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The contrast in many-beam lattice images from very thin crystals of 4Nb2Os. 9WO3 is shown to be 
directly related to its known structure. On the basis of this correlation, the structure of 2Nb205.7WO3 
is derived from the observed image contrast; it is an ordered intergrowth of the ReOa and tetragonal 
tungsten bronze structural types. The structures of typical fault boundaries and disordered intergrowths 
are described, and those of the reported compounds 6Nb2Os. 1 lWO3 and 3Nb205.8WOa are discussed. 

1. Introduction 

The binary system Nb2Os-WO3 has been the subject 
of a great deal of structural investigation during recent 

years, and at least ten distinct phases have been recog- 
nized by X-ray methods (Roth & Waring, 1966). The 
dominant structural unit in all these phases is the MO6 
octahedron, which, in general, shares its corner oxygen 
atoms with neighbours to build up a three-dimensional 
lattice. In one crystallographic direction through the 
structures, the octahedra always form linear strings, 
with a simple repeat distance of about 0.38 nm, corre- 
sponding to the length of a body diagonal. Differences 

* On leave from the Research Institute for Scientific Meas- 
urements, Tohoku University, Sendai, Japan, 

between the structures arise from variations in the ar- 
rangement of octahedra in the remaining two direc- 
tions, and two major structural types can be distin- 
guished: 

(a) Crystallographic shear (CS) structures, in which 
the octahedra are joined as in ReO3 [Fig. l(a)], into 
blocks or slabs, and neighbouring slabs are joined by 
sharing octahedral edges rather than corners. This de- 
scription applies to the Magn61i phases (>  90 mole % 
WO3), and to the Nb2Os-type of block structures (<  48 
mole % WO3). 

(b) Tunnel structures, in which the octahedra are 
joined in a more complex way, leaving tunnels of var- 
ious shapes, some of which may be filled by additional 
ions. These include WNb208, and several structures 
containing 64-78 mole % WO3, which share a common 
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tetragonaI tungsten bronze (TTB) type of host lattice 
[Fig. l(b)]. 

In both the CS and tunnel structures, the basic lattice 
of corner-shared octahedra has the stoichiometry MO3. 
The reduction in overall O/M ratio required by the 
composition xNb20 5.yWO3 is achieved by edge-shar- 
ing of octahedra in the CS structures, and by filling of 
some of the pentagonal tunnels with strings of compo- 
sition MO in the tunnel structures. 

During an investigation of these phases by electron 
microscopy at moderate resolution (ca. 0.7 nm), it was 
found (Allpress, Sanders & Wadsley, 1969) that lattice 
images of the CS structures contained contrast which 
could be correlated directly with structural features. 
In particular, the CS planes were readily distinguished, 

(c) 

0 
" 

Fig. 1. Structural elements encountered in the binary system 
Nb2Os. WO3. Each hatched square represents a MO6 octa- 
hedron, which shares its corner oxygen atoms with neigh- 
bouring octahedra to form a lattice of composition MO3. 
The cubic Re03 structure is shown in (a), and the host 
lattice of tetragonal tungsten bronze (TTB) in (b). The 
structure of 4Nb2Os.9WO3, shown in (c), contains three 
TTB subcells, aod the superlattice is a consequence of the 
ordered occupation of one third of the pentagonal tunnels 
by -O-M-O-M-O strings-parallel to e (filled circles). 

because of their higher-than-average charge density. 
The application of similar methods to the TTB struc- 
tures (Alipress, t 969a, 1972), while not leading to the 
same degree of successful correlation between image 
and structure, has nevertheless revealed the presence of 
twin and out-of-phase boundaries in these materials, 
and provided evidence for disorder, and for inter- 
growth between the TTB and ReO3-type structures. 

More recently, studies of CS structures:at improved 
resolution (ca. 0.3 nm, Iijima 1971, 1973; Iijima & All- 
press, 1973) have indicated the possibility of resolving 
the small square tunnels within the ReO3-type blocks 
[Fig. l(a)]. We have therefore turned our attention to 
the TTB-type structures, in the hope that we could 
distinguish between filled and empty pentagonal tun- 
nels, and throw further light on some of the ordered 
and defect structures which we have studied previously 
at lower resolution. 

Crystallographic data for the four known mixed 
oxides of niobium and tungsten which are reported to 
possess TTB-type structures are given in Table 1, to- 
gether with that for tetragonal potassium tungsten 
bronze. Of these four structures, that of the 4:9 com- 
pound (i.e. 4Nb205.9WO3) has been most extensively 
studied, and will be used for our interpretations. Its 
structure (Sleight, 1966) is shown in Fig. l(c). It con- 
tains three TTB-type subcells, and a superlattice which 
is a consequence of the ordered filling of one third of 
the pentagonal tunnels. An alternative tetragonal 
structure containing nine subcells has also been sug- 
gested (Craig & Stephenson, 1969), but our previous 
studies have indicated clearly that the true unit cell is 
the orthorhombic cell given in Table 1, and that the nine- 
subcell unit is probably an artifact due to extensive 
microtwinning. 

