
2.5.3.2). The internal disc symmetries observed together with those
from the zone-axis pattern will determine a diffraction group,
classifying the zero-layer symmetry. [Fig. 6(c) of Goodman &
Whitfield (1980) gives an example of Laue-circle symmetries.]

(iii) Alternative zone axes or higher-order Laue zones. Finally,
alternative zone or higher-order Laue-zone patterns may be sought
for additional three-dimensional data: (a) to determine the three-
dimensional extinction rules, (b) to test for centrosymmetry, or (c)
to test for the existence of mirror planes perpendicular to the
principal rotation axis. These procedures are illustrated in the
following examples.

2.5.3.5.2. Examples

(1) Determination of centrosymmetry; examples from the
hexagonal system. Fig. 2.5.3.4(a) illustrates the allocation of planar
point groups from [0001] zone-axis patterns of �-Si3N4 (left-hand
side) and �-GaS (right-hand side); the patterns exhibit point
symmetries of 6 and 6mm, respectively, as indicated by the
accompanying geometric figures, permitting point groups 6 or
6�m, and 6mm or 6�mmm, in three dimensions. Alternative zone
axes are required to distinguish these possibilities, the actual test
used (testing for the element m� or the centre of symmetry) being
largely determined in practice by the type of crystal preparation.

Fig. 2.5.3.4(b) shows the CBED pattern from the [11�20] zone
axis of �-Si3N4 (Bando, 1981), using a crystal with the
corresponding cleavage faces. The breakdown of Friedel’s law
between reflections 0002 and 000�2 rules out the point group 6�m
(the element m� from the first setting is not present) and establishes 6
as the correct point group.

Also, the GS bands in the 0001 and 000�1 reflections are con-
sistent with the space group P63. [Note: screw axes 61, 63 and 65 are
not distinguished from these data alone (Tanaka et al., 1983).]

Fig. 2.5.3.4(c) shows CBED patterns from the vicinity of the
[1�102] zone axis of �-GaS, only 11.2° rotated from the [0001] axis
and accessible using the same crystal as for the previous [0001]
pattern. This shows a positive test for centrosymmetry using a
conjugate reflection pair 1�101��110�1, and establishes the centrosym-
metric point group 6�mmm, with possible space groups Nos. 191,
192, 193 and 194. Rotation of the crystal to test the extinction rule
for hh2�hl reflections with l odd (Goodman & Whitfield, 1980)
establishes No. 194 �P63�mmc� as the space group.

Comment: These examples show two different methods for
testing for centrosymmetry. The �H test places certain require-
ments on the specimen, namely that it be reasonably accurately
parallel-sided – a condition usually met by easy-cleavage materials
like GaS, though not necessarily by the wedge-shaped refractory
Si3N4 crystals. On the other hand, the 90° setting, required for direct
observation of a possible perpendicular mirror plane, is readily
available in these fractured samples, but not for the natural cleavage
samples.

(2) Point-group determination in the cubic system, using Table
2.5.3.3. Fig. 2.5.3.5 shows [001] (cyclic) zone-axis patterns from
two cubic materials, which serve to illustrate the ability to
distinguish cubic point groups from single zone-axis patterns
displaying detailed central-beam structures. The left-hand pattern,
from the mineral gahnite (Ishizuka & Taftø, 1982) has 4mm
symmetry in both the whole pattern and the central (bright-field)
beam, permitting only the BESR group 4mm1R for the cubic system
(column III, Table 2.5.3.3); this same observation establishes the
crystallographic point group as m3m (column V of Table 2.5.3.3).
The corresponding pattern for the �-phase precipitate of stainless
steel (Steeds & Evans, 1980) has a whole-pattern symmetry of only
2mm, lower than the central-beam (bright-field) symmetry of 4mm
(this lower symmetry is made clearest from the innermost
reflections bordering the central beam). This combination leads to

the BESR group 4RmmR (column III, Table 2.5.3.3), and identifies
the cubic point group as �43m.

(3) Analysis of data from FeS2 illustrating use of Tables 2.5.3.4
and 2.5.3.5. FeS2 has a cubic structure for which a complete set of
data has been obtained by Tanaka et al. (1983); the quality of the
data makes it a textbook example (Tanaka & Terauchi, 1985) for
demonstrating the interpretation of extinction bands.

Figs. 2.5.3.6(a) and (b) show the [001] (cyclic) exact zone-axis
pattern and the pattern with symmetrical excitation of the 100
reflection, respectively (Tanaka et al., 1983).

