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Identification of Enantiomorphously Related Space Groups by Electron Diffraction
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A simple procedure is presented for the identification of enantiomorphous space groups by electron dif-
fraction. This is based on the ability to determine the sense of an asymmetry in a projection, which is a
property of N-beam dynamic diffraction. The steps in this procedure follow those of the X-ray procedure
which depends upon anomalous dispersion instead of dynamic scattering. To illustrate and test the elec-
tron-diffraction procedure, a space-group determination was carried out on a sample of dextrorotatory
a-quartz: space group P3,21 was found, in agreement with the findings of de Vries [ Nature, Lond. (1958),

181, 1193].

I. Description of the problem

The problem of distinguishing between enantiomor-
phous space groups is in principle more difficult than
the rest of space-group analysis, and the feasibility of
a simple electron-diffraction analysis for this problem
was recently raised by Grossbard & Moodie (1974).
Although the property of handedness is three-dimen-
sional, in crystallography the problem of identifica-
tion is soluble in projection and involves a determina-
tion of the direction of a structural asymmetry, which
in X-ray diffraction is solved with the help of anoma-
lous dispersion (Bijvoet, 1949). Anomalous dispersion
introduces the imaginary component (of phenomeno-
logical absorption) into the structure factor needed
to cause a significant departure from Friedel’s law.

In electron diffraction, because of strong N-beam
interaction, the non-centrosymmetry in a projection
can readily be identified in principle without the ac-
tion of absorption, which means in practice that it is
not necessary in most cases to consider the influence
of the absorption, which is always present to some
extent. [There are however, some cases, notably
BaTiO; and perhaps other ferroelectrics, where en-
hancement of asymmetry by absorption is an impor-
tant factor (Tanaka & Lehmpfuhl, 1972).] This addi-
tional power of electron diffraction in relation to the
breakdown of Friedel’s law means that the point-
group symmetry of the two-dimensional pattern is the
same as the point-group symmetry of the structure in
projection, provided that only zero-layer dynamic in-
teractions are significant. This allows us to identify
readily a lack of mirror symmetry in a projection. To
go further and identify the direction of the asymmetry
generally requires computation using the parameters
of the particular structure (Goodman & Lehmpfuhl,
1968). Determination of three-dimensional space
groups by electron diffraction without this final iden-
tification has recently been described in several pub-
lications (Goodman, 1975; Buxton, Eades, Steeds &
Rackham, 1975; Tinnappel & Kambe, 1975). The re-
maining problem of identifying enantiomorphous

members of space-group pairs then involves the iden-
tification of direction in a non-centrosymmetric planar
projection, and depends upon our ability to separate
the effects of the planar projection symmetry from the
remaining three-dimensional effects. This is readily
achieved in practice.

The situation with respect to electron diffraction
could be summarized as follows. Firstly, it is true that
we actually have three-dimensional interaction and
that in principle one convergent-beam pattern, if suffi-
ciently accurately analysed, could reveal the handed-
ness of the structure. However, if we take the problem
in two stages and analyse on the basis of projection
symmetries as suggested above, the analysis is not only
very much simpler to follow, but deals in first-order
rather than second-order effects. The practical example
given in § II serves to show this procedure in opera-
tion. Table 1 gives the 11 pairs of three-dimensional
enantiomorphous space groups in Schonflies and
Hermann—Mauguin symbols. With respect to the ex-
perimental task of distinguishing between two enan-
tiomorphous members of a pair, these space groups
divide into two classes, based on order of difficulty.
The three trigonal space-group pairs, containing three-
fold screw axes, are simpler to distinguish, requiring
one determination of direction in an asymmetric pro-
jection (the zone-axis projection) followed by a struc-

Table 1. Listing of the 11 three-dimensional
enantiomorphous space-group pairs, with both
Schonflies and Hermann—M auguin symbols