In this paper, we will confine ourselves to four as- 
pects of the results: 

(a) The experimental correlation of the lattice image 
contrast with structure for the 4:9 compound. 

(b) The use of this correlation to derive the structure 
of the 2:7 compound, for which the structure shown 
in Fig. 6(a) had been proposed (Stephenson, i968) 
without proof. 

(c) The structure and composition of crystals con- 
taining fault boundaries, and exhibiting intergrowth of 
the above structures. 

(d) Observations on a sample whose composition lay 
close to that of the 6: 11 compound in Table 1. 

Compound 

KxWO3(x = 0"5) 
4Nb2Os. 9WOs 
6Nb205.11WO3 
2Nb205.7WO3 
3Nb205.8WOa 

Table t. Crystallographic data for KxWOa and related Nb, W oxides 

Symmetry* Space group Unit-cell dimensions (nm) 
a b c 

T 1.230 0.384 
O P21212 1.2251 3-6621 0.394 
O P21212 1.220 3.674 0.3951 
T 2.426 0.3924 
T 1.219 0.3968 

* T, Tetragonal. 
O, Orthorhombic. 

Reference 

Magn61i (1949) 
Sleight (1966) 
Stephenson (1968) 
Roth & Waring (1966) 
Waring (1966) 
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2. Experimental 

The samples were provided by the late Dr A. D. Wads- 
ley, and were part of a series of preparations used to 
identify the phases present in the Nb2Os-WO 3 system 
(Roth & Wadsley, 1965)i They were obtained by heat- 
ing appropriate mixtures of the two component oxides 
in sealed platinum capsules at temperatures of 1400- 
1700 °K for periods of at least 18 h and quenching the 
products. Their nominal compositions were 
NbzOs:WO3= 13:24, 3:7, 17:48 and 19:63. 

Thin fragments from these samples were prepared 
by grinding, dispersed on perforated carbon films sup- 
ported on specimen grids, and examined in a JEM 100B 
electron microscope, as described previously (Iijima, 
1973). Micrographs were recorded from very thin re- 
gions of fragments whose orientations were adjusted 
so that the electron beam was incident exactly parallel 
to the short (0.38 nm) axis. Focusing conditions were 
about 90 nm underfocus from the Gaussian image 
plane, and up to 120 diffracted beams were included 
by the objective aperture and allowed to contribute to 
the images. 

3. Results and interpretation 
3.1. 4Nb2Os. 9WO 3 

A high-resolution lattice image from the 4:9 phase 
is reproduced in Fig. 2(a). It consists of an array of 
white patches set in a darker background, and the re- 
peating unit of contrast is outlined by a rectangle. The 
size of this rectangle corresponds to that of the unit 
cell, as determined from X-ray data (Table 1). 

Our experience with CS structures has shown that 
for the conditions under which the micrographs are 
recorded, the contrast in high-resolution underfocus 
images can be interpreted directly in terms of structure, 
and that empty tunnels in the ReO3-type blocks appear 
as white dots in the images. A satisfactory interpreta- 
tion of the contrast in Fig. 2(a) is obtained if a similar 
correlation between white patches and empty tunnels 
in the structure is assumed. In Fig. 2(b), the structural 
drawing in Fig. l(c) is shown superimposed on the 
repeating unit of the lattice image. The correspondence 
between white patches and empty square and pentag- 
onal tunnels is quite good, as is that of dark areas and 
filled pentagonal tunnels (circles) and octahedra. 

3.2. Fault boundaries in 4Nb205.9W03 
The presence of domain boundaries of several types 

in this material was established by earlier observations 
at lower resolution (Allpress, 1969a, 1972). The present 
results show sufficient detail to enable us to derive con- 
vincing models for the structure of these boundaries, 
and to determine their influence on the overall stoi- 
chiometry of the crystals. An example of an image 
from a faulted crystal is shown in Fig. 3. Where pos- 
sible, the image is divided into rectangular areas corre- 
sponding to unit cells of the 4: 9 phase. However, along 
the (110) directions marked by arrows, there are eight 

regions (circled) in which the contrast differs slightly 
from that of the matrix. Within each of these regions, 
there are four white patches surrounding a smaller 
central patch, and our correlation with empty tunnels 
suggests that these areas correspond to subcells of the 
TTB-type host lattice in which all the tunnels are empty. 
These subcells differ from those in the ordered struc- 
ture, because in the latter, one or two of the four pen- 
tagonal tunnels in each subcell are occupied. 

A model of this fault boundary is shown in Fig. 3(b). 
It is obvious that the TTB-type host lattice is contin- 
uous across the boundary, and that the fault is due to a 
displacement of one third of a unit cell along b (or one 
tetragonal subcell) in the arrangement of filled pentag- 
onal tunnels. This displacement may be regarded as an 
out-of-phase boundary lying along [110] and [T10]. 

