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Abstract

A survey is given of the application of transmission
electron microscopy of thin solid films to the study of
crystallographic problems. The main feature of electron
microscopy is the possibility to observe direct and
reciprocal space of the same small crystal fragment and
to relate one to the other. This is especially helpful in the
study of imperfect structures. Moreover, the local
chemical composition can be determined with a fair
precision by X-ray microanalysis. The possibility of
image defects in diffraction contrast under two-beam
conditions, selecting either the direct or the strongly
diffracted beam, is due to the spatial variation of the
deviation from Bragg’s condition along the defects, as a
result of local lattice deformation. Such diffraction
contrast images are maps of the intensity distribution in
the selected diffraction spot; they cannot provide
information on the structure. They have been highly
successful in the study of the geometry of defects [Head,
Humble, Clarebrough, Morton & Forwood (1973), in
Defects in Crystalline Solids. Amsterdam—London—-New
York: North-Holland Publishing Co.; Humble (1978), in
Diffraction and Imaging Techniques in Materials
Science, pp. 315-346. Amsterdam—London—-New York:
North Holland Publishing Co.]. Structural information
can be obtained when applying the high-resolution
imaging mode, which consists of forming an image by
selecting a large number of spots, each spot giving rise to
one or several Fourier components contributing to the
final image. The images display the configuration of atom
columns, in perfect structures as well as round defects.
The possibility of imaging atom columns is based on the
local nature of electron diffraction. Due to the smallness
of the Bragg angles and to multiple diffraction, the
electrons are confined to narrow columns on passing
through the foil. The atomic columns constitute cylin-
drically symmetric potential wells which cause channel-
ling of the electrons. By choosing an appropriate set of
reflections one can selectively image the structure
associated with each sublattice in crystals built on two
distinct sublattices, differing sufficiently in unit-cell
parameters. In ordered binary alloys selective imaging
in the superstructure reflections reveals the sublattice of
the minority atom columns. Examples of applications of
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these different imaging modes are discussed. Electron
microscopy has been especially useful in the study of
polytypes, intergrowth structures, mixed-layer com-
pounds and long-period structures in general. Several
examples of such studies are discussed in some detail,
especially in the case of high 7. superconductors.
Electron microscopic methods have also been essential
in the study of crystals of which only small fragments are
available, such as for instance pure fullerenes during the
initial stage of this research area. Although convergent-
beam electron diffraction is quite useful for a determina-
tion of the space group of small crystallites, we have not
reviewed this method due to space limitations.

1. Introduction

It is the purpose of this paper to show to what extent
electron diffraction combined with electron microscopy
have become important complementary tools to X- and
neutron diffraction in structural studies. Ab initio
structure determinations by means of electron micro-
scopy are exceptional. However, the structures of
stacking variants based on known structures can often
be identified on mere inspection of a high-quality high-
resolution image. The identification of local variations of
the normal stacking has in several cases led to the
preparation of new structures in which these deviating
stacking modes become the normal ones.

Imaging rather than diffraction will be emphasized
since this is specific to electron microscopy. In the same
spirit we shall not discuss convergent-beam electron
diffraction, which is an important tool in the determina-
tion of local symmetry of very small areas. Neither shall
we discuss X-ray microanalysis nor EELS (electron
energy loss spectrometry), which make chemical char-
acterization possible of the same small crystailite which
produced a single-crystal diffraction pattern and an
image.

