitudes
were obtained from a very thin part of the crystal,
where the WPO approximation was valid. The struc-
ture refinement was carried out by R-factor minimi-
zation:

R = (2l F 525 — Fizdm(T)])/2 A3)

where 2, Fopl =1, 24l F53 =1 owing to a small
variation of W atomic positions 1, 2, 3, 4in a, b
directions (see Table 2), where T is the microscope
contrast transfer function, and F$¥and FS2) are the
observed (Table 1) and calculated normalized struc-
ture amplitudes, respectively. This procedure gave
rise to a better correspondence between experimental
and theoretical images [before refinement R'=31.7%
(Fig. 2b) and afterwards R = 14.5% (Fig. 2¢)]. The
atomic positions before and after the refinement are
listed in Table 2. In the present case we could not
refine the atomic positions along the ¢ axis because
the contrast distribution in the experimental image
was sensitive only to x, y atomic coordinates.

Fig. 3. Idealized structure model of W oxide. Filled symbols: W (@ z
=0, 8 z=13 A z=14); open symbols: O (O z=0, 0 z=1).
Dark lines show the cell with parameters a = 17.16, b, = 5.16 A.

HIGH-PRESSURE PHASES IN THE SYSTEM W-O. I

Table 2. Atomic coordinates of non-equivalent posi-
tions before/after WO o9 structure refinement

Space group Cmm2; unit-cell parameters a=17.16, b, = 5.16,

c=378A.
N x y z
1 w 0.750/0.772 0.000 0.250
2 w 0.868/0.852 0.000 0.000
3 w 0.824/0.805 0.500 0.000
4 w 0.922/0.906 0.262/0.246 0.500
5 w 0.000 0.000 0.000
6 (0] 0.833 0.000 0.500
7 (o} 0.000 0.000 0.500
8 o 0.750 0.250 0.000
9 (0] 0.917 0.250 0.000
10 o 0.833 0.500 0.500
11 (0] 0.000 0.500 0.500

Concluding remarks

It was shown that the annealing of W-WO; samples
at about 6 x 10°kPa and 1573 K gives rise to the
formation of previously unknown crystal phases. In
one of these new phases, whose structure was
determined by HRTEM, a network of edge-sharing
WOy octahedra was observed. It should be noted,
however, that besides the WO, octahedra, W cations
in tetrahedral coordination are incorporated into the
crystal structure. Such coexistence of octahedrally
and tetrahedrally coordinated W cations was
observed earlier in a W-Nb oxide (Roth & Wadsley,
1965). The structure presented here can easily be
constructed from metallic W, having a b.c.c. crystal
lattice (a = 3.16 A), by adding O atoms at (003) and
(320) unit-cell positions (Fig. 4). This procedure will
give rise to unit-cell distortions (stretching in [001]
and shortening in two other directions) and for-
mation of layers of edge-sharing octahedra. In order
to obtain the final structure a fraction of octahe-
drally coordinated cations must be removed and the
tetrahedrally coordinated cations must be added
(Figs. 3 and 4). The doubling of the unit-cell param-
eter in the b direction can be caused by small dis-
placements of W atoms in alternating directions
along the c axis so as to form puckered layers (Higg,
1935). The density of the proposed crystal structure
[p =21(3) gem™’] appears to be close to the density

Fig. 4. Construction of the WO, o structure from metallic W.
Filled circles and triangles: W; open circles: O.
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of metallic W (p=19.32gcm™ ). The HRTEM
investigation showed that this structure is rather
stable under atmospheric pressure and electron-beam
irradiation.

The results of this work demonstrate the high
power of HRTEM in structure analysis of very small
crystal fragments. Small differences between experi-
mental and theoretical images can be explained by
some vagueness of imaging parameters (4f, C,, etc.).

The procedure of image processing used in this
paper is similar to that proposed by Hovmdller,
Sjogren, Farrauts, Sundberg & Marinder (1984).
However, there are some differences connected with
phase-origin determination [equation (1)] and the
linear transformation of the selected image area to
have integer unit-cell numbers in the frame memory
256 x 256 pixels. We used the structure refinement
procedure [equation (3)] and this made it possible to
minimize the differences between experimental and
theoretical images and to determine the cation posi-
tions more accurately. It was found that the effect-
iveness of this procedure improves as the number of
reflections used for image formation increases.

Acta Cryst. (1992). B48, 577-584
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Abstract

The X-ray standing-wave method was used to study
the distribution of bismuth ions on the dodecahedral
sublattice of a thin yttrium—bismuth iron garnet film.
The film was grown epitaxially on a (001)-oriented
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substrate of gadolinium gallium garnet. Measure-
ment of the fluorescence of Bi**, Y**, Fe3* and
Gd** ions was made under conditions such that an
X-ray standing wave was formed during diffraction
from the layer studied. We have shown experimen-
tally that the dodecahedral sites ¢, and c,, are not
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