Class Schénflies Hermann-Mauguin
Trigonal C? Cc3 P3, P3,

D} D3 P3,12  P3,12

p¥  D§ P3,21  P3,21
Hexagonal Cci c? P6, Pé6s

Ccé C? P6, Pé6,

p: D} P6,22 P62

p¢ D} P6,22  P6.22
Tetragonal C: P P4, P4,

p: D] P4,22 P42

p:  Df P4,2,2  P42,2
Cubic 05 0’ P4;32  P4,32
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Fig. 1. Projections of (a) threefold and (b) sixfold helices. The central figures in the two vertical series, numbered (iii), show the axial pro-
jection, and the complete series shows the results in projection of rotations from this setting for a helix having a pitch to lateral diameter
ratio of 10:8. These rotations are (i) 30° clockwise, (ii) 6° clockwise, (iii) zero, (iv) 30° anticlockwise. The numbers inside the circles show
the position of each atom along the helical axis in units of (a) 1/3 and (b) 1/6 of the pitch.
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Fig. 1 (cont.) (c) Projection obtained for rotations of +30° for the threefold helix. (d) Projection obtained for rotations of +30° for the
sixfold helix.

ture-factor determination at another setting. This is
to be compared with an identification of direction in
two projections which are found by rotation of equal
amount and opposite sense from the zone-axis setting
required for identification of space groups containing
four- and sixfold screw axes. (This identification can
be achieved by the determination of direction in one
of these non-zone-axis projections.)

This difference in procedure may be understood
from projections of models of single helices (Fig. 1).
If we take a helical wire and place spheres along it
in positions determined by a threefold or a sixfold
screw axis we obtain the projections of Fig. 1 (a) and
(b) respectively. The central drawings in the series
show the two models with their helical axes vertical;
drawings above and below show projections ob-
tained by tilting the models away from this orientation
with clockwise and anticlockwise rotations, as in-
dicated. Fig. 1 (¢) and (d) shows results from Fig. 1 (a)
and (b) in simple projection, clearly displaying the dif-
ferent results of equal and opposite rotations in the
two cases. In Fig. 1 (c) the axial projection for the three-
fold axis is non-centrosymmetric and has three mirror
lines. Provided we can determine the orientation of
this projection, i.e. discover whether the apex of the
triangle is on the left or the right side when one of
these mirror lines is set in the horizontal direction of a
tilt axis of our goniometer, then the handedness of the
model can be determined by standard structure-factor
measurement. This is because rotations of opposite
senses from the zone axis yield projections which are
of different shape and hence have different Fourier
amplitudes. This is illustrated by the lower projections
of Fig. 1(c), which are given for the right-handed screw
axis. For the left-handed screw axis these projections
would be interchanged.

In the case of a sixfold screw illustrated in Fig. 1(b)
and (d) the axial projection is centrosymmetric and is
useful in this particular analysis only to show us the
position of the six mirror lines. These mirror lines are
of two types: three pass through projected ‘atoms’
while the other three pass between ‘atoms’. If we make

two equal rotations of opposite senses about a mirror
line of the latter type from this setting we now obtain
two projections that are mirror images of each other,
as shown in Fig. 1(d); hence the Fourier components of
these projections differ only in phase. In crystallo-
graphic analysis these two projections must be iden-
tified by making use of the breakdown of Friedel’s
law. The projections obtained in the lower part of Fig.
1(d) are obtained for a right-handed screw and would
be interchanged for a left-handed screw.