(i) Using Table 2.5.3.4, since there are GS bands, the pattern
group must be listed in column II(ii); since a horizontal ‘b’ glide
plane is present (odd rows are absent in the b� direction), the symbol
must contain a ‘b�’ (or ‘a�’) (cf. Fig. 2.5.3.3). The only possible
cubic group from Table 2.5.3.4 is No. 205.

(ii) Again, a complete GS cross, with both G and S arms, is
present in the 100 reflection (central in Fig. 2.5.3.6b), confirmed by
mirror symmetries across the G and S lines. From Table 2.5.3.5 only
space group No. 205 has the corresponding entry in the column for
‘[100] cyclic’ with GS in the cubic system (space groups Nos. 198–
230). Additional patterns for the [110] setting, appearing in the
original paper (Tanaka et al., 1983), confirm the cubic system, and
also give additional extinction characteristics for 001 and 1�10
reflections (Tanaka et al., 1983; Tanaka & Terauchi, 1985).

(4) Determination of centrosymmetry and space group from
extinction characteristics. Especially in working with thin crystals
used in conjunction with high-resolution lattice imaging, it is
sometimes most practical to determine the point group (i.e. space-
group class) from the dynamic extinction data. This is exemplified
in the Moodie & Whitfield (1984) studies of orthorhombic
materials. Observations on the zero-layer pattern for Ge3SbSe3
with a point symmetry of 2mm, and with GS extinction bands along
odd-order h00 reflections, together with missing reflection rows in
the 0k0 direction, permit identification from Table 2.5.3.4. This
zone-axis pattern has the characteristics illustrated in Figs. 2.5.3.3
and hence (having both missing rows and GS bands) should be
listed in both II(ii) and II(iii). Hence the diffraction group must be
either No. 40 or 41. Here, the class mmm, and hence centro-
symmetry, has been identified through non-symmorphic elements.

This identification leaves seven possible space groups, Nos. 52,
54, 56, 57, 60, 61 and 62, to be distinguished by hkl extinctions.

The same groups are identified from Table 2.5.3.5 by seeking the
entry GS ‘�’ in one of the [001] (cyclic) entries for the
orthorhombic systems. With the assumption that no other principal
zone axis is readily available from the same sample (which will
generally be true), Table 2.5.3.5, in the last three columns, indicates
which minor zone axes should be sought in order to identify the
space group, from the glide-plane extinctions of ‘G’ bands. For
example, space group 62 has no h0l extinctions, but will give 0kl
extinction bands ‘G’ according to the rules for an ‘n’ glide, i.e. in
reflections for which k � l � 2n� 1. Again, if the alternative
principal settings are available (from the alternative cleavages of
the sample) the correct space group can be found from the first three
columns of Table 2.5.3.5.

From the above discussions it will be clear that Tables 2.5.3.4
and 2.5.3.5 present information in a complementary way: in Table
2.5.3.4 the specific pattern group is indexed first with the possible
space groups following, while in Table 2.5.3.5 the space group is
indexed first, and the possible pattern symmetries are then given, in
terms of the standard International Tables setting.

2.5.3.6. Use of CBED in study of crystal defects, twins and
non-classical crystallography

(i) Certain crystal defects lend themselves to analysis by CBED
and LACBED. In earlier work, use was made of the high sensitivity
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of HOLZ line geometry to unit-cell parameters (Jones et al., 1977).
A computer program (Tanaka & Terauchi, 1985) is available for
simulating relative line positions from lattice geometry, assuming
kinematical scattering, which at least provides a valid starting point

since these spacings are mainly determined from geometric
considerations. Fraser et al. (1985), for example, obtained a sensi-
tivity of 0.03% in measurements of cubic-to-tetragonal distortions
in this way, although the absolute accuracy was not established.

Fig. 2.5.3.4. (a) Zone-axis patterns from hexagonal structures �-Si3N4 (left) and �-GaS (right) together with the appropriate planar figures for point
symmetries 6 and 6mm, respectively. (b) [12�10] zone-axis pattern from �-Si3N4, showing Friedel’s law breakdown in symmetry between 0002 and
000�2 reflections (Bando, 1981). (c) Conjugate pair of 1�101��1101 patterns from �-GaS, taken near the [110�2] zone axis, showing a translational
symmetry associated with structural centrosymmetry.
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(ii) By contrast, techniques have been devised for evaluating
Bragg-line splitting caused by the action of a strain field within the
single crystal. One method depends upon the observation of
splitting in HOLZ lines (Carpenter & Spence, 1982). More recently,
the use of LACBED has allowed quantitative evaluation of lattice
distortions in semiconductor heterostructures (e.g. containing
GaAs–InGaAs interfaces). This technique has been reviewed by
Chou et al. (1994).