Since we are able to distinguish between occupied 
and empty tunnels, the influence of the out-of-phase 
boundary on the composition of the crystal can be de- 
termined. If we assume that the host lattice is perfect 
and that occupied tunnels are completely filled, the 
overall composition can be written x(M10030)n, y(MO)t, 
where the subscripts h and t refer to the host lattice and 
tunnel components respectively. In the ordered 4:9 
structure [Fig. l(c)], x = 3  and y=4 .  In both the [110] 
and [T10] boundaries in Fig. 3, repeating units con- 
taining 5 TTB subcells and 6 filled tunnels can be dis- 
tinguished; i.e. x =  5, y = 6. The corresponding 
Nb2Os :WO3 ratio is 3 : 8 or 0.367, which is considerably 
lower than that for the ordered compound (0.445). We 
may therefore conclude that this particular crystal con- 
tains a slight excess of WO3. This result is consistent 
with the fact that the crystal was found in a multiphase 
mixture of nominal composition 19Nb2Os. 63WOa (i.e. 
ratio =0.302). 

In addition to out-of-phase boundaries, several dif- 
ferent types of twin boundaries were observed, and 
their structures and compositions can be analysed in a 
similar way. For example, Fig. 4(a) shows a boundary 
separating domains in which the unit cells (marked A 
and B) are related by a rotation of 90 ° about [001]. 
Again, the TTB-type host lattice is continuous, and the 
model in the inset shows only the pattern of filled and 
empty pentagonal tunnels, which are represented by 
full and open circles respectively. The boundary region 
is a parallel-sided slab of structure lying along [010]A 
(or [10018), and within its repeating unit (dashed out- 
line), x = 6 and y = 7. The calculated NbzOs :WO3 ratio 
is 14:39 or 0.359. In Fig. 4(b), the unit cells A and B'  
are related by a mirror plane along (310)A [or (310)s,]. 
Within the boundary region, the two unit cells overlap, 
and share a filled tunnel. The composition of the 
boundary region varies, because the tunnels marked by 
arrows appear to be sometimes filled and sometimes 
empty. The dashed line in the inset marks an area of 
boundary which contains the equivalent of 9 TTB sub- 
cells and 11 filled tunnels, having the overall composi- 
tion ratio Nb205: WO3 = 22: 57 = 0.386. Similar areas 
further along the boundary contain 12 filled tunnels, 
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Fig. 2. (a) High-resolution lattice image from a thin crystal of 4Nb205.9WO3. The repeating unit of contrast is outlined. (b) 
The structure of 4Nb205 9WO3 [Fig. l(c)] superimposed on an enlarged portion of (a). Note the correspondence between 
white patches in the image and empty square and pentagonal tunnels in the structure. 

[ To face p. 24 
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Fig. 3. Lattice image from a crystal of 4Nb2Os. 9WO3 containing a zigzag out-of-phase boundary (arrowed). Rectangles outline 
unit cells of the ordered structure, and circles within the boundary mark TTB subcells in which all four pentagonal tunnels 
are empty. The presence of the boundary causes a displacement of ~,[010] in the ordered structure. (b) Model of the boundary 
structure, derived from the contrast in (a). The host lattice of corner-shared octahedra is continuous, but the pattern of occupied 
tunnels (full circles) is interrupted at the boundary. 
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Fig. 4. Twin boundaries  in 4Nb205.9WO3. The boundary  regions which contain empty  TTB subcells (circled) are outlined, and 
unit cells of  the ordered structure on either side of  the boundaries  are also marked  A, B and B'. The insets show the ar rangement  
of  occupied and empty  pentagonal  tunnels as full and open circles respectively. In (a), the domains  A and B are related by a 
rota t ion of  90 ° about  [001], and in (b), A and C '  are related by a mirror  plane on (710). Tunnels  marked  by arrows in (b) are 
sometimes occupied and somet imes empty.  
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1 Into I ,, I ~b Inm 

