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The structure of a complex two-dimensional supercell observed by high-resolution electron micros- 
copy in a layered bismuthate has been deduced from structural chemistry principles. It is proposed 
that this superstructure should form the basis for a new type of homologous series of related struc- 
tures. An n = 5 member of the series, with composition Bi18Ti9Fe14066, has been synthesized and 
shown to have regions with the same two-dimensional superstructure. 8 1989 Academic press, IIIC. 

Introduction These phases were first identified by 
Aurivillius (I) on the basis of X-ray mea- 

Complex layered bismuthates of general surements. Members of the series for n less 
formula Bi2Am-2Bm-10~m, the so-called than or equal to 5 have now been well-char- 
“Aurivillius phases,” can be regarded as acterized by electron microscopy, for a va- 
being built up from perovskite slabs linked riety of A- and B-cation compositions (2). 
by bismuth oxide sheets. The structural Efforts to prepare an n = 8 compound, 
principle of these oxides is better expressed whose existence was claimed in earlier 
by the term work (3), have so far been unsuccessful. In 

(BN2)*+(A,- dMh+ I)*- 
the system Bi#aNan-2Nbn03n+), members 
for n = 5 to 8 were not well-ordered (4), and 

which indicates that the perovskite slabs in the case of “Bi~Ti3Fe502,” (a composi- 
are n octahedra in width (the “B”-site cat- tion intended to produce Ismailzade’s origi- 
ions such as Ti4+, Nbs+, etc., being six-co- nal “n = 8” compound) our initial electron 
ordinate), containing n - 1 rows of 1%coor- microscope studies indicated that it con- 
dinated cations such as Bi3+ and Ba*+. sisted of a mixture of n = 4 and n = 5 com- 
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pounds (2). Subsequent high-resolution in- 
vestigations of this material, using the 
high-voltage instrument at Cambridge, con- 
firmed this general finding but also revealed 
the existence of hitherto unreported struc- 
tures, based on a 3 x drro supercell relative 
to the original “Aurivillius structures” (5). 
Although the projected dimensions of the 
cell could be derived accurately with re- 
spect to the perovskite structure in the in- 
tervening slabs, no plausible structural 
model was proposed at that time. 

We have now completed a more thor- 
ough analysis of the micrographs and 
present here a model for this new superlat- 
tice structure, supported by computer im- 
age simulations. This structure forms the 
basis for a new homologous series. Further- 
more, we have been successful in synthe- 
sizing another member of the series, not 
necessarily an equilibrium phase, which 
shows the same two-dimensional super- 
structure. 

Experimental 

Preparation of samples. The preparation 
of a sample of nominal composition B&T& 
Fe50z7 from the constituent oxides, as part 
of an earlier study of several Aurivillius 
structures, has been described elsewhere 
(2). Samples corresponding to n = 4, 
namely Bi,STigFe11057, and n = 5, namely 
BilgTi9Fet40M, of the new homologous se- 
ries were prepared by annealing appropri- 
ate mixtures for 7 weeks at 1050°C. 

Electron microscopy. Images of the “n = 
8” material (B&Ti,Fes027) were taken at 
575 kV using the Cambridge University 
high-resolution electron microscope 
(HREM) (6). The new synthetic materials 
(n = 4 and 5) were examined at 300 and 400 
kV using a JEM-4OOOEX HREM, equipped 
with an ultra-high-resolution objective lens 
polepiece (C, = 1.0 mm). By reference to 
selected area electron diffraction patterns 
(omitted here), crystals were oriented with 

[l lo] parallel to the electron beam, and mi- 
crographs were usually recorded at elec- 
tron-optical magnifications of 600,000 X . 

