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complexes are five-coordinate with no ligands trans 
to the/z-oxo system.) The two Fe-N contacts of inter- 
mediate length appear to be a consequence of accom- 
modating the longest contact. 

It is concluded that the conformation of the cation is 
well established and that there are indications of a 
variation in Fe-N distance with position in the tetra- 
ethylenepentaamine chain, but that further discussion 
of the details of the cation dimensions would not be 
justified on the basis of this analysis alone. 

We thank the S.R.C. for financial assistance. 
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Electron Microscopy of the Perovskite Polytypes Ba4Ta3LiO12 and BasW3Li2Ols  
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High-resolution lattice images have been obtained for the ordered perovskite polytypes BasW3Li2Ols 
(cccch) and Ba4Ta3LiO,2 (ccch). The lattice images can be correlated with the stacking sequence of the 
BaO3 layers and, for BasWaLi2Ots, with the presence of the ordered arrangement of corner-sharing LiO6 
octahedra. 

Introduction 

The study of structural imperfections in complex oxides 
by high-resolution electron microscopy has received 
much attention in recent years. In particular, the ability 
of an electron microscope to generate from a thin 
crystal an image which closely resembles the projected 
structure of that crystal has led to new insights into the 
ultramicro-structure of complex oxides. The niobium 
oxide 'block' structures and a variety of 'crystallo- 
graphic shear' structures have been successfully exam- 
ined in this way. The structures consist of relatively 
open networks of corner-sharing [MO6] octahedra, 
with centre to centre distances of 0.38 nm, comparable 
to the resolving power of the electron microscope. The 
networks are nominally one octahedron deep, and 
lattice images of crystals oriented with this axis parallel 
to the electron beam may be correlated with the actual 
structure in terms of dark contrast indicating areas of 
high projected charge density. The interpretation was 
possible at resolutions of 0.5-0.8 nm (Allpress, 1970; 
Hutchison & Anderson, 1972), although micrographs 
obtained at a resolution of about 0.4 nm (Iijima, 1971) 

were more convincing. These experimental observa- 
tions which provide an empirical interpretation of 
image contrast have been recently confirmed by n-beam 
image calculations (O'Keefe, 1973). Much of the suc- 
cess of these studies of niobium oxides relies on the 
fact that the projected charge density, along (010), 
reveals channels between corner-shared octahedra, and 
Allpress & Sanders (1973) have suggested that other 
suitable systems would require such voids in projec- 
tions. 

In more closely packed systems, where the projected 
charge density is less simple, calculations have not yet 
been made, and only a few systems have been examined 
experimentally (McConnell, Hutchison & Anderson, 
1974). In this work we have investigated the correlation 
between lattice images and crystal structure for two 
ordered perovskite polytypes. ABO3 compounds of the 
perovskite type can be described in terms of AO3 
close-packed layers, with B cations in the 06 octahedra. 
Many polytypes are known which differ in the ratio of 
the number of cubic to hexagonal stacked layers [for 
examples see Goodenough & Longo (1970)]. The two 
compounds chosen for study were eight-layer 
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Ba4TaaLiO12 and ten-layer BasWaLi2Ols. The prepara- 
tions and structures of these materials have recently 
been reported (Negas, Roth, Parker & Brower, 1973; 
Collins, Jacobson & Fender, 1974; Jacobson, Collins 
& Fender, 1974; Jendrek, Potoff & Katz, 1974). 

Eight-layer Ba4Ta3LiOI2 has a stacking sequence 

Fig. 1. Structure of BasW3Li2015. Hatched circles: Ba; filled 
circles: W; half-filled circles: W, Li; open circles: Li. 

t 

Fig. 2. Structure of Ba4Ta3LiO~2. Filled circles: Ta. 

which may be described as (ecch), or 1(4)I(4)1 in 
Zhdanov notation (see International Tables for X-ray 
Crystallography). The lattice parameters are a=0.5798, 
c=  1.906 nm. In this structure (Fig. 1) the pair of face- 
shared octahedra are occupied by equal amounts of 
Ta and Li probably randomly distributed; the corner- 
shared octahedra contain only Ta. 

In the ten-layer material BasW3Li2Ols, the stacking 
sequence is (eccch) or 1(5)1(5)1. The lattice parameters 
are a=0.5756, c=2.372 nm. The structure is shown in 
Fig. 2. The face-shared octahedra are occupied by 
equal amounts of W and Li, and the remaining two W 
and one Li are ordered over the octahedra which share 
only corners, in the sequence W-Li-W. 

Both structures have the space group P6Jmme, and 
layer separations of close to 0.24 nm. 

Experimental 

Lattice images which can be related directly to struc- 
ture at near atomic level, so called 'structure images', 
are obtained only under certain closely defined condi- 
tions. The specimen crystal must be sufficiently thin 
(_< 10 nm) to behave essentially as a phase object and 
it must be aligned with the chosen axis of projection 
parallel (within 10 -3 rad) to the electron beam (Cowley 
& Iijima, 1972). In addition structure images require 
underfocusing of the objective lens in order to com- 
pensate for spherical aberration (Scherzer, 1949), which 
retards the phases of diffracted beams. This defocus 
value is typically of the order of 50-60 nm, and is deter- 
mined by the objective lens characteristics. 

