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The structures of intergrowth tungsten bronzes (ZTB) of compositions B%.MW09, S~I,.~WO~, 
Pb,,,,+WOr, S~.rsWOs, and Sb0.2JW03 have been deduced from high-resolution electron microscope 
images. Both the Pb0,04, Snao4, and Bh., ZTB phases consist of single rows of hexagonal tunnels 
occupied by Pb, Sn, or Ba atoms intergrown in a WOJike matrix. The SbO.= ZTB phase is composed of 
similar rows of Sb-containing single hexagonal tunnels, the centers of which are separated by a 
WOs-like matrix only two octahedra in thickness. The structure of the Sno.r8 ZTB phase consists of 
double rows of hexagonal tunnels containing Sn atoms joined by a single strip of WO&ke octahedra. 
The structures are compared with the structures of other known ZTB phases and the nonstoichiometric 
behavior of these phases is discussed. o 1987 Academic press. kc. 

Introduction 

Intergrowth tungsten bronze (ITB) 
phases have a general formula M,W03 and 
are a group of nonstoichiometric com- 
pounds which form in some M-W-O sys- 
tems. The first phases to be labelled as ITB 
phases were described by Hussain and 
Kihlborg (1, 2). Electron microscope and 
X-ray crystallographic studies by these 
authors on materials in which M was either 
K, Cs, Rb, or Tl revealed that their struc- 
tures consisted of double rows of hexagonal 
tunnels intergrown between slabs of WO3- 
like material, as shown in Fig. la. The 
phases therefore represented intergrowths 
between W03 and the hexagonal tungsten 
bronze (HTB) structure type, hence the 
name proposed. The alkali metal atoms 
were located in the hexagonal tunnels. 

Later, single-row hexagonal tunnel struc- 
tures were found in some Cs ZTB phases 
(3), giving rise to the structure type shown 
in Fig. lb. Since it therefore appears that 
both the width of the strips of hexagonal 
tunnels and the WO&ke slabs in these 
compounds can vary, a series of closely 
related structures can arise. The variation 
in the stoichiometry of these phases can be 
thought of as accommodated by fluctua- 
tions in the degree of filling of the hexago- 
nal tunnels present by the interpolated 
alkali metal atoms as well as by the varia- 
tion in the number of tunnels present in the 
crystals. 

Since these studies were conducted, a 
number of related phases, listed in Table I, 
have been found in the Bi-W-O (4, 
Sb-W-O (5, 6), and Sn-W-O (7-9) sys- 
tems. In all of these compounds, strips of 
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a 

FIG. 1. The known ZTB structures; (a) the double-tunnel structure of the alkali metal ITB phases; (b) 
the single-tunnel structure observed in some Cs and Bi ZTB phases; (c) the structure of the 5-type Sn 
orthorhombic bronze; (d) the structure of the 6-type Sn orthorhombic bronze; (e) the proposed 
structure of the Sb ZTB. In all of the drawings, only the W03 skeleton of the structure has been shown. 
In the real compounds the hexagonal tunnels are filled with the metal atoms referred to. In the case of 
the structures shown in (a) and (b), only one member of a series is illustrated. In these series, one 
member differs from another in the separation of the rows of hexagonal tunnels. 

hexagonal tunnels are intergrown with 
strips of WOj type as illustrated in Figs. 
lb-e. The compositions of these phases 
approach W03 as the amount of the WOJ- 
like slabs increases and that of the HTB 
structures as the number of hexagonal tun- 
nels increases. When the amount of WOS- 
like material decreases significantly a 
number of alternative ways of arranging the 
hexagonal tunnels have been found, as 
shown in Fig. 1. 

Within recent years, a number of new 
bronze phases have been characterized in 
the Sri-W-0 (7-9), Pb-W-O (12), and 
Ba-W-O (13) systems which have compo- 
sitions of about Mo.o~WO~ and which have 
been shown to consist of slabs of WOJike 

structure linked by fault planes. Although it 
is likely that the structure of these phases is 
of the ITB type, this has not been confirmed 
experimentally. It was the primary purpose 
of this study to clarify these structures to 
verify that they indeed did belong to the 
same structural family as the ITB phases. In 
addition, the structures of SnXW03 and 
Sb,WQ phases with compositions in the 
range x = 0. U-0.20 were in need of further 
study. .This formed the second part of the 
work described here. 