Fig. 5. (a) High resolution lattice image from a thin crystal of 2Nb2Os. 7WOs. The squares outline repeating units of contrast. 
(b) The proposed structme of 2Nb2Os. 7WO3 [see Fig. 6(b)], superimposed on an enlargement of part of (a) showing satisfac 
tory correspondence between empty tunnels in the structure, and white patches in the image. 
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Fig. 7. Antiphase boundary in 2Nb205.7WO3. The domains C1 and C~ are displaced by ½[110] with respect to each other, and 
the boundary has the same composition as the matrix. 
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Fig. 8. Lattice image showing domains of 2Nb205.7WO3, labelled C and G, which are in phase with each other, but are sepa- 
rated by a boundary (outlined) whose composition is 2Nb205.5WO3. The rectangles labelled A' are unit cells of 4Nb2Os. 9WO3. 
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Fig. 9. Out-of-phase domainsin 2 Nb2On.7WO3. Unit cells in the regions C and C' are related by a mirror plane on (010). In (a), 
the domain boundary (outlined) lies along [010] and has the same composition as the matrix. In (b), the boundary is stepped 
along [110] and its composition is 2Nb2Os.5WO3. It contains unit cells (B) of 4Nb2On.9WO3, and is very similar to the 
boundary in Fig. 8. 
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Fig. 10. (a) Lattice image f rom a thin f ragment  of  nomina l  composi t ion  17Nb2Os.48WO3, showing disordered occupancy of  
pentagonal  tunnels over the whole region, but a s t rong tendency for short-range order  over more  limited areas. Unit  cells of  
both 4Nb205.9WO3 and 2Nb20~. 7WO3 are outl ined.  (b) Model  of  the structure derived f rom (a), showing occupied and empty  
pentagonal  tunnels as full and open circles respectively, and 4 x 4 blocks of  ReO3-type structure as small squares. Unit  cells of  
the two ordered phases are outl ined,  and labelled A, A', B, B', C, C', according to their orientations,  in the same way as in 
Fig. 4 and 9. 
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giving a ratio 24:54 =4:9 ,  the same as that of the ma- 
trix. This boundary is therefore only very slightly non- 
stoichiometric with respect to the matrix. Both images 
in Fig. 4 were recorded from fragments of nominal 
composition 3Nb2Os.7WO3 (ratio=0.43), slightly 
richer in WO3 than the 4:9 phase; it therefore seems 
that the fault boundaries can act as sinks for this dis- 
crepancy in composition. 

3.3. 2Nb205.7WO3 
A high-resolution lattice image from a thin fragment 

of this phase is reproduced in Fig. 5(a), and the square 
repeating unit, about 2-4 nm on a side, is outlined. Its 
size corresponds to that of the tetragonal unit cell of 
the phase 2Nb2Os.7WO3. Fragments with this struc- 
ture were the major component in the mixture of com- 
position 19Nb205.63WO3. 

At the corners of the repeating unit in Fig. 5(a), 
there are groups of four white patches surrounding a 
smaller central patch, very similar indeed to those en- 
circled in Figs. 3(a), 4, which we identified as TTB-type 
subcells with all tunnels empty. Centred on the mid- 
points of the edges of the repeating unit are linear 
groups of three white patches, similar to those which 
lie across the corners and centre of unit cells in lattice 
images from 4Nb2Os. 9WO3 [Figs. 2(a), 3(a)]. By anal- 
ogy, they probably correspond to TTB-type subcells 
with two opposite pentagonal tunnels occupied. In the 
centre of the square in Fig. 5(a), there is a square array 
of nine white patches, and the separation between the 
four central dark blobs is about 0.38 nm. This contrast 
resembles that expected from a 4 x 4 block of corner- 
shared octahedra of the ReO3-type structure (Iijima & 
Allpress, 1973a). 

On the basis of a limited amount of X-ray evidence, 
and prior knowledge of related structures, Stephenson 
(1968) predicted that 2Nb2Os.7WO3 should have the 
structure shown in Fig. 6(a). The unit cell contains four 
TTB-type subcells, and one quarter of the pentagonal 
tunnels are filled. In most respects, this structure is 
consistent with our interpretation of the lattice image 
contrast. The subcells which are centred on the corners 
of the unit cell (e.g. the dashed square) all contain 
empty tunnels, and those centred half way along the 
cell edges contain two filled tunnels, in the correct 
orientation to match the lattice image contrast. 

However, the central part of the proposed structure 
is obviously incorrect; some rearrangement of the octa- 
hedra is required in order to produce a 4 × 4 block of 
ReO3-type material in this region. This requirement is 
achieved very simply, by rotating the central four octa- 
hedra [circled in Fig. 6(a)] clockwise by about 45 °, and 
making slight adjustment to the orientations of the 
surrounding octahedra. By this means, all the triangular 
and pentagonal tunnels around the circumference of 
the circle in Fig. 6(a) are converted to approximately 
square tunnels [Fig. 6(b)], and the 4 x 4 block of ReOa- 
type material is produced. In Fig. 5(b), this revised 
structure is superimposed on the lattice image, and the 
correspondence between empty tunnels and white 
patches is clearly very good. 

The symmetry of the revised structure shown in 
Fig. 6(b) is tetragonal, space group P4, and all atoms 
lie in the general positions 4(d), with z = 0 for metal and 
z = ½ for oxygen. The x and y coordinates of the atoms 
in TTB-type positions were derived from those quoted 
for barium strontium niobate (TTB-type, Jamieson, 
Abrahams & Bernstein, 1968), while those of atoms in 

(a) (b) 

7- -I 

- Ox~- ~ 

Fig. 6. Proposed structures for 2Nb2Os.7WO3. (a) According to Stephenson (1968). (b) Stephenson's structure, modified by 
rotating the central group of four octahedra circled in (a) as indicated by the observed lattice image contrast (Fig. 5). 
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the central ReO3-type region were chosen to give reas- 
onable geometry. These coordinates are given in 
Table 2, but they must be regarded as very approx- 
imate, and suitable only as a starting point for any 
future refinement of X-ray data. 