Results 

Experimental images. As discussed in 
detail elsewhere (5), there was considerable 
disorder present in many of the “n = 8” 
crystals, similar to that seen in other “n > 
5” materials, varying from sloping or side- 
stepping B&02 layers, to “wavy” layers, to 
poorly ordered crystals. The superlattice 
(SL) structures were observed as individ- 
ual, well-ordered crystallites, sometimes in 
association with regions of wavy layers, or 
even interspersed with “proper” B&O2 lay- 
ers. There was also considerable variation 
in perovskite slab width between the SL 
layers, ranging from II = 4 to 12 or more; n 
= 4 or 5 were found frequently. Figure la 
shows a region of a comparatively well-or- 
dered crystal and Fig. lb shows an example 
of the SL structure. Both were recorded at 
close to the optimum objective lens focus. 

FIG. 1. (a) [I 101 lattice image of a typical Aurivillius 
phase, taken at 575 kV and optimum defocus. Dark 
dots correspond to projected cation positions. (b) [I 101 
lattice image showing the “SL” structure, containing 
perovskite slabs four octahedra in width. 
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The dimensions of the SL cells could be 
readily determined directly from micro- 
graphs (assuming a 3.9-A projection axis). 
Thus the length a along the SL layers cor- 
responded to 3 x dllo of the perovskite sub- 
cell, i.e., -11.7 A; b corresponded to the c 
parameter of the corresponding Aurivillius 
phase, with c = 3.9 A. These dimensions 
were appropriate where an orthogonal cell 
was identified. In some instances, however, 
this was not the case, and a monoclinic cell 
was evident whose angle p varied with slab 
width. For any given slab width there 
would thus be more than one SL variant: an 
orthorhombic one with dimensions as de- 
scribed above and also monoclinic ones. 
Careful measurements of the micrographs 
(note that all projected cation sites are re- 
solved in the micrographs) indicated that 
the perovskite slabs were IZ - 1 octahedra 
in width compared to an n-member Aurivil- 
lius structure. Conversely, the “Bi202” 
layer of nominal width 4 A was replaced by 
an SL layer, 8 A wide. 

For modern HREMs, with structural in- 
formation limits of better than 2 A, it is rea- 
sonable to expect that the positions of the 
cation columns in oxide structures will be 
clearly resolved for appropriately oriented 
crystals. In Figs. la and lb, the dark dots 
should thus represent projected cation 
columns, and this statement is supported 
by computer simulations (see below). Con- 
versely, regions in these images showing 
white dot contrast may be correlated (in the 
perovskite slabs, for instance) with the an- 
ion (oxygen) sublattice (although we are not 
suggesting that the oxygen atomic columns 
are actually being resolved). 

Interpretation of Image Contrast 

In our approach to image interpretation, 
we begin with the assumption that the oxy- 
gen/Bi lattice is essentially unchanged: any 
arrangement of Ti and Fe cations must 
therefore fit into this framework with chem- 

ically reasonable coordination polyhedra. 
We also note that, in the imaging projec- 
tion, the SL layers contain mirror planes 
normal to a, but (in projection) appear cen- 
trosymmetric. Where the SL appears 
orthorhombic, there is a mirror plane along 
the center of the perovskite slab. Any 
structural model for this phase must be con- 
sistent with the geometrical constraints and 
must, in addition, take into account crys- 
tal-chemical considerations. It must, of 
course, be reasonably consistent with the 
nominal “composition” of the starting ma- 
terial. (In this respect, we recognize that 
HREM may reveal considerable variations 
in local structures and compositions 
present in apparently homogeneous mate- 
rials). 

If we now consider the fine contrast de- 
tails within an SL layer shown enlarged in 
Fig. 2, then the following features are evi- 
dent: 

(1) Pairs of dark dots about 2 A apart, 
aligned with (the odd) rows of B-cation oc- 
tahedra within the perovskite slabs-these 
are labeled “X.” These dots form a 
(slightly) zigzag ladder along the SL layer. 