(iii) Quite distinct from this is the analysis of stacking faults
between undistorted crystal domains (Johnson, 1972). Coherent
twin boundaries with at least a two-dimensional coincidence site
lattice can be considered in a similar fashion (Schapink et al., 1983).
In marked contrast to electron-microscopy image analysis these
boundaries need to be parallel (or nearly so) to the crystal surfaces
rather than inclined or perpendicular to them for analysis by CBED
or LACBED.

The term ‘rigid-body displacement’ (RBD) is used when it is
assumed that no strain field develops at the boundary. A
classification of the corresponding bi-crystal symmetries was
developed by Schapink et al. (1983) for these cases. Since
experimental characterization of grain boundaries is of interest in
metallurgy, this represents a new area for the application of
LACBED and algorithms invoking reciprocity now make routine
N-beam analysis feasible.

The original investigations, of a mid-plane stacking fault in
graphite (Johnson, 1972) and of a mid-plane twin boundary in gold
(Schapink et al., 1983), represent classic examples of the influence
of bi-crystal symmetry on CBED zone-axis patterns, whereby the
changed central-plane symmetry is transformed through reciprocity
into an exact diffraction symmetry. (a) In the graphite �P63�mmc�
example, the hexagonal pattern of the unfaulted graphite is replaced
by a trigonal pattern with mid-plane faulting. Here a mirror plane at

Fig. 2.5.3.5. Zone-axis patterns from cubic structures gahnite (left) (Ishizuka & Taftø, 1982) and �-phase precipitate (right) (Steeds & Evans, 1980).

Fig. 2.5.3.6. (a) CBED pattern from the exact [001] (cyclic) zone-axis orientation of FeS2. (b) Pattern from the [001] zone axis oriented for symmetrical
excitation of the 100 reflection (central in the printed pattern) [from the collection of patterns presented in Tanaka et al. (1983); originals kindly
supplied by M. Tanaka].
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the centre of the perfect crystal (A–B–A stacking) is replaced by an
inversion centre at the midpoint of the single rhombohedral cell A–
B–C; the projected symmetry is also reduced from hexagonal to
trigonal: both whole pattern and central beam then have the
symmetry of 3m1. The 2H polytype of TaS2 �P63�mmc� (Tanaka &
Terauchi, 1985) gives a second clear example. (b) In the case of a
[111] gold crystal, sectioning the f.c.c. structure parallel to [111]
preparatory to producing the twin already reduces the finite crystal
symmetry to R�3m, i.e. a trigonal space group for which the central
beam, and the HOLZ reflections in particular, exhibit the trigonal
symmetry of 31m (rather than the 3m1 of trigonal graphite). A
central-plane twin boundary with no associated translation
introduces a central horizontal mirror plane into the crystal. For
the zone-axis pattern the only symmetry change will be in the
central beam, which will become centrosymmetric, increasing its
symmetry to 6mm. Using diffraction-group terminology these cases
are seen to be relative inverses. Unfaulted graphite has the BESR
group 6mm1R (central beam and whole pattern hexagonal); central-
plane faulting results in a change to the group 6RmmR . Unfaulted
[111] gold correspondingly has the BESR group symmetry 6RmmR ;
central-plane twinning results in the addition of the element 1R (for
a central mirror plane), leading to the group 6mm1R .

(iv) Finally, no present-day discussion of electron-crystal-
lographic investigations of symmetry could be complete without
reference to two aspects of non-classical symmetries widely
discussed in the literature in recent years. The recent discovery of
noncrystallographic point symmetries in certain alloys (Shechtman
et al., 1984) has led to the study of quasi-crystallinity. An excellent
record of the experimental side of this subject may be found in the
book Convergent-beam electron diffraction III by Tanaka et al.
(1994), while the appropriate space-group theory has been
developed by Mermin (1992). It would be inappropriate to comment
further on this new subject here other than to state that this is clearly
an area of study where combined HREM, CBED and selected-area
diffraction (SAD) evidence is vital to structural elucidation.