AI1 phases were confirmed to be of the 
ITB type. The new phases are compared 
with known ITB structures and reasons for 
the formation of this structure type are 
discussed. 



TABLE I Ct.&,, radiation and KC1 as an internal 
THE STRUCTURESOFINTERGROWTHANDRELATED standard, taking a = 0.6292 nm. Films were 

TUNGSTEN BRONZEPHASES, M,WO, measured using a scale exposed onto the 

Element tonic size’ Composition 
film prior to development to compensate 

M (nm) range x structure for film shrinkage. 

CS 0.170 0.06<~<0.10 ITB; double and single 
High-resolution electron microscope 

tunnels studies of the samples were carried out 
0.19 < x < 0.33 HTB 

n 0.150 ? < x < 0.10 ITB; double tunnels 
using a Jeol 200CX transmission electron 

0.13 < x < 0.33 HTB microscope fitted with a double-tilt goni- 
Rb 0.149 0.06 <x -c 0.10 ITB; double tunnels 

0.19 < x < 0.33 HTB 
ometer stage and operated with an acceler- 

K 0.138 0.06 < * < 0.10 ITB; double tunnels ating voltage of 200 kV. Images were taken 
0.19 <x -c 0.33 HTB 

Ba 0.136 0.03 < x < 0.05 ITB; single tunnels 
at magnifications in the range 500,000- 

0.14 c x < 0.16 Pentagonal stmCt”re 1,000,OOO~. The objective lens of the 
St7 0.122 0.04<.r<0.06 ITB; single tunnels 

0.15 <x < 0.18 ITB; double tunnels 
microscope had a C, of 1.2 mm and the 

Pb 0.118 0.03 < x < 0.05 ITB; single tunnelr objective aperture used to obtain structure 
0.18 4 x < 0.35 TTBb 

Bi 0.102 0.02 < x < 0.07 ITB; single tunnels 
images had a radius of 3.5 nm. Electron 

Sb 0.080 0 < x < 0.27 Perovskite microscope samples were prepared by 
0.12 <x < 0.20 ITB; double tunnels 

I” 0.079 0.20 < x < 0.33 HTB 
crushing a small quantity of bronze crystals 
in an agate mortar under n-butanol. A drop 

a Ionic radii are those quoted by Shannon (10) and Shannon and of the resulting suspension was placed on a 
Rewitt (11) for ions in octahedral coordination. 

b Tetragonal tungsten bronze structure. 
holey carbon support film and the liquid 
allowed to evaporate to produce a fine 
coating of tiny fragments on the grid. 

Experimental 
Computed images were calculated on the 

Joint Cardiff Computing Service’s Honey- 
M,WOs samples, where M = Sb, Sn, or well 11, DPS-8/70M computer, employing 

Pb, were prepared by heating together programs FCOEFF and DEFECT (14). 
appropriate amounts of W03 and the rele- Multislice calculations were performed 
vant metal in sealed evacuated silica using a slice thickness of about 0.38 nm, 
ampoules. All chemicals were of Specpure this being the appropriate length of the unit 
grade and supplied by Johnson-Matthey, cell axis of the bronze phases which was 
The Sb,W03 samples were placed verti- aligned parallel to the electron beam. The 
cally in a furnace and reactions carried out depth of focus due to chromatic aberration 
at 1233 and 1373 K for 7 days. After heat- was assumed to be 20 nm. Images were 
ing, the samples were quenched intoliquid calculated over a range of defocus values 
nitrogen. The Sn,WO, samples were reac- and crystal thicknesses. 
ted at 1173 K for times of between 12 and 19 
days (8) and the Pb,W03 sampies at 973 or 
1073 K for times between 7 and 21 days Results 
(12). Ba,WO, samples were prepared in a 
similar fashion but from thoroughly mixed Ba0.w WO3 
amounts of barium tungstate, tungsten High-resolution electron micrographs of 
metal, and WOj, reacted at temperatures B%.mW03 were found to reveal the ZTB 
within the range 1073-1273 K (13). nature of the structure of these bronze 