(2) More widely spaced pairs of dots, 
about 3 8, apart, located between the “x” 
features. These are aligned midway be- 
tween A-cation rows of adjacent perovskite 
slabs, and alternate pairs are tilted slightly 

FIG. 2. Highly enlarged details of an “SL” layer. 
See text for interpretation of features labeled X, Y, and 
Z. 
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with respect to the c axis (of an orthorhom- 
bit cell).. These features are labeled “ Y.” 

(3) The third feature is the array of cres- 
cent-shaped light contrast areas-labeled 
“2.” At optimum defocus, these features 
correspond to regions of low projected po- 
tential (tunnels or oxygen sites). 

Several important points emerge immedi- 
ately from a consideration of the relative 
positions of the X, Y, and 2 features: 

(i) The 3 x dllo repeat arises from the 
location of equivalent units along one side 
of the SL layer where it joins a perovskite 
slab; the repeat occurs at every fourth octa- 
hedron. 

(ii) The arrangement of layers on either 
side of a slab may or may not be symmetri- 
cal, depending upon whether or not a given 
octahedron row terminates with (say) an X- 
unit at both ends. 

(iii) The symmetry of the “repeat unit” 
of the SL layer becomes clear. It is obvi- 
ous, for example, why there is no mirror 
plane along the layer. Pervoskite slabs on 
either side are displaced along the b-axis 
relative to one another (as in the Aurivillius 
phases). 

We are now in a position to attempt to 
interpret these features in terms of possible 
structures. 

(a) X-features. These generally appear 
with elongated dark contrast, often being 
resolved into two dark dots -2 A apart. As 
the directly interpretable image resolution 
of both microscopes was better than 2 A, it 
is reasonable to assume at this stage that 
the X-features correspond (in projection) to 
a pair of edge-sharing A406 octahtdra (an 
octahedron body diagonal is -3.9 A). Suc- 
cessive X-features are displaced on either 
side of the median line by about 2 A, which 
is consistent with their being alternatively 
“attached” to perovskite slabs on one side 
or the other of the SL layer, as represented 
schematically in Fig. 3a. 
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FIG. 3. Derivation of structures for different con- 
trast features: (a) X, (b) Y, and (c) Z. 

(b) Y-features. It can be seen that the as- 
signment of pairs of edge-sharing octahedra 
to the X-features allows the anion sublattice 
to remain intact. If this oxygen array is now 
completed, as in Fig. 3b, then pairs of tetra- 
hedral sites become evident, linking suc- 
cessive pairs of octahedra. If cations (Fe3+) 
are located in these tetrahedral sites, the 
resultant zigzag chains of tetrahedra, seen 
end-on in this rejection, will have columns 
of cations 3 1 apart. The geometrical ar- 
rangement of these exactly matches the Y- 
features in the micrographs. 

(c) Z-features. The prominent light con- 
trast areas labeled “Z” are now readily ex- 
plained in terms of low projected poten- 
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tial-in this case, columns of oxygen ions. 
Figure 3c illustrates how the curiously 
shaped bright contrast features may be ex- 
pected to arise under optimum imaging con- 
ditions. 

It is now possible to propose a structure 
for the complete unit cell which is entirely 
consistent with all the observed features 
and which makes no unreasonable assump- 
tions regarding bonding or coordination 
polyhedra. In order to obtain likely inter- 
atomic distances within the “SL” layer, 
the polyhedra must become slightly dis- 
torted but, for reasons of clarity, they are 
drawn idealized in Fig. 4 which shows the 
orthorhombic variant of the IZ = 4 member 
of a new homologous series, with composi- 
tion BilsTigFeli057, which was later synthe- 
sized. 

The possibility for monoclinic structures 
can also be taken into account by the 
model, as shown in Fig. 5. From these 
sketches it can be seen that, for any given 
n-value, there are two possible monoclinic 
versions, depending on the locations of 
equivalent units on either side of a pe- 
rovskite slab; the angle p is determined 
by the particular linkage, and also by the 
width of the perovskite slab (the value of 
“n”). 