2. Operation modes in electron microscopy
2.1. Diffraction contrast

Transmission electron microscopy is essentially a
diffraction technique, by means of which imaging is
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more convenient than with X-rays because of the
characteristic features of electron diffraction, in particular
the possibility to focus electron beams. The electron
wavelength for the commonly used acceleration voltages
(>100kV) is much shorter (10~*nm) than typical
interatomic distances in crystals (1 nm) and hence the
Bragg angles are quite small and Ewald’s sphere can be
approximated by a plane. In transmission the electrons
propagate through the thin foil specimen along very
narrow columns parallel to the incident beam direction
(Hirsch, Nicholson, Howie, Pashley & Whelan, 1965).
The allowed foil thickness depends on the atomic
number of the material and on the accelerating voltage
of the microscope; it is normally in the range 10—
1000 nm. Electron diffraction is thus a ‘local’ phenom-
ena, i.e. it depends mainly on the local configuration of
the scattering centres. The back surface of the foil can be
considered as a two-dimensional distribution of point
sources of spherical wavelets, of which the amplitudes
and phases are determined by the atomic structure in the
columns along which the electrons have propagated and
have been scattered dynamically. This distribution is
periodic for a perfect crystal; deviations from periodicity
occur in faulted crystals. The interference of these
Huyghens wavelets gives rise to the Bragg diffracted
beams, the intensity and positions of which can be
recorded as the electron diffraction pattern, i.e. as the
image of a planar section of reciprocal space. In the
electron microscope it is possible to select one or several
of these beams by means of an aperture and subsequently
magnify the selected diffraction spot by means of a lens
system. If a single diffraction spot, either produced by the
directly transmitted beam, or by a scattered beam, is
selected, one obtains a bright, respectively, dark-field
diffraction contrast image. Such an image is a map of the
intensity distribution in the magnified spot; it does not
provide information on the crystal structure, but it does
reveal defects. Strain fields can be imaged because of the
steepness of the rocking curve in the vicinity of the exact
Bragg condition, which translates small local orientation
differences into significant intensity differences. Also,
local differences in magnitude or in the phase of the
structure factor can be imaged in this way. Diffraction
contrast images are largely independent of the lens
aberrations.

2.2. Lattice fringes

If by proper positioning of an aperture of a suitable
size the direct beam is allowed to interfere with a single
scattered beam, a stationary interference pattern is
obtained with a period equal to the interplanar spacing
of the lattice planes which produce the selected Bragg
reflection (Menter, 1956). The crystal plays in a sense the
role of a ‘beam splitter’, similar to Fresnel’s biprism
producing two interfering beams: the transmitted beam
and one dynamically scattered beam. The image of this
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stationary interference pattern consists of parallel sinu-
soidal lattice fringes with a period equal to the interplanar
spacing; they are in a sense the images of the reflecting
planes, i.e. of direct space. However, the positions of
these fringes depend not only on the specimen but also
on the lens aberrations, as well as the imaging conditions.
These fringes image the Fourier transform of the selected
part of the diffraction pattern, which in this case consists
of two beams only. The lattice fringes are well resolved if
their separation is within the resolution hmit of the
microscope. The quality of the lenses, especially of the
objective lens, now becomes crucial.

2.3. Basic principles of structure imaging

2.3.1. Image waves model. In present day micro-
scopes the point resolution routinely achieved is 1.6 A at
300kV and 1.0A at 1250kV. In most crystals it is thus
possible to image several interplanar spacings even in
crystals with small unit cells, such as elemental metals. In
such instruments it becomes meaningful to admit a two-
dimensional array of diffraction spots through the
aperture and image the resulting interference pattern. A
microscope with an ideal lens system would then
perform the same type of Fourier synthesis as in X-ray
diffraction, the phase problem being automatically taken
care of by the instrument. The image is then the Fourier
transform of the selected part of the diffraction pattern.
Unfortunately, the magnetic lenses inevitably exhibit
spherical aberration which introduces relative phase
shifts among the diffracted beams belonging to different
Bragg angles, i.e. enclosing different angles with the
optical axis of the microscope. These phase shifts depend
mainly on the spherical aberration constant of the
objective lens, which is a characteristic of the instrument,
but also on the defocus, a parameter which can be varied
by the observer. Optimum visual contrast is usually
achieved at the Scherzer (Scherzer, 1949) value of the
defocus (Spence, 1981; Van Dyck, 1978).

Images which bear a direct relation to the structure, i.e.
in which the atom column positions are imaged as bright
or dark dots, are obtained only if all relevant beams are
reasonably well transferred and interfere with a reason-
ably correct phase relation. Under these conditions the
image formation can be understood as the result of the
superposition of sets of lattice fringes or ‘image waves’,
one set corresponding to each pair of selected reflections.
Each set of fringes contributes one Fourier component to
the image. The higher the order of the reflection, i.e. the
longer the diffraction vector, the finer the detail
represented. However, if the length of the diffraction
vector exceeds a limiting value no amplitude is
transmitted through the lens system. This limiting value
determines the information limit, which is usually less
stringent than the point resolution limit. It is clear that the
application of this method requires an instrument with an
image transfer function which transmits undamped
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the result of dynamical diffraction or as the result of
‘channelling’, acts as the periodic object which produces
either a diffraction pattern or an image, after magnifica-
tion and interference (depending on the set of activated
lenses), taking into account the angle-dependent phase
shifts introduced by the lens system. A column can give
rise to either a maximum or a minimum in the centre of
the wavefunction, depending on the foil thickness.
However, a maximum of the wavefunction is not
necessarily imaged as a bright dot, due to the phase
shifts introduced by the electron optical lens system.