All samples were examined by X-ray phases. An example is shown in Fig. 2. In 
diffraction using a Hagg-Guiner focussing this figure, the square arrays of black spots 
camera employing strictly monochromatic represent WOs octahedra in a W03-like 
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FIG. 2. High-resolution electron micrograph of BaoMWOI viewed down [OOl]. The cation positions 
are clearly resolved and reveal that the structure consists of a single row of hexagonal tunnels 
separated by slabs of WOJike material. The occupancy of the hexagonal tunnels is suggested by the 
variable contrast in these positions, some examples of which are arrowed. 

array, and the structure can clearly be seen 
to be composed of parallel slabs of these 
WOJike regions separated by strips of 
single hexagonal tunnels. A large number of 
crystal fragments were examined, all of 
which showed the same structural type to 
be present, although a variety of ordered 
and disordered arrangements of the WOs- 
like slabs were observed. The idealized 
crystal structure of the W06 skeleton of a 
typical member of the series deduced from 
the images is drawn in Fig. 3. 

The barium atoms are presumed to be 
situated in the hexagonal tunnels. The cen- 
ters of the tunnel positions show a variable 
degree of darkening which we believe to be 
a consequence of the partial filling of the 
tunnels with Ba. Some tunnels, indicated 
by arrows in Fig. 2, appear almost com- 
pletely white and mark the site of empty or 

FIG. 3. The structure of one member of the Ba,WO, 
ITB phases viewed down [OOl]. Only the WOs skeleton 
is shown. The Ba atoms, which have been omitted, are 
located in the hexagonal tunnels. Other members of 
the series differ in the separation of the rows of 
hexagonal tunnels. This structure is also possessed by 
the Sn and Pb ITB phases. 
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virtually empty tunnels. Computed images 
are in perfect accord with this model (25). 

Pb0.w WO3 and Sno.04 W03 

Phase analysis studies on the Pb-W-O 
system (12) showed that a series of bronzes 
consisting of slabs of WOrlike structure 
separated by fault planes existed in the 
composition range Pbo.o~WO~-Pbo.o5WO~. A 
similar set of phases also occurs in the 
Sn-W-O system (7, 9) at similar composi- 
tions. Preparation of samples in the compo- 
sition range Sno.04W0~-Pbo,~WO~ coupled 
with powder X-ray phase analysis has 
shown that a complete solid solution oc- 
curs between these phases and that both 
bronzes appeared to have the same struc- 
ture. Because of that, we report only the 
Pb,W03 electron microscope results in 
detail here. 

High-resolution electron micrographs 

showed that the Pb,WO3 crystals were usu- 
ally very well ordered. Figure 4 is a typical 
example of the type of fragments found. 
The fault planes have a complex contrast, 
as this figure shows. The structure of the 
fault planes was revealed by high- 
resolution images obtained over a range of 
different values of defocus. From these it 
was found that these Pb-containing bronzes 
are isostructural with the Ba ZTB phases. 
The WOs skeleton therefore shows the 
same form as that illustrated in Fig. 3. The 
more complex contrast associated with the 
fault planes is due to the presence of the Pb 
atoms, which have quite a pronounced 
effect upon the images recorded. To verify 
this, computed images were calculated over 
a wide range of values of defocus using 
atomic coordinates obtained from idealized 
structures of the type shown in Fig. 3, in 
which Pb atoms were placed in all the 

FIG. 4. A high-resolution micrograph of a reasonably well ordered 123 crystal from a sample of gross 
composition Pb,,.mWOp. 
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FIG. 5. A sequence of high-resolution micrographs, taken at different defocus values, from a 
fragment of a Pb ZTB crystal. In the inset in each micrograph are images computed for defocus values 
of (a) -4 nm, (b) -10 nm, and (c) -28 nm and 2.9-nm crystal thickness. 

tunnel sites. These successfully matched ,,$n,-,,sWO~ 
the micrographs obtained, as can be judged 
from the examples shown in Fig. 5. Typical high-resolution structure images 

