
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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