The same considerations apply to a fourfold screw
axis as to a sixfold screw axis, since they both give a
centrosymmetric axial projection.
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Fig. 2. A representation of the axial projection for a-quartz in which
S represents silicon and [J oxygen positions. This diagram has
been made without vertical perspective and is valid for both
right-handed and left-handed structures. A mirror line of the pro-
jection is indicated by the line m-m. A breakdown in Friedel’s
law in the diffraction pattern for this zone-axis setting would
allow us to distinguish side 4 from side B of the crystal.
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The complication arising from crystal boundaries the axial projection has only one mirror line (instead
which occurs in accurate electron-diffraction analysis of the three, four or six with a completed number of
can also be understood with optical models by taking turns). If this mirror line is used for the rotation pro-
a short helix with a partially completed turn. Then cedures then the rest of the analysis proceeds as be-
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Fig. 3. Perspective computer drawings for a-quartz with the right-handed screw axes of the space group P3,21. (a) Zone-axis perspective
representation showing both Si (s) and O (OJ) atoms, in which the size of these symbols is made proportional to the z coordinate of the
atom (height within the unit cell). One unit cell is outlined by a broken line, and the four threefold screw axes within the cell shown.
The dispositions of three Si atoms about these axes are shown by perspective drawing in two cases (i) for the wide helix at the origin
and (i) for one of the tight helices within the cell. (b) A perspective representation of the structure after a rotation of +14:7° from the
zone-axis setting and (c) A similar representation after a rotation of — 14-7° from the zone-axis setting (where the signs have the meaning
shown in the diagram). To avoid confusion, only Si atoms have been shown in (b) and (c), since these are sufficient to indicate the result.
The rotation axis, indicated by a line either side of the diagrams, has been chosen so as to intersect a screw axis which passes through the
unit-cell origin (compare with Fig. 3a). The intersection of these two axes is shown as a black dot from which radiate connecting arms to
the three related Si atoms (encircled). The perspective representation of this group of atoms unambiguously displays the sense of the 14-7°
rotation; this information is given schematically by arrows at the side of each drawing.

AC 33A-9



130

fore. This problem does not arise in our example (§
II), since we are deliberately seeking a method which
does not depend upon accurate measurement by choos-
ing conditions (including crystal thickness) to obtain
a clear intensity asymmetry relatively insensitive to
thickness.

The analysis for a single screw axis can be carried
over into analysis of space groups containing such
screw axes, as illustrated by the following analysis of
dextrorotatory a-quartz.

I1. Experimental determination of handedness in
o-quartz

(a) Identification of projections

a-Quartz belongs to the pair of enantiomorphous
space groups P3,21, P3,21 (Table 1). The handedness
of a-quartz has already been determined by de Vries
(1958), who used the anomalous scattering of X-rays,
so that our determination might be regarded simply
as an illustration of the application of convergent-
beam electron diffraction to this problem. Electron
diffraction then opens the possibility of future applica-
tions to work on microscopic domains beyond the
reach of the X-ray method. However, in the course of
this investigation there also arose one further prob-
lem in addition to those listed in § 1. We refer to the
double difficulty of following the terminology in the
literature and of following the absolute orientation of
the crystal during manipulation both on the gonio-
meter and in the associated calculations to avoid
making a mistaken identification. The confusion in
the literature concerning the nomenclature for -
quartz has been neatly summarized by Lang (1965).

To help in our analysis, we developed an auxiliary
computer program for our HP 9830 desk computer
which gave a perspective representation of the unit
cell (so that the sign of the screw axes could be imme-
diately recognized), and also gave a representation,
with unit-cell perspective, of the projection obtained
by a specific tilt of the structure about one of the sym-
metry lines of the [0001] projection. These plotted
projections contained information identifying both the
sense in which the structure had been rotated from the
zone axis and the handedness of the structure, in addi-
tion to giving a qualitative picture of the projected
potential distribution. This program could either be
linked to the structure-factor program, or simply used
as in our case to follow the experimental crystal rota-
‘ions, since the structure-factor values used were suffi-
ciently distinctive to be associated visually with one of
the plotted projections. Fig. 2 is a representation of
a-quartz without perspective, and is valid for both
P3,21 and P3,21 space groups. The perspective dia-
grams of Fig. 3 refer to the P3,21 space group which
contains right-handed screw axes. The single zone-
axis projection of Fig. 4 refers to the P3,21 space
group (with left-handed screw axes).

IDENTIFICATION OF ENANTIOMORPHOUSLY RELATED SPACE GROUPS

(b) Procedure

There are two steps in the experiment. (1) Determina-
tion of the absolute orientation of the crystal at the
[0001] setting from a convergent-beam zone-axis pat-
tern. This step tells us whether the experimentalist is
facing side A or side B of the projection, as shown in
Fig. 2. (ii) Tilt of the crystal about a mirror line of the
projection, i.e. about a [ 1120] row, from a [0001 ] zone
axis to suitable settings either side which give distinc-
tive pattern intensities.

These steps may be performed in either order and
the combined results will then enable the handedness
of the structure to be determined.