Identical studies on the related Sn- t&en from crystal fragments of bulk com- 
containing phases showed that the position S~,tsW03 are shown in Figs. 6a 
SQ,~WO~ bronzes were isostructural with and b, respectively. The images appear to 
the Pbo.o4WO3 phases, confirming the X-ray be quite different from one another. Dis- 
conclusions. tinct white blobs of contrast which are 
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FIG. 5-Continued. 

visible in Fig. 6a are not present in Fig. 6b. 
Careful examination of the two micro- 
graphs reveals that the contrast in Fig. 6b 
can be generated from that of Fig. 6a by the 
insertion of an additional black spot at a 
position corresponding to the center of 
each white area. Because the samples were 
considered to be monophasic, considerable 
care was taken to ensure that these images 
were from two consistently found different 
structure types and not from the same 
structure viewed in a different projection or 
under different imaging conditions. The 
micrographs shown in Fig. 6, typical of 
those obtained, are from two different 
through focal series which preserved differ- 
ences in contrast for all values of defocus 
which produced reasonable images. 

In agreement with this, the diffraction 
patterns showed that the unit cell sizes for 
both types of material were the same, 
within the accuracy of the technique, and 
corresponded to that of the 5-type structure 
proposed by Steadman et al. (7), shown in 
outline in Fig. lc. However, the intensities 
of the reflections on the diffraction patterns 
of the two materials did differ from one to 
the other. The contrast in these micro- 
graphs is also consistent with the structure 

shown in Fig. lc. The high-resolution image 
shown in Fig. 6a shows a sequence of black 
dots, the arrangement of which is exactly 
the same as that shown in Fig. lc. It is 
reasonable, therefore, to associate each 
black spot on the image with a W06 octahe- 
dron, as above. In Fig. 6b the arrangement 
is very similar, except that the hexgonal 
tunnels regarded as empty in Fig. lc are, in 
this case, filled. It therefore appears that in 
our preparations the Sn0.isW03 phase forms 
with either filled or empty tunnels. We 
comment on this further in the Discussion. 

Sb, W03 

Samples of Sb,WO3 in which x took 
values of 0.15, 0.19, 0.21, and 0.25 all 
contained dark-blue needle-like crystals 
which constituted the major component 
present. X-ray and electron diffraction pat- 
terns confirmed that these crystals cor- 
responded to the orthorhombic bronze 
phase reported by Parmentier er al. (5, 6). 
Electron diffraction patterns obtained from 
the samples of composition x = 0.25 invari- 
ably produced electron diffraction patterns 
which were completely ordered, while at 
compositions closer to x = 0.15 variable 
amounts of streaking occurred in the [lOOI 
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FIG. 6. High-resolution electron micrographs taken from crystal fragments from a sample of overall 
composition SQ.,~WO+ The images are consistent with materials which have the hexagonal tunnels (a) 
empty and (b) tilled, corresponding to the structure shown in Fig. Ic. 
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direction, indicative of disorder in the 
structures. High-resolution electron micro- 
graphs mirrored this result; those from the 
x = 0.25 samples showed that the phase 
was perfect over large regions of crystal 
while those from lower Sb-containing 
samples revealed coherently intergrown 
narrow regions of WOJike structure. 
These two types of microstructure are 
shown in Fig. 7. 

High-resolution micrographs of these 
samples, as illustrated in Fig. 8, appeared 
to reveal the presence of hexagonal tun- 
nels, the centers of which were separated 
by two rows of octahedra. This is in accord 
with the proposed structure for the ordered 
phase, the W06 octahedral skeleton of 
which is shown in Fig. le. This structure 
was then used as a model for image calcula- 
tions, the Sb atoms being introduced into 
the hexagonal tunnels in accordance with 
earlier suggestions as to the structure of 
this phase (5, 6). The computed images 
could be successfully matched to the 
observed contrast over a range of values of 
defocus, thus verifying the assumption that 
the two structures were equivalent. Two 
examples are shown in Fig. 9. The 
observed contrast at the thin edge of the 
crystal in the micrograph of Fig. 9a has 
been matched to the image computed for 
-58 nm under focus which is close to the 
optimum defocus value needed to image 
heavy atoms as dark contrast. In Fig. 9b the 
metal atoms are imaged as white spots, 
which was correlated with a calculated 
image at a defocus value of - 12 nm. 