An objective aperture which eliminates most widely 
scattered beams is necessary to control spherical aber- 
ration further although additional contrast may arise 
as a result from Fourier series truncation effects [see 
for example Sanders & O'Keefe (1974)]. 

In the present study a Siemens Elmiskop 102 electron 
microscope was used with an accelerating voltage of 
125 keV. Thin crystals on carbon-coated Cu grids were 
oriented by means of a +45 ° double tilt cartridge. 
Images were obtained at magnifications of 500000 x 
with a 50/z objective aperture which includes diffracted 
beams out to about 3 nm-1 

Results and discussion 

BasW3Li2Ol5 
It is useful to recognize two features of the structure 

of BasW3Li2015 (see Fig. 2) in interpreting the lattice 
images: (i) the mirror plane at a hexagonal close- 
packed layer reverses the slope of both the corner- 
linked octahedra and the rows of Ba atoms, (ii) the 
central of the string of three corner-shared octahedra 
contains only Li, which has a low electron scattering 
power. Thus the Li-filled layers of octahedra are ef- 
fectively 'electron transparent' layers in the crystal and 
ought intuitively to give rise to white contrast in an 
optimally focused image. 
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Fig. 3. [10101 lattice image of BasW3Li~O15. Inset: idealized projection showing Ba atoms (filled circles) and Li-filled octahedra 
(unshaded parallelograms). 
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Fig. 4. [10i-0] lattice image of Ba4Ta3LiO12. 
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Fig. 5. Stacking faults in Ba4Ta3LiO~2. "A' is sequence -hcccccch- "B' is sequence -hcccccccccch-. 
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Fig. 3 is a lattice image of BasW3Li2015 with [10T0] 
parallel to the electron beam. It is selected from a series 
of micrographs taken over a range of defocus values 
from Af-~0 to about 100 nm. Within this range the 
optimum defocus determined by the periodicity of the 
structure and the lens aberrations occurs at about 
50-60 nm. In Fig. 3 the mirror planes 1.18 nm apart 
are visible and the ordered Li layers display white line 
contrast. The lattice image may be compared with the 
inset of the idealized structure in the same orientation. 
In the thinnest region of the crystal, chevrons corres- 
ponding to the columns of Ba atoms and WO6 octahedra 
alternating in direction every five layers can be seen. 
As the crystal becomes thicker the true periodicity of 
the structure, 2.37 nm, becomes dominant and the hori- 
zontal white lines can no longer be correlated with the 
ordered Li layers. No stacking faults were observed in 
the crystals examined, indicating that a high degree of 
ordering had been achieved. 

Ba4Ta3LiOlz 
The eight-layer polytype Ba4Ta3LiOlz has a mirror 

plane at the hexagonal layer, as in the W compound, but 
the ordered Li-filled layers are absent. Consequently 
the contrast would be expected to be similar, but 
without the white Li lines. Fig. 4 is a lattice image of 
Ba4TaaLiO~2 with the idealized structure in the same 
orientation inset. The image shows an array of chev- 
rons which, as before, we interpret as being planes of 
Ba atoms viewed edge on. Slight differences in focus 
between the two micrographs (Figs. 3 and 4) give rise 
to contrast features which, although mutually con- 
sistent, are not identical. 

Despite long annealing times at high temperature in 
this sample preparation, the material contained a 
number of defects in the form of stacking faults. Fig. 5 
shows an image taken with the crystal set about 2 ° 
from the exact [10i0] orientation. In this way successive 
elements of twin-related structure (successive ccc- 
sequences) display opposite contrast, and stacking 
faults are strikingly revealed although it is impossible 
to correlate fine details. In Fig. 5 the defects 'A' cor- 
respond to a layer sequence ccccch and defects 'B'  are 
of the sequence cccccccccch. 

Conclusions 

A direct correlation between the stacking sequence of 
BaO3 layers and the high resolution lattice images is 
possible for the two perovskite polytypes BasW3Li2015 

and Ba4TaaLiO12. Confirmation of the interpretation 
is found in the appearance of contrast which may be 
associated with the presence of layers of effectively 
'electron transparent' LiO6 octahedra in the W com- 
pound. 

BasWaLi2015 shows no evidence for the presence of 
stacking faults whereas several regions of perfect cubic 
stacking were found in Ba4Ta3LiO~2. This is consistent 
with observations made during the sample prepara- 
tions. In the W compound, ordering was detected as 
the reaction progressed whereas a disordered cubic 
phase was initially formed at 1000°C for the Ta 
material and further prolonged annealing at 1300°C 
was required to obtain the eight-layer polytype. 

The results suggest that the determination by elec- 
tron microscopy of unknown complex stacking 
sequences in perovskite polyt3,pes is feasible. However, 
because the lattice images formed are sensitive to the 
defocus of the objective lens, in complex unknown 
structures the choice of the optimum defocus may not 
be straightforward. It is clearly desirable therefore to 
combine further experimental work with an extension 
of lattice image calculations to these more densely 
packed structures. 
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