In mathematical terms one can summarize by stating
that the diffraction pattern is the Fourier transform of the
object and the image is in turn the inverse Fourier
transform of the diffraction pattern. Under ideal condi-
tions, i.e. for aberration-free lenses, the Fourier transfor-
mation would be completely reversible and the image
would be identical to the object. However, the latter
transformation is affected by truncation due to the finite
apertures and by phase shifts introduced by the lens
aberrations. In sufficiently thin foils and for small
defocus values, i.e. close to the Gaussian focus but
different from zero, the image contrast turns out to be
proportional to the projected charge density (Lynch &
O’Keefe, 1972; O’Keefe, 1973; Lynch, Moodie &
O’Keefe, 1973). If the object is a ‘weak-phase’ object
the image contrast is proportional to the projected
potential (Cowley, 1950; Cowley & Ilijima, 1972;
Grinton & Cowley, 1971). In reality, neither one nor
the other is strictly applicable.

2.3.4. Image interpretation. Since the image details
depend on a number of instrumental and observation
parameters, as well as on the crystal structure of the
object, the interpretation must be carried out with
caution. In general, it has to be supported by computer-
simulated images based on a postulated model and for a
range of different foil thicknesses and focus values. The
model is then adjusted until a sufficiently good fit
between observed and computed image is achieved at a
constant focus, but for the whole range of available
thicknesses in a wedge-shaped specimen. In this way the
focus, which is not directly measurable, is obtained as
well. The required software is available in different
versions, which are to some extent all derived from the
original multislice procedure of Cowley & Moodie
(1957). This interpretation scheme is rather analogous
to the trial-and-error method in X-ray structure determi-
nation.

Very recently methods have been developed which
make it possible to proceed directly from a series of
digitized observed images at different closely spaced foci
(the focus variation method) to reconstruct the wave-
function in the image plane (phase retrieval). Subse-
quently, the wavefunction at the exit face of the foil has
to be obtained. The final objective is to relate this
wavefunction to the structure, which is presented by its
lattice potential; this relation depends on the foil
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thickness. As mentioned above in foils which can to a
good approximation be considered as ‘weak-phase’
gratings, the phase of this wavefunction is proportional
to the projected lattice potential. Unfortunately, these
conditions are only satisfied in the very thinnest parts of
real specimens. If the specimen is thicker but contains
well separated atom columns parallel to the incident
beam direction, a one-to-one correspondence still exists
between extrema of the wavefunction and atom columns.
In that case, the relation between wavefunction and
structure can be obtained from the channelling theory
(Van Dyck et al., 1989).

In practice the desired structural information can often
be obtained by visually comparing the observed image
with the projection of a structure model obtained from X-
ray results. For instance, in studies of homologous series
of compounds an ‘imaging code’ can be established by
comparing an image of one of the simple members of the
series with the established structure. This often allows the
identification of the atom columns associated with
certain dot arrays. Symmetry and interatomic distance
considerations are of great help in establishing such
associations. In this respect it is important to note that
due to the imaging procedure the symmetry of an image
may be lower than that of the projected atomic
arrangement along the imaging zone, but not the reverse.
These relations can then be extrapolated to other
members of the series and their structures obtained with
confidence from images made under similar imaging
conditions. This type of method has been applied
successfully to the study of polytypes, polytypoids,
mixed-layer compounds and intergrowth structures.

Direct ab initio structure determinations based exclu-
sively on electron microscopy and electron diffraction
are exceptional (Dorset, 1978, 1985). Electron micro-
scopic studies usually make use of a priori knowledge
obtained by other methods. It is nevertheless especially
useful in cases where only powdered specimens of an
unknown material are available. In such cases electron
diffraction allows one to obtain single-crystal diffraction
patterns and hence to determine the lattice parameters
unambiguously, albeit with limited accuracy, as well as
the diffraction conditions and hence the space group. An
X-ray powder diffraction pattern can then easily be
indexed and subsequently accurate lattice parameters can
be measured and using the Rietveld method the structure
refinement can be carried out.