3.4. Fault boundaries in 2Nb2Os. 7WO3 
The concentration of fault boundaries in 

2Nb2Os. 7WO3 was much higher than in 
4Nb2Os.9WOs, as was the number of different ob- 
served structures. Several typical examples are shown 
in Figs. 7-9. In all cases, the host lattice of TTB-type 
structure is basically continuous, and therefore the 
structural models in these and subsequent figures show 
only the positions and occupancies of pentagonal tun- 
nels (open circles = empty, filled circles = occupied) and 
the positions of 4 x 4 blocks of ReOs-type material 
(squares). Unit cells are outlined by heavy lines. 

The lattice image in Fig. 7 shows two domains of 
2Nb205.7WOa, labelled Ct and C2, which are displaced 
by half a unit cell with respect to each other along both 
[100] and [010]. The boundary is therefore one type of 
antiphase domain boundary, and its structure is shown 
in the inset. It is easy to demonstrate that, in spite of 
the fact that the ReOa-type blocks are closer together 
in the boundary than they are in the matrix, the com- 
position of the boundary region is the same as that of 
the matrix. 

The lattice image in Fig. 8 shows domains C and C1, 
which remain in phase with each other, although sep- 
arated by a stepped boundary along [T10], which does 
not contain any ReOa-type blocks. The structure of 
this boundary is shown in the inset and its composition 
is 2Nb2Os.5WO3, which is considerably richer in 
Nb205 than the matrix. Within the boundary structure, 
rectangular unit cells of 4NbzOs. 9WOs (e.g. A') can be 
distinguished. 

Examples of a third type of boundary are shown in 
Fig. 9. The domains C and C'  on either side of these 
boundaries are related by a mirror plane on (100), and 
are also displaced by a quarter of a unit cell along [100] 

and [010] with respect to each other. In Fig. 9(a), the 
boundary is very narrow and parallel to (100), and has 
the same composition as the matrix. In Fig. 9(b), it is 
stepped along [110] and has the composition 
2Nb2Os. 5WO3. The boundary in Fig. 8 has the same 
composition and direction, and a similar structure. 

3.5. Disordered intergrowths of4Nb2Os. 9WO3 and 
2Nb2Os. 7WOs 

In many cases, the domain structures described so 
far were not fully developed, and we observed small 
groups or isolated unit cells of one or both of the 
ordered structures distributed randomly in a contin- 
uous TTB-type host matrix. This was particularly true 
of the sample of nominal composition 
17Nb2Os.48WO3, intermediate between those of the 
two ordered phases. 

A lattice image from a disordered fragment is repro- 
duced in Fig. 10(a). A careful examination of the con- 
trast indicated that again, the TTB-type host lattice is 
continuous, and that variations in contrast could be 
attributed to the non-periodic arrangement of filled 
pentagonal tunnels and 4 × 4  blocks of ReOa-type 
structure. A model in which these features are marked 
is shown in Fig. 10(b), and it is a simple matter to iden- 
tify unit cells (outlined) of 4Nb2Os. 9WOa (rectangular) 
and 2Nb2Os.7WOs (square). These unit cells are of 
two types, those marked with a superscript being the 
mirror images of the others. It will be noted that all 
cells of the same type are displaced from one another 
by integral subcell vectors, while dissimilar cells are 
displaced by half integral subcell vectors. These rela- 
tionships arise because the TTB subcell has two pos- 
sible origins [marked A and A' in Fig. 6(a)] which lie 
½(l l0)s  apart, and both the subcells and the super- 
structures derived using these origins are mirror-re- 
lated to one another. In the case of 4Nb20 s.9wOs, 
there is the additional possibility that the cell can be 
rotated by 90 ° about [001], and this occurs at B in 
Fig. 10(b). 