Discussion 

The results presented in this paper show 
that all the phases studied are of the ITB 
type and can be considered to consist of 
intergrowths between slabs of the HTB and 
W03 structures. The Ba, Sno.mW03, and Pb 
bronzes are all characterized by single rows 
of hexagonal tunnels separated by substan- 

tial amounts of WOj-like structure. The 
high-Sn-content bronze and the Sb bronze 
are somewhat different in that the hexago- 
nal tunnels now dominate the structure, the 
W03-like regions being of only one or two 
octahedra in thickness. These materials are 
part of an interesting group of nonstoi- 
chiometric phases. They only form when 
the ternary metal is large, an aspect of these 
phases which has been discussed in two 
recent publications (22, 13) and so here we 
will concentrate upon the nonstoichiome- 
tric nature of these compounds. 

The variable composition can initially be 
considered to be accommodated in two 
ways, first by varying the atom populations 
in the hexagonal tunnels and second by 
varying the ratio of hexagonal tunnels to 
WOrlike structure. A variation of filling of 
the hexagonal tunnels takes place over 
wide ranges of composition in the HTB 
phases, as is shown in Table I. In view of 
the structural nature of the compounds, it 
is germane to inquire whether the same 
variation in tunnel filling is allowed in the 
ITB phases of interest here. The answer 
seems to be in the negative for the following 
reason. The formula of the single-tunnel 
bronzes, if the tunnels are completely filled 
by metal 44, is given by M1(W03)2n+l, 
where n is the number of WOb octahedra 
separating the M atoms. If we take a typical 
pair of members of this series, say n = 8 
and n = 9, the compositions are MiWi70~i 
and MiWi9057, in other words, Mo.~~s~WO~ 
and M0.0526WO~. Now if the population of 
the M atoms in the tunnels in the n = 9 
bronze was able to vary from completely 
full to just below nine-tenths full, the com- 
position range encompasses the n = 8 
phase. If any variation of tunnel filling of 
this order of magnitude was therefore 
allowed, there would be no need for the 
formation of a discrete set of phases. 

It would seem that this is likely to hold 
good for all the ZTB phases discussed here 
and listed in Table I for the same reason. In 
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FIG. 7. Electron micrographs of Sb,WO, crystals from samples of overall composition (a) x = 0.25 
and (b) x = 0.15. In (a) the crystals have a perfect structure over large areas. At lower Sb 
concentrations, narrow regions of WO,-like structure are intergrown, as shown in (b). 
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FIG. 8. High-magnification image of Sbo.zsWO,. The arrangement of W06 octahedra is consistent 
with the diagram shown in Fig. le, with Sb atoms occupying the hexagonal tunnels. 

the case of the Sb,WO3 bronze, for 
instance, it is clear that, in our prepara- 
tions, when the composition fell below 
Sb0.2SW03, slabs of WO3 began to intergrow 
with the bronze. If the tunnels could be 
filled over the same range of composition as 
the typical HTB phases listed in Table I, 
then this stratagem would be unnecessary. 
The same is true of the higher Sn bronzes, 
which also adopt different structures as the 
composition changes (9). 

Despite this, electron micrographs 
strongly suggest that variable degrees of 
tunnel occupancy exist. It is possible that 
this apparent variation, especially in the 
phases close in composition to WOx, may 
be due to artifacts introduced during elec- 
tron microscope examination. The electron 
beam has a significant heating effect on the 
crystals under observation, which may 
cause the interpolated metal atoms to either 
evaporate from the thin regions under 

examination or else to diffuse to other parts 
of the structure. Such an explanation is less 
likely in the case of the Sn,,isW03 sam- 
ples that were studied, as examination 
showed that crystals with completely 
empty tunnels seemed to occur. In these 
bronzes, it may be that once the template of 
the structure is laid down in Sn-rich crys- 
tals, the skeleton is able to continue grow- 
ing in the absence of further ternary metal 
atoms. This is possible in terms of stoichi- 
ometry as the skeleton has the composition 
WO+ A similar phenomenon has been 
noted in the related W5014 phases (18). 