3. Specific imaging modes
3.1. Selective imaging by beam-selection: binary alloys

By an adequate choice of imaging conditions it is
possible to selectively reveal a subset of atom columns in
a structure. For example, in binary-ordered alloys it is
often possible to image only the minority atom columns
as bright dots (Amelinckx, 1978/1979; Van Tendeloo &
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Ba,ScAlO;y are both related to perovskite ABO;_,. Both
structures are based on the stacking of close-packed
AO,(Ba0,) layers. In such a layer, a Ba ion is surrounded
by six O ions and each O ion by two Ba ions and four O
ions. These layers are normally stacked in such a way
that the Ba ions in one layer project in the centres of the
triangles of Ba ions in the adjacent layers. Between two
such layers two types of octahedral interstices occur:
mixed interstices, surrounded by Ba and O, and
interstices in octahedra formed exclusively by O ions.
Only the latter ones are occupied by B cations. Focussing
attention on the Ba ions the stacking can be described by
the usual symbols ABC ... . The BaO; sublattice forms a
framework between which B cations are accommodated.

The presence of B cations, represented by Greek
letters, adopting a trigonal prismatic configuration may
lead to the stabilization of high-energy stacking faults
such as A By A. Certain layers of cations requiring a
tetrahedral configuration can be accommodated by
replacing a BaO; layer by an oxygen-deficient layer
BaO[J,. In this layer a triangle of O ions is replaced by a
single O ion located in the centre of the triangle of Ba
ions. This results in the formation of two layers of
oxygen tetrahedra having their common apices in the
oxygen-deficient layer and their parallel triangular bases
in the adjacent BaO, layers.

The structure of the compound Ba;Sc,O, can be
represented by the stacking symbol

...|AyByaBa|CBAByAy|BaCaBCB|....
X X X

It contains three X-blocks. Emphasizing the chemical
composition, the succession of layers in an X-block is

... | BaO3~Sc-Ba0;-Sc,-Ba0;-Sc-Ba0O; | ... .

Note the presence of the vertically stacked pair of A
cation layers, e.g. B y a B. Since there are twice as many
B cations per unit area in trigonal prismatic coordination
between the two BaO; layers as there are cations in pure
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Fig. 17. Schematic representation of the rhombohedral structure of
Ba;Sc,0, (XX X...), as viewed along one of the closely packed
directions of the (Ba,0) layers. Note the presence of octahedra and of
trigonal prisms formed by barium and oxygen.

.
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oxygen octahedral interstices, we write two Greek
symbols representing B cations (Sc). The symbol also
shows that the occupied trigonal prisms have two
different orientations y and a. The complete structure
of Ba;Sc,0, is rhombohedral (R 3m). It is schematically
represented in Fig. 17.

The structure X’'X’X’, obtained by a 180° rotation of
XXX about the c-axis, consists of the same type of
lamellae, but it can be distinguished from the XXX
structure since a 180° rotation is not a symmetry
operation for the structure.

The crystal structure of the second compound
Ba,ScAlO;s is represented schematically in Fig. 18; its
stacking symbol can be written as

...|ClaByA'yBa|C|BAYyB yAB|C]| ....
W w’

(1

It contains two internally twinned lamellae W and W',
related by a 180° rotation about the ¢ axis. The chemical
composition of one lamella is given in terms of layers by
the succession

..IBa0;|Sc-Ba0,—~Al-BaO[],~Al-Ba0,~ScIBaO,|... .

The dashed letters in (1) refer to oxygen-deficient BaO
layers of the type described above; they are twin planes
for the structure, as is evident from the stacking symbol.
Aluminium occupies the tetrahedral sites y alongside
these twin planes.

The simplest member of this family of mixed-layer
compounds has the structure WXW'X', where the
symbols X, X', W and W’ represent the lamellae defined
above. It has the composition Ba,;Sc,Al,O,y. A high-
resolution image made along a zone parallel to the close-
packed rows is represented in Fig. 19. The different
lamellae can be identified on the basis of geometrical
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Fig. 18. Schematic representation of the hexagonal structure of
Ba,ScAlOg (W' W ..) as viewed along one of the closely packed
directions of the (Ba,O) layers. Note the presence of octahedra and of
tetrahedra consisting of barium and oxygen.
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