In order to confirm our interpretation of 
the “n = 8” images, extensive computer 

FIG. 4. Schematic showing the [I IO] projection of an 
orthorhombic version of the phase BilSTi9Fe1,05,, the 
n = 4 member of a new homologous series. Small cir- 
cles represent tetrahedrally coordinated cations. 

FIG. 5. Monoclinic versions of BilSTi9FeIIOS7 drawn 
schematically and compared with the orthorhombic n 
= 4 variant. 

simulations were carried out using the 
SHRLI suite of programs (7). These were 
performed for the n = 4 member using 
orthorhombic symmetry (space group 
Pmm2) and unit cell dimensions a = 11.7 A, 
b = 47.8 A, and c = 3.93 A. The atomic 
coordinates were deduced such that all in- 
teratomic distances within the polyhedra 
became similar to already established tran- 
sition-metal-to-oxygen and oxygen-to-oxy- 
gen distances in both octahedra and tetra- 
hedra (see Discussion). 

Simulated images of the structure model 
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FIG. 6. Image simulations for the model structure 
drawn in Fig. 4, at an approximate thickness of 40 hi 
and defocus values (from top left to bottom right) of 
- 100 to -600 A. Accelerating voltage of 575 kV and 
spherical aberration coefficient of 2.5 mm. 

drawn in Fig. 4 were calculated for crystal 
thicknesses of -20 and -40 A at defocus 
values in the range of -100 to -900 A: 
some examples are shown in Fig. 6. Good 
agreement was generally obtained between 

experimental micrographs and the calcu- 
lated images-compare, for example, the 
image shown in Fig. lb with the simulation 
for a thickness of 40 8, at a defocus of -500 
A (middle bottom row). 

Disorder 

Variations in n. In layered structures of 
such complexity, disorder is likely to be 
manifest on many different levels. In com- 
pounds belonging to homologous series, we 
may expect intergrowth slabs of different 
widths. This was indeed the case for pre- 
vious investigations of the Aurivillius 
phases with n > 5 (4). Earlier studies of 
“Bi9Ti3Fe5027,” the so-called “n = 8” 
phase, also revealed this type of disorder 
(5). The new structures described in the 
present work display similar variations: 
well-ordered crystals (in terms of perov- 
skite slab width) were frequently found but 

FIG. 7. High-resolution electron micrograph recorded at 575 kV showing large local variations in 
perovskite slab width associated with the SL phase. 
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examples displaying considerable varia- 
tions in slab width (up to II = 12) were also 
seen, as shown in Fig. 7. 

Variations in geometry. In an imperfectly 
ordered system, the model predicts varia- 
tions in unit cell geometry with different p- 
angles. These are frequently found and may 
be regarded as simple local stacking modifi- 
cations, which do not alter the local compo- 
sition. 

FIG. 8. (a) Structure image showing a junction be- 
tween the SL layer and the bismuthate (B&O*) layer of 
the “normal” Aurivillius phase. (b) Proposed sche- 
matic structure of junction between a B&O2 layer and 
an SL layer. 

Transformation faults. Evidence is occa- 
sionally found for partial transformation of 
the new SL structure to (or from?) an 
Aurivillius phase (see Fig. 4 in Ref. (5)). A 
more curious example, which confirms the 
idea that the SL and Aurivillius structures 
are closely related, is the junction arrowed 
in Fig. 8a. The transformation here from an 
“SL” layer to a Bi202 layer appears abrupt, 
with little detectable lattice distortion. A 
possible structure for this junction is drawn 
in Fig. 8b. It can be seen that the only alter- 
ation to the layer ordering will be a side- 
ways displacement of about 2 A, creating 
an extra row of octahedra in the left-hand 
perovskite slab. 