The composition of a region such as is shown in 

Table 2. Approximate coordinates of  atoms in the structure of  2NbzOs. 7WO3 

Space group P4, all atoms in 4(d); x, y, z; )?, )7, z; y, .~, z; y, x, z. 

x y x y x y 
M(1) 0.086 0.336 O(12) 0.078 0.253 O(22) 0-284 0.319 
M(2) 0.037 0.106 O(13) 0.498 0.173 0(23) 0.216 0-182 
M(3) 0-144 0.213 O(14) 0.003 0.328 0(24) 0.140 0.390 
M(4) 0.287 0.144 O(15) 0.253 0.423 0(25) 0.360 0.110 
M(5) 0.394 0-037 O(16) 0.248 0.078 0(26) 0.110 0.140 
M(6) 0.106 0.463 O(17) 0.069 0.034 0(27) 0.400 0-448 
M(7) 0.213 0.356 O)18) 0.319 0.216 0(28) 0.338 0.473 
M(8) 0.356 0.287 O(19) 0.182 0.284 0(29) 0.428 0.270 
M(9) 0.25 0 0(20) 0.466 0.069 0(30) 0.480 0.425 
M(10) 0.5 0.25 O(21) 0.034 0.432 O(31) 0.380 0.375 
M(ll) 0.173 0.003 

0(1-11), same parameters as M(1-11), but with z=O. 
i(1-11), O(12-31), z=½. 
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Fig. 10 can be readily estimated by counting the num- 
bers of subcells and filled tunnels. The model in Fig. 
10(b) contains 258 subcells, and 301 filled tunnels, and 
the corresponding composition is 602Nb2Os. 1677WO3. 
The Nb2Os:WO3 ratio is therefore 0.359, which is in 
reasonable agreement with the nominal value (0.354) 
for the sample of 17Nb2Os. 48WO3. 

In addition to the disordered intergrowth which we 
have just described, many fragments in the WOa-rich 
specimens contained extended domains of ReO3-type 
material, coherently intergrown with regions of TTB- 
type structure, and sharing a common 0.38 nm axis. 
These domain structures have already been described 
briefly (Allpress, 1972) and will be discussed in detail 
in a subsequent paper (Iijima & Allpress, 1974). 

3.6. '6Nb2Os. 11WO 3' 

A further TTB-type phase whose composition lies 
close to 6NbzOs. 11WO 3 has been reported (Roth & 
Wadsley, 1965; Roth & Waring, 1966). Apart from a 
difference in colour, this phase appears to be almost 
indistinguishable from 4Nb20~. 9WO 3. As Table 1 in- 
dicates, their space groups and unit-cell dimensions 
correspond closely, and the positions and intensities 
of the lines in their X-ray powder patterns (Roth & 
Waring, 1966) are also very similar. More recently, 
Stephenson (1968) examined a 'single' crystal of 
6Nb2Os. l lWO3 by X-ray methods, and concluded 
that it was in fact an intergrowth of two stable phases; 
orthorhombic 9Nb2Os. 16WOa and monoclinic 
9Nb2Os. 17WO3. Although he was unable to prepare 
separate identifiable phases at either of these composi- 
tions, he proposed that in the 6:11 compound, small 
domains of ordered intergrowth, consisting of slabs of 
the 9:16 and 9:17 structures stacked regularly along 
the c axis, could give rise to a 'domain unit cell' with 
the dimensions a =  1.2195, b=3.674, c=3.1608 nm (cf. 
Table 1). Structures for the 9:16 and 9:17 phases were 
proposed; both were based on a TTB-type host lattice 
of three subcells [as in Fig. 1 (c)], and the different com- 
positions were achieved by the partial filling of either 
eight (in 9:16) or ten (in 9:17) of the twelve possible 
pentagonal tunnels. 

We anticipated that electron-optical observations of 
this material might yield useful additional information. 
In particular, high-resolution lattice images from thin 
fragments aligned with their c axis parallel to the elec- 
tron beam should reveal the pattern of filled pentagonal 
tunnels. Also, the proposed long c axis of the domain 
unit cell, which was not observed in the X-ray data, 
should be more readily detected by electron diffraction. 

We have now examined many fragments of 
13Nb2Os.24WO3 obtained from Roth & Wadsley's 
(1965) collection, but have been unable to obtain con- 
firmation of Stephenson's (1968) proposals. Apart from 
revealing a number of additional types of fault bound- 
ary, the lattice images appeared to be identical to those 
from 4Nb2Os.9WO3. Electron diffraction patterns 
showing the 00l reflexions contained no evidence for a 

superlattice or streaking which could be interpreted in 
terms of regular or semi-random stacking of slabs in 
the c direction. High-resolution electron microscopy 
of the specimens reported by Roth & W-aring (1966) 
and used by Stephenson (1968) should throw additional 
light on this problem. 

4. Discussion 

4.1. The technique 
We have endeavoured to derive structural models 

for several ordered and numerous more or less dis- 
ordered TTB-type materials, by making direct correla- 
tions between contrast in high-resolution lattice images 
and elements of structure; in particular, occupied and 
empty tunnels. The validity of the procedure was 
checked by applying it first to the known structure of 
4Nb2Os. 9WO3, and it was extended to related struc- 
tures only after ensuring that the experimental condi- 
tions (orientation, focus, crystal thickness) were repro- 
duced as closely as possible. In most cases, the resulting 
structural models are convincing and, we believe, reli- 
able, but this cannot be said for the reported phase 
'6Nb2Os. l lWO3', where the results appear to be at 
variance with previous X-ray work. 