The other relatively new topic is that of modulated structures.
From experimental evidence, two distinct structural phenomena can
be distinguished for structures exhibiting incommensurate super-
lattice reflections. Firstly, there are ‘Vernier’ phases, which exist
within certain composition ranges of solid solutions and are
composed of two extensive substructures, for which the super-
space-group nomenclature developed by de Wolff et al. (1981) is
structurally valid (e.g. Withers et al., 1993). Secondly, there are
structures essentially composed of random mixtures of two or more
substructures existing as microdomains within the whole crystal
(e.g. Grzinic, 1985). Here the SAD patterns will contain superlattice
reflections with characteristic profiles and/or irregularities of
spacings. A well illustrated review of incommensurate-structure
analysis in general is given in the book by Tanaka et al. (1994),
while specific discussions of this topic are given by Goodman et al.
(1992), and Goodman & Miller (1993).

2.5.3.7. Present limitations and general conclusions

The list of examples given here must necessarily be regarded as
unsatisfactory considering the vastness of the subject, although
some attempt has been made to choose a diverse range of problems
which will illustrate the principles involved. Some particular
aspects, however, need further mention.

One of these concerns the problem of examining large-unit-cell
materials with a high diffraction-pattern density. This limits the
possible convergence angle, if overlap is to be avoided, and leaves
numerous but featureless discs [for example Goodman (1984b)].
Technical advances which have been made to overcome this
problem include the beam-rocking technique (Eades, 1980) and
LACBED (Tanaka et al., 1980), both of which are reviewed by

Tanaka & Terauchi (1985) and Eades et al. (1983). The
disadvantage of these latter methods is that they both require a
significantly larger area of specimen than does the conventional
technique, and it may be that more sophisticated methods of
handling the crowded conventional patterns are still needed.

Next, the matter of accuracy must be considered. There are two
aspects of the subject where this is of concern. Firstly, there is a very
definite limit to the sensitivity with which symmetry can be
detected. In a simple structure of medium-light atoms, displace-
ments of say 0.1 Å or less from a pseudomirror plane could easily be
overlooked. An important aspect of CBED analysis, not mentioned
above, is the N-beam computation of patterns which is required
when something approaching a refinement (in the context of
electron diffraction) is being attempted. Although this quantitative
aspect has a long history [for example see Johnson (1972)], it has
only recently been incorporated into symmetry studies as a routine
(Creek & Spargo, 1985; Tanaka, 1994). Multi-slice programs which
have been developed to produce computer-simulated pattern output
are available (Section 2.5.3.8).

Next there is concern as to the allocation of a space group to
structures which microscopically have a much lower symmetry
(Goodman et al., 1984). This arises because the volume sampled by
the electron probe necessarily contains a large number of unit cells.
Reliable microscopic interpretation of certain nonstoichiometric
materials requires that investigations be accompanied by high-
resolution microscopy. Frequently (especially in mineralogical
samples), nonstoichiometry implies that a space group exists only
on average, and that the concept of absolute symmetry elements is
inapplicable.

From earlier and concluding remarks it will be clear that
combined X-ray/CBED and CBED/electron-microscopy studies of
inorganic materials represents the standard ideal approach to space-
group analysis at present; given this approach, all the space-group
problems of classical crystallography appear soluble. As has been
noted earlier, it is important that HREM be considered jointly with
CBED in determining space group by electron crystallography, and
that only by this joint study can the so-called ‘phase problem’ be
completely overcome. The example of the space-group pairs
I222�I212121 and I23�I213 has already been cited. Using CBED,
it might be expected that FOLZ lines would show a break from
twofold symmetry with the incident beam aligned with a 21 axis.
However, a direct distinction should be made apparent from high-
resolution electron micrographs. Other less clear-cut cases occur
where the HREM images allow a space-group distinction to be
made between possible space groups of the same arithmetic class,
especially when only one morphology is readily obtained (e.g.
P2221, P22121, P212121).

The slightly more subtle problem of distinguishing enantio-
morphic space-group pairs can be solved by one of two approaches:
either the crystal must be rotated around an axis by a known amount
to obtain two projections, or the required three-dimensional phase
information can be deduced from specific three-beam-interaction
data. This problem is part of the more general problem of solving
handedness in an asymmetric structure, and is discussed in detail by
Johnson & Preston (1994).

2.5.3.8. Computer programs available

(1) A FORTRAN source listing of program TCBED for
simulating three-dimensional convergent-beam patterns with
absorption by the Bloch-wave method: Zuo et al. (1989) [see also
Electron microdiffraction (Spence & Zuo, 1992) for other useful
programs and worked examples for the analysis of these diffraction

(continued on page 306)
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