“Local faults. ” Small defect clusters 
were sometimes observed, particularly 
along the middle of wide perovskite slabs, 
as shown in Fig. 9. Although these seemed, 
at first sight, to resemble elements of tetrag- 
onal tungsten bronze (TTB) structure, 
closer inspection revealed significant differ- 
ences. 

A satisfactory model for these clusters 
has been derived which retains the close 
packing of the oxygen/bismuth array. In 
thin regions of crystal, images at optimum 
defocus show the projected cation sites 
clearly. The contrast at the defects in Fig. 9 
is such that the two dark features which 
appear displaced with respect to the 
perovskite structure are likely to be A-cat- 
ions, in this case Bi3+. Figure 10a shows a 
model for this defect which can be de- 
scribed as a replacement of two oxygen 
ions by two Bi3+ ions (large filled circles) 
located at the same height as the transition 
metal ions. The atomic arrangement can be 
considered as a twin orientation of a piece 
of a B&02 layer perpendicular to the infinite 
B&O* layers in the main structure. 

For the purpose of verifying this model of 
the defect by comparison with simulated 
images, the defect was inserted into a 
perovskite matrix of 8 X 8 MO6 octahedra, 
which resulted in the “unit cell” dimen- 
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FIG. 9. Small defect clusters (arrowed) in the center of perovskite slabs in Aurivillius phase. 

sions a = b = 27.3 A and c = 3.93 A. 
Orthorhombic symmetry (space group 
Pmmm) was applied to the atomic coordi- 
nates thus deduced. Image calculations 
were performed for crystal thicknesses of 
-20, -40, and -60 A and defocus values 
ranging from +300 to -1200 A (see Fig. 
lob). Good agreement with Fig. 9 was 
achieved for a 40-A-thick crystal at a defo- 
cus of -300 A. It is also worth mentioning 
that the image with reverse contrast at 
-1200 8, closely matched the experimental 
image shown in Ref. ((5) (at C in Fig. 7)). 

Symmetry disorder. In interpreting the 
experimental images and deriving possible 
structures, the assumption was made that 
the perovskite slabs could be regarded as 
having cubic symmetry. In most perovskite 
compounds, however, this is not the case, 
and it is well known that slight distortions 
can lead to the formation of anti-phase and 
twin domains, as studied recently in 
CaTiO, (8). Although little experimental 

data is available for the “Bi(Fe,Ti)03” ver- 
sion of perovskite which comprises the 
slabs in the structures described in the 
present work, it is likely that the lone pair 
of electrons on Bi3+ will cause these species 
to be displaced from the central position in 
the A-sites. Combined with the octahedral 
distortions, the symmetry in the perovskite 
slabs will thus be considerably reduced. 

With these considerations in mind, the 
curious “chevron” features which ap- 
peared in many of the slabs between the SL 
iayers may now be tentatively interpreted. 
It is evident, as shown in Fig. lla for a 
sample of the 12 = 5 phase, that these chev- 
rons are aligned along rows of A- and B- 
cations in such a way as to form triangular 
domains. Across the domain boundaries, 
slight displacements in cation positions 
may be detected. We believe that these do- 
mains are inversion twins similar to those 
described elsewhere (8). On opposite sides 
of these boundaries, the Bi3+ cations are 
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a 

FIG. 10. (a) Model for small defect clusters visible in 
Fig. 9. Large filled circles Bi at z = 0; large open 
circles Bi at z = 3; small filled circles 0 at z = 0; small 
open circles 0 at z = f. (b) Image simulations for the 
defect cluster at a thickness of 40 A and a defocus 
range of - 100 to - 1200 A (575 kV; C, = 2.50 mm). 

displaced in opposite senses from the ideal 
sites. This is represented in a nonquantita- 
tive, idealized manner in Fig. lib, the ef- 
fect being best seen by viewing the diagram 
(and also the micrograph in Fig. 1 la) along 
the u-direction. 