Although it is desirable in principle to compute the 
contrast expected from a postulated structural model 
for comparison with experiment, the calculations 
(O'Keefe, 1973) are relatively complex and time-con- 
suming, and hardly seem necessary when one can com- 
pare contrast and structure for an analogous material 
of known structure. This approach seems to us to be 
particularly straightforward compared with any at- 
tempt to interpret an image in the absence of data on a 
closely related material of known structure. In the 
latter case, a calculation would be imperative, and it 
could be quite difficult to derive a plausible trial struc- 
ture. 

We are of the opinion that there are many cases 
which could be treated by an approach similar to the 
one we have described in this paper. The study of 
planar or linear faults in a matrix of known structure, 
and of order-disorder in the occupancy of sites or 
tunnels in an ordered host lattice, are obvious ex- 
amples. However, it should be emphasized that dis- 
order in the direction parallel to the incident electron 
beam will be difficult to resolve. In the present work, 
there is no evidence for disorder in the host lattice in 
this direction (i.e. parallel to c), but we are not confi- 
dent that partially filled tunnels could be distinguished 
from fully occupied or empty ones. Cowley & Iijima 
(1972) have suggested non-linearity between image 
contrast and the projected potential of the crystal. 
Further calculations will probably be required in order 
to determine the relationship between contrast and the 
extent of occupancy of partially filled tunnels. 

4.2. The structures 
Our observations confirm that over the composition 
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range from about 64--78 mole % WO3, the mixed oxides 
of hexavalent tungsten and pentavalent niobium exhib- 
it structures which are based on a tetragonal tungsten 
bronze type of subcell, and that differences in com- 
position are accommodated by varying the number of 
occupied pentagonal tunnels. The most important new 
piece of information is that the TTB-type host lattice 
appears to lose its stability when less than about one 
third of the pentagonal tunnels are occupied, and the 
structure is modified to include small regions of ReO3- 
type material. This modification is periodic at the com- 
position 2Nb205.7WO3, where one quarter of the TTB 
subcells are converted to ReO3-type structure, and the 
proportion of occupied tunnels remains at one third 
[Fig. 6(b)] instead of being reduced to one quarter had 
the unmodified structure [Fig. 6(a)] been retained. 

Thus the phase 2Nb205.7WO3 can be described as 
an ordered intergrowth of the TTB and ReO3-type 
structures, and as such it may be regarded as a type of 
transition structure, lying between the pure TTB host 
lattice characteristic of several phases richer in Nb2Os, 
and the ReO3 lattice (albeit interrupted by crystallo- 
graphic shear planes) which appears at higher WO3 
contents (Roth & Waring, 1966; Allpress, 1972). As 
an intergrowth, if differs from those which occur so 
frequently in the block structures related to Nb205 
(Andersson, Mumme & Wadsley, 1965; Allpress, 
1969b). In the latter, the intergrowing components are 
slabs, which extend through the crystals in two dimen- 
sions, but have a restricted width. In 2NbzOs. 7WO3 on 
the other hand, the ReO3-type regions are columnar 
microdomains, which extend in only one direction, 
along e, and are otherwise completely surrounded by 
the TTB-type matrix. 

The occupancy of one third of the pentagonal tun- 
nels may well be an optimum resulting from con- 
straints on the filling of neighbouring tunnels. The 
geometry of the TTB lattice is such that each pentag- 
onal tunnel has one neighbour at 0.61 nm distance, four 
at 0.65 rim, two at 0.92 nm, one at 1.15 nm, four at 1.22 
nm, and four at 1.25 nm (these distances were derived 
from the data of Jamieson, Abrahams & Bernstein, 
1968). In both the ordered structures [Figs. l(c), 6(b)], 
nearest and second-nearest neighbour tunnels are never 
occupied simultaneously, and in addition, occupied 
tunnels may have one but never two occupied third- 
nearest neighbours (0.92 nm). If we construct a model 
which is as close packed as possible within these con- 
straints, we obtain the 4:9 structure [Fig. l(c)] directly. 
Within fault boundaries and in disordered materials 
(Fig. 10), the restriction on third-nearest neighbours is 
relaxed, and in the case of faults in the 4:9 phase, 
second-nearest neighbour tunnels are sometimes occu- 
pied simultaneously [e.g. Fig. 4(b)]. 