Turning to the question of the relative 
amounts of hexagonal tunnel material pres- 
ent, it is clear that this is linked to the 
amount of ternary metal atom present as 
just discussed. The exact limits of the exis- 
tence range of each series, however, cannot 
be predicted from the results presented 
here. On the other hand, the results allow 
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FIG. 9. A comparison of micrographs and calculated images of the Sb ITB phase calculated for a 
crystal 19 nm thick. Defocus values of (a) -16 nm and (b) -58 nm have been matched to the 
experimental images. 
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an interesting comparison to be made 
between the alkali metal ITB structures and 
those found in the Ba, Sn, and Pb systems 
at low ternary metal concentrations. The 
alkali metals, together with Tl+, all form 
intergrowth bronzes containing double 
rows of hexagonal tunnels, while the Ba, 
Sn, and Pb groups form single rows of 
hexagonal tunnels. These differences are 
not solely due to differences in concentra- 
tion of the interpolated ions. In the Ba, Sn, 
and Pb systems, for example, an increase in 
the amount of the ternary metals outside of 
the phase range of the intergrowth bronze 
does not cause the single rows of tunnels to 
be replaced by double rows, then triple 
rows and hence to the complete HTB struc- 
ture. Instead, on the ternary metal-rich side 
of the phase range, completely new types of 
structure form. In the case of the alkali 
metal bronzes, if more alkali metal is pres- 
ent than is required to form the highest 
member of the double tunnel series, a new 
structure type forms as a second phase. As 
before, gradual increase in the number of 
rows of tunnels eventually leading up to a 
complete HTB structure is not found. 

The occurrence of either single or double 
tunnels is strongly suggestive of valence 
effects. The alkali metals form MzW04 
(i.e., M20 * WO3) tungstates while Ba, Sn, 
and Pb all form MWO4 (i.e., MO . WOJ 
tungstates in which these metals are 
divalent (16). Thus if the bronzes consisted 
of W03 intergrown with the appropriate 
tungstate we would expect exactly the 
same double- or single-tunnel arrangement 
to occur in order to accommodate the large 
cations. As the tungstates are fully oxi- 
dized, this state of affairs does not hold. 
However, it is possible that the same 
valence rules that are obeyed in the forma- 
tion of the tungstates hold during the forma- 
tion of the bronzes. 

There are a number of ways in which this 
could operate at a mechanistic level. If the 
ternary metal is delivered to the growing 

crystal via a tungstate type of molecule 
transported through the gas phase, valence 
requirements would persist and molecules 
of A42WO4 or MWO4 would arrive which 
might lead to the development of the struc- 
tures found. Alternatively, at the growing 
interface of an intergrowth crystal, local 
electrical neutrality may have to be pre- 
served. In this case, if each hexagonal site 
in a surface layer of hexagonal tunnels is 
filled with a divalent ion, the surface 
remains neutral. It is impossible to do this 
with monovalent ions unless a double- 
tunnel structure is built up. 

This idea suggests an explanation for the 
failure to find intergrowth bronzes of the 
sort analogous to B%.aW03 in the In,W03 
and Sb,WOj systems (17, 5), even though 
In forms a HTB structure and Sb forms a 
tunnel structure closely related to the HTB 
type. In terms of the suggestion made 
above, it is impossible to both fill hexagonal 
tunnels at a growing interface completely 
and also maintain local charge neutrality, as 
in the case of the single- and double-tunnel 
bronzes. Thus the structures may be desta- 
bilized. 

While these ideas are attractive, the 
cases of Bi, which seems to form single- 
tunnel bronzes, and Cs, which forms single- 
and double-tunnel bronzes, are anomalous 
and need further investigation. To clarify 
this it will be necessary to compile phase 
existence data not only for these two 
bronzes but for all of the ZTB bronzes for a 
variety of temperatures, as the structures 
observed may well be temperature sen- 
sitive. 
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