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Structural Studies by High-Resolution Electron Microscopy: Intergrowth of ReO;- and
Tetragonal Tungsten Bronze-Type Structures in the System Nb,0,—~WO,
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With high-resolution electron microscopy new crystal structures were found in the binary system of Nb,O,—
WO, oxides. The compounds are proposed to have the mole ratios 4Nb,0.22WO, and 4Nb,0,.50WO,.
The crystal structures are ascribed to intimate intergrowths of two known structures, the ReO, type and
tetragonal tungsten bronze type. The latter grows coherently in the host lattice of the former, forming
regularly arranged slabs. The coherent intergrowth of the tetragonal tungsten bronze structures is described

as the ‘rotation operation’ on the ReO,-type structure.

Introduction

Compounds in the binary system of Nb,0O,—~WO,
oxides have been intensively studied. According to the
studies on the phase diagram of this system by Roth &
Wadsley (1965), the compounds are grouped into three
different structure types: the ‘block structures’ occurr-
ing in the composition range of O/M (oxygen/metal
ratio) = 2-50-2-66, the ‘Magnéli phases’ in the WO,-
rich region of O/M = 2.90-3.00, and in the range of
O/M = 2-66-2.90 the tetragonal tungsten bronze-type
structure (hereinafter abbreviated TTB type). For the
TTB type, two ordered structures 4Nb,O,.9WO, and
2Nb,0,.7WO, were found. The block structures and
the Magnéli phases having the ReO, type as a basic
structure contain the crystailographic shear structures
as a common structural component where the in-
dividual metal-oxygen octahedra are linked with their
neighboring octahedra by edge sharing instead of
corner sharing in the basic structure of the ReO, type.
In the Magnéli phases the crystallographic shear planes
are arranged one-dimensionally, forming slabs of the
ReO; type, while in the block structures the crystallo-
graphic shear planes are arranged two-dimensionally.
forming columns of the ReO, type. A slight change in
composition results in rearrangement of the crystallo-
graphic shear planes and thus a slightly different
structure from one compound to another, so that a
homologous series of the compounds is formed
(Wadsley & Andersson, 1970).

The structure of 2Nb,O,.7WO0O, was determined
from the study of the high-resolution electron micro-
graphs of crystals having a nominal composition of
19Nb,0;.63WO, (lijima & Allpress, 1974a) and was
found to result from an intergrowth of the two different
structures of ReO, type and the TTB type. It was
proposed that since the small domains of the ReO,-type

structure are intergrown coherently with the TTB type
in 2Nb,0,.7WO0,, a transformation of this structure
from the ReO, type to the TTB type, which occurs in
solid-state reactions, would be conceivable by a
periodic application of the rotation of the groups of the
corner-shared octahedra to the ReO, type. Direct
evidence of the rotation which causes formation of
single elements of the TTB-type structure in some
regions of the ReO, type has been demonstrated by
lijima & Alipress (1974b). This was observed often in
disordered regions of crystals having a nominal
composition of 19Nb,0,.63WO,. More general con-
siderations on structural relations between the ReO,
type and some ‘bronze’ and ‘tunnel’ structures formed
by a simple geometrical rotation operation on the ReO,
type were discussed by Hyde & O’Keeffe (1973).

In the present paper we report new structures in the
binary system of Nb,O,—~WO, that have intergrowths
of the ReO, type and the TTB type similar to that of
2Nb,0,.7WO,. Compared with the structure of
2Nb,0,.7WO,, the new structures are composed pre-
dominantly of regions of ReO; type and show less
effect of the rotation operation on the ReO, type. The
new structures will be discussed in comparison with the
crystallographic shear structures. Also, a reaction
mechanism will be considered for converting the ReO,
type to the intergrowth structures in the solid state.

Experimental

The sample, having nominal composition
19Nb,0,.63WO,, studied in the present work was the
same as that studied by lijima & Allpress (19745), and
was provided by Dr R. S. Roth and the late A. D.
Wadsley (Roth & Wadsley, 1965). It was prepared by
heating a mixture of 19Nb,0, and 63WO, in a sealed
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tunnels occupied by the metal-oxygen strings are
shown by the open circles. The orientation of the
extended slabs lies parallel to [210],, which agrees with
the observation of the electron diffraction pattern. For
the structure having a doubled a axis (48-02 A), the
slabs of the TTB type are missing in every other row
and they are replaced by the ReO, type.

The content of metal and oxygen atoms for the small
unit cell is 28 x MO, (octahedra) + 2 x MO (tunnels)
= M0y = MO, , For the doubled unit-cell
structure 56 x MO; + 2 x MO = M, ;0 ,, = MO, ,;,
is obtained. The former composition corresponds to the
mole ratio 4Nb,O,.22WO, in the system Nb,0,-WO,
and the latter becomes 4Nb,0,~50WO;. These com-
positions are compared in Table 1 with the other
structures in the WO ,-rich region in the system Nb,O,—
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Fig. 6. (a) Idealized model for the crystal structure of
4Nb,0,.22W0, which was derived directly from the micro-
graph of Fig. 5. The structure (unit cell outlined) is an inter-
growth of two slabs having a single unit-cell width of the TTB
type and several unit-cell widths of the ReO, type. Pentagonal
tunnels occupied by metal-oxygen atoms are shown by open
circles. (b) Geometrical relation between the structures of
4Nb,0,.22WO0, and the ReO, type. Rotations of groups of the
octahedra (enclosed by circles) which occur periodically in the
ReO,-type lattice give rise to the intergrowth structure shown in
(a). However, this simple operation does not contribute to the
occupation of the pentagonal tunnels.
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Table 1. The structures of the compounds in the
WO,-Nb,O, system
Ordered intergrowths of TTB-type and ReQ;-type structure were
found in the present study.