Roth & Waring (1966) described a metastable ap- 
parently disordered TTB-type phase '3Nb205.8WO3', 
having no superlattice detectable by X-ray powder 
methods (Table 1). Its composition lies between those 
of 4Nb2Os. 9WO3 and 2NbzOs. 7WO3, and after pro- 

longed heating above about 1600°K it decomposes 
into these two ordered phases. We suspect that the lat- 
tice image in Fig. 10, which was recorded from a frag- 
ment whose nominal composition (17NbzOs.48WO3) 
lies close to that of this metastable phase, gives a good 
indication of the type of structure to be expected in 
this region. Previous work (Allpress, 1969a) has shown 
that 'single-crystal' electron diffraction patterns from 
fragments in this composition range exhibit sharp re- 
flexions corresponding to the TTB-type subcell, sur- 
rounded by distinctive patterns of diffuse scattering. 
The latter were attributed to short-range order, and the 
present results provide direct confirmation that the 
structure consists of an ordered TTB-type host lattice, 
in which the occupancy of pentagonal tunnels is more 
or less random, and recognizable ordered regions of 
both 4NbzOs. 9WO3 and 2Nb2Os. 7WO3 exist as minute 
domains of a few unit cells at most. 

4.3. The fault boundaries 
We have noted that constraints on the occupancy of 

pentagonal tunnels in fault boundaries are slightly less 
rigid than in the ordered structures. This implies that 
there is an energy associated with the boundaries, and 
that their elimination will be a thermodynamically 
favourable process. In the extreme case, the decompo- 
sition of the metastable '3Nb2Os.8WO3', which we 
have referred to in the preceding section, is an example 
of this. 

It is of interest to examine the reason for the pres- 
ence of these boundaries, and it seems most likely that 
they are a consequence of the way in which the struc- 
tures develop during the reaction of the component 
oxides. Let us assume that domains of ordered struc- 
ture are formed by a nucleation and growth process, 
involving the simultaneous reorientation of octahedra 
in the ReO3-type matrix of WO3, and penetration of 
niobium and additional oxygen into the product lattice. 
The growing domains will eventually impinge upon 
one another, and unless they are in phase, a boundary 
of some kind will be formed between them. If the do- 
mains are out-of-phase by an integral number of sub- 
cell vectors, the boundaries will be simple out-of-phase 
boundaries (e.g. Figs. 3, 7) but if they are displaced by 
a half-integral number of subcell vectors [e.g. Figs. 4(b), 
9] an additional mirror relationship between them is 
involved. 

Apart from accommodating discrepancies of phase, 
fault boundaries may also act as sinks for the accumu- 
lation of non-stoichiometry. It appears that the bound- 
ary shown in Fig. 8 has this sole function, since the 
adjoining domains are exactly in phase with one an- 
other. Out-of-phase boundaries may also be associated 
with non-stoichiometry, and examples are shown in 
Figs. 3, 4 and 9(b). 

Within the boundaries themselves, there is a remark- 
able degree of order, such that in general, unless a 
boundary changes direction, its structure tends to be 
strictly periodic. This observation indicates that there 
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is a strong tendency for what might be called micro- 
structural order; i.e. once a configuration of domains 
is established during the reaction, the boundaries be- 
tween them will tend to take up directions and struc- 
tures in which the discrepancies of phase and/or com- 
position are accommodated with the maximum pos- 
sible degree of local order. The elimination of all these 
boundaries will inevitably require very much more ex- 
tensive migration of the contents of occupied tunnels, 
either via interstitial sites, or involving exchange with 
sites in the host lattice. In the case of 2Nb205.7WOa, 
this migration will be accompanied by the reorienta- 
tion of elements of the host lattice, in order to produce 
the required arrangement of 4 × 4 ReO3-type blocks. 
In view of these extensive movements, and the relatively 
weak long-range forces between occupied tunnels, 
these processes are likely to be slow, and it is therefore 
not surprising that large numbers of fault boundaries 
have been observed, particularly in 2Nb2Os.7WO3. 
These conclusions could probably be verified by exam- 
ination of a series of specimens heat-treated for varying 
periods of time and/or varying temperature to demon- 
strate the method of approach to equilibrium. 

One of us (S.I.) wishes to thank Professor J. M. 
Cowley for his continuous encouragement, and to 
acknowledge the support of a N.S.F. Area Develop- 
ment Grant in Solid State Science (No. GU 3169). 
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High-resolution lattice images from WO3-rich compositions in the system Nb2Os-WO3 contain direct 
evidence for the coherent intergrowth of extensive domains of several orientations of the ReO3-type 
structure with the more complex tetragonal tungsten bronze-type structure. A model for the trans- 
formation between the two structure types is proposed. 

1. Introduction 

In a preceding paper (Iijima & Allpress, 1974), we 
have described high-resolution electron-optical obser- 
vations of several phases in the system Nb2Os-WO3, and 
shown how the direct correlation of image contrast 
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with structural features can be used to derive reliable 
models for the structure of 2Nb2Os.7WO3, and of 
fault boundaries and intergrowths in this material and 
in 4Nb205.9WOa. The structure of 2Nb205.7WO3 can 
be regarded as an ordered intergrowth of minute 
domains of the ReOa and tetragonal tungsten bronze 
(TTB) structural types. 

Some previous observations at lower resolution (All- 
press, 1972a) revealed the occurrence of more extensive 