Discussion 

The possibility of deriving a hitherto un- 
known crystal structure (vpe> directly from 
electron micrographs is a challenging one: 
most of the published reports describing 
this kind of application have dealt with vari- 
ants based on known structure types, e.g., 

“block” structures (see, e.g., 9), hexagonal 
“perovskite” polytypes (see, e.g., ZO), 
tungsten bronzes (see, e.g., li), and others. 
In the present case, the new structure is 
based on a new principle. In deducing the 
model for the SL layers, certain geometri- 
cal and chemical constraints had to be satis- 

FIG. 11. (a) Chevron contrast along perovskite slabs 
in an intergrowth of SL and Aurivillius structures. Re- 
corded at 300 kV from the Bi18Ti9Fe14066 sample. (b) 
Schematic diagram showing distortions giving rise to 
chevron contrast. 
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fied. Because of the inbuilt calibration of 
the perovskite slabs, accurate dimensions 
of the repeat unit in the layers could be ob- 
tained. The images were obtained under 
electron-optical conditions which produced 
dark contrast at projected cation sites. 
When these cations were located in a struc- 
ture model, the anion positions were then 
postulated on a trial and error basis. The 
most reasonable model was obtained when 
the oxygen close-packed bismuth sublattice 
was continued into the SL layer from the 
perovskite slabs. 

The very close relationships between the 
Aurivillius and the SL structures can be un- 
derstood if the Aurivillius structure type is 
described as perovskite slabs separated by 
a monolayer of close-packed oxygen ions, 
and if the SL structure is viewed as 
perovskite slabs interleaved by the three 
cubic-close-packed oxygen layers compris- 
ing transition-metal ions (M) in both octa- 
hedrally and tetrahedrally coordinated in- 
terstices. Thus, the composition of such a 
layer incorporating the Bi3+ ions becomes 
Bi&sOis, which is comparable to the com- 
position 3 x Bi202 (asL = 3 x diio = 11.7 A) 
in the Aurivillius structure. It is reasonable 
to assume that the transition-metal ions (M) 
in the SL layers are Fe3+ because that 
would give the SL layer the formula (Bie 
FesO,#+ or (BizFeg,306)2+, i.e., the same 
charge as the (Bi202)2+ layer in the Aurivil- 
lius phase. 

It is clear that, like the related Aurivillius 
phases, the novel structure type described 
here can form the basis for a homologous 
series given by the formula 

Some examples derived from this expres- 
sion are listed in Table I. 

The atomic coordinates for the SL layer 
are obtained from an ideal structure where 
the mean distance of Fe-O in the tetra- 
hedra is 1.87 A, whereas the mean Fe-O 
distance in each edge-sharing octahedra is 

TABLE I 

n 
(number of octahedra in 
perovskite slab width”) Composition 

3 BiuTigFesOa 40.0 
4 BilSTi9Fel10S7 47.8 
5 Bi18Ti9Fe14066 55.6 

Note. In all cases the ideal values for a0 and c0 are 
taken to be 11.7 and 3.93 A, respectively. 

a Note that, for n 2 3 in the Bi-Ti-Fe-O system, 
the homologous series is either of the “SL” or of the 
Aurivillius type. 

1.96 A. Tetrahedrally coordinated Fe3+ has 
earlier been observed in, for example, Ca2 
Fe205 (22) in which the corresponding 
mean values are 1.878 and 2.016 A, and it is 
also known in magnetite, but the polyhedral 
framework of octahedra and tetrahedra is 
different. 

Conclusion 

We have succeeded in deducing a new 
crystal structure type directly from high- 
resolution electron micrographs. When the 
positions of projected cation rows are de- 
fined in a structure image, crystal chemical 
reasoning may provide sensible clues about 
the likely positions of the anions. With elec- 
tron microscopes now capable of resolu- 
tions in the range 1.5-2 A, the prospects for 
wider applications of high-resolution elec- 
tron microscopy to crystal structure analy- 
sis are encouraging. 
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