Content of  Range of
ideal unit  composition Crystal
Compounds cell Oo/M structure
Block structure 2-5-2.66 Two-dimensional
CS structure
4Nb,0,.9WO0, B0, 2-765 TTB
2Nb,0,.7TWO, B,,0,, 2-818 TTB + ReO
4Nb,0,.22WO0, B1yOss 2-867 TTB + ReO
4Nb,0,.50WO, B0 110 2.931 TTB + ReO
Magneli phases 2-875-3-00  One-dimensional
(Mo,W),0,, , CS structure
and related
structures

WO,. For the purpose of comparison the table
includes also the Magnéli phases. The Magnéli phases
whose compositions are represented by a general
formula (Mo,W),0,, ,, where n = 8—14, are described
by regular arrangements of the one-dimensional
crystallographic shear planes in the ReO; type
(Magnéli, 1953). The range of compositions for the
one-dimensional shear-structure compounds extends
from 2-875 to 2-929 and thus it overlaps partly those
of the new structures. Allpress (1972) examined the
structures of the compounds having compositions
WO,.xNb,O; (x = 0-03-0-09, or the O/M ratio =
2-881-2-972) and concluded that the structures of
these compounds are the ReO, type modulated by the
one-dimensional crystallographic shear planes. He also
found that some of the specimens contain regular
arrangements of the crystallographic shear planes. The
table indicates that the range of the compositions for
the intergrowth structures of 2Nb,O,.7WO,,
4Nb,0,.22W0, and 4Nb,0,.50WO, extends from
2-818 to 2-931 and lies between that of the pure TTB
type and the crystallographic shear structures. As the
oxygen content in the system increases, the structures
of the compounds in the system Nb,0,—~WO, tend to
increase in amount of regions of the ReO, type.
Actually, such a gradual change in composition is
observed in Fig. 3: the structures change as
2Nb,0,.7WO,; — 4Nb,0,.22W0O; - 4Nb,0,.50WO,
(from the top to the bottom). This indicates that the
crystals examined in the present study are non-
equilibrium products.

Discussion
Rotation operation

In the preceding section we have already shown the
structural relation between the elements of the TTB
type and the ReO, type. Since the intergrowth
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structures that were found in the present study are
described by periodic appearances of the elements of
the TTB type in the host ReO,-type structure, they can
be formed by a periodic application of the geometrical
rotation operation on the ReO, type (Hyde &
O’Keeffe, 1973). Thus the rotation model seems to be
quite attractive for explaining an actual mechanism for
the phase transformation to produce the intergrowth
structures in solid-state reaction. Firstly we shall
consider the intergrowth structures and their disorders
in terms of the rotation operation, and then discuss the
feasibility of this model for an actual reaction mechan-
ism.

An initial ReO,-type structure is illustrated in Fig.
6(b), where the squares containing crosses indicate the
metal-oxygen octahedra. Now we apply the rotation
operation on this structure for the case of
4Nb,0,.22WO,. The groups of octahedra that would
be involved in the rotation can be found by inspecting
the proposed model for the structure of

4Nb,0,.22WO0, shown in Fig. 6(a), and are encircled
in Fig. 6(4). In both illustrations an equal number of
octahedra are drawn. A regular arrangement of the

circles confirms that the periodic rotation operation on
ReO,

the type can produce the structure of

Fig. 7. A schematic illustration of the disordered arrangement of
the atoms in the region enclosed by the lines in Fig. 3. The dots
represent the metal atoms in the octahedra (see Fig. 2¢) and the
TTB-type elements that occur in the crystal are shown by the
encircled dots. The unit cells of 2Nb,0,.7WO, (top) and
4Nb,0,.22WO, (bottom) are outlined. The antiphase boundary
in the region of 2Nb,0;.7WO; is explained by displacement of
the TTB-type slabs lying parallel to the [130], direction. The
slabs lying in the [310], direction swing to the [210], direction at
the positions indicated by small arrows, resulting in the new
structure of 4Nb,0,.22WO,. The illustration reveals that the
domains of the ReO,-type separated by the TTB-type slabs are
grown coherently.
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4Nb,0,.22WO0, if we ignore some of the pentagonal
tunnels occupied by metal and oxygen atoms. For the
structure of 4Nb,0;.50WO; the rotation occurs only
in the regions indicated by arrows in Fig. 6(5).

Let us consider the structural relation between the
interface regions of  2Nb,0,.7WO, and
4Nb,0,.22WO0, including some antiphase boundaries
and stacking faults shown in Fig. 3. Examination of a
structure image corresponding to the area enclosed by
lines in Fig. 3 allows us to know the arrangement of the
metal atoms in this region. This is illustrated
schematically in Fig. 7 using the simplified designation
of the ReO,-type lattice shown in Fig. 2(c), where only
the positions of metal atoms in the octahedra are shown
by dots. The circles indicate the regions where the TTB-
type elements occur, and therefore rotation of the octa-
hedra must have taken place. In the region of
2Nb,0,.7WO, (the upper half of the drawing) the
rows of the TTB-type elements lie along two directions,
[3101, and [130],. The discontinuity seen in the upper
middle of the drawing is generated by a shift of the
rows of the TTB-type elements by a vector 2a,[2101,
across the boundary. This vector, shown by solid
arrows, corresponds to a,[110] of the 2Nb,0,.7TWO,
structure, and thus the boundary is considered as an
antiphase boundary. In the region of 4Nb,0,.22WO,
(the lower half of the drawing) the rows of the TTB-
type elements are arrayed parallel to the [210],
direction. The arrangement of the TTB-type slabs near
the region of the interface of the two structures is
described by swinging the slabs lying in the [310],
direction of 2Nb,0,.7WO, to the [210], direction of
4Nb,0,.22WO0,. Their turning points are shown by
small arrows in the drawing. The stacking fault in the
region of 4Nb,0,.22WO,; (middle of the drawing) is
evidently related to the antiphase boundary in
2Nb,0,.7WO, since the TTB-type slabs are continued
across the boundary between the two structures. All
these disorders can be nicely described by the rotation
operation. In other words, the regions of the ReO, type
which are separated individually by columns of the
TTB type are grown coherently throughout the crystal
as if they were a perfectly continuous single crystal of
ReO, type; note that the dots in Fig. 7 form a perfectly
periodic arrangement.

As we saw above, the rotation operation is able to
explain the geometrical relation between the ReO; type
and the TTB type not only in the ordered but also in
the disordered regions. However, since a simple rotation
operation results in no change in composition of the
host structure MO, after the transformation, it is quite
obvious that to explain the observed occupation of
some of the pentagonal tunnels, an additional mechan-
ism of diffusion of both metal and oxygen ions for
filling the pentagonal tunnels will be required.

It has been suggested (lijima & Allpress, 1974b) that
the direct transformation from the ReO, type to the
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An improved mcthod of crystallographic structure refinement, especially suitable for large molecules, is
described. It is based on simultaneous minimization of a realistic potential-energy function and a crystallo-
graphic residual. The method has already proved its worth in the final stages of refinement of two structures;
an application to crude wire-model coordinates of a small protein is described and evaluated.

Introduction

Until recently the refinement of macromolecular struc-
tures against X-ray diffraction data was a laborious
process, involving many comparisons of a model with a
difference map, followed by manual correction of the
model, coordinate idealization, and further refinement.
The traditional method, Diamond’s (1971) real-space
refinement, treats torsion angles (and possibly some
bond angles) as variables; it has a wide range of
convergence (Diamond, 1976), but suffers from the
disadvantage that it is tied to a particular set of
‘observed’ phases; that is, the function minimized is

1
—p2dV =~ > (F,—F), 1
[(po PV = L, —F) (1)
whereas we should ideally seek to minimize
A= (IF,| = IFI). 2)
h

We can approach this ideal with Diamond’s method
by using a new map for each cycle, the coefficients of
which are |F,lexp(ia,) or (2IF,I — |F.l)exp (in.).
Nonetheless, this is expensive and still biased toward
the starting structure, so that convergence eventually
becomes slow.

(2) may be minimized by conventional crystallo-

* Died 14 July 1978.

graphic least squares, but only if very high resolution
data are available (see, for example, Watenpaugh,
Sieker, Herriott & Jensen, 1973). An alternative
method is to compute unconstrained shifts, either by
least squares or from a difference map, using the
gradient/curvature method (Freer, Alden, Levens &
Kraut, 1976) to apply these shifts for several cycles,
and then to re-idealize the bond lengths and angles.
This method also works well with high-resolution (<2
A) data.

Consider now the problem of refining a rather poorly
determined structure, in which atoms may be mis-
placed by several angstroms. The radius of con-
vergence of least-squares methods is dependent on the
data resolution (typically d/4 where d is the spacing of
the highest-order reflexion). Thus to have any hope of
correcting large errors automatically, we must start
with low-resolution data. Unconstrained methods are
unlikely to work in this case, since the shifts will be so
large as to alter the stereochemistry in a way that may
not easily be reversed by idealization. The solution is to
use a least-squares technique in which constraints (or
restraints) on the stereochemistry are included. Two
such methods have recently been reported. Konnert
(1976) uses Waser’s (1963) method to impose quad-
ratic constraints on bond lengths and angles, and solves
the resulting sparse set of equations by the method of
conjugate gradients. Sussmann, Holbrook, Church &
Kim (1977) have used a mixture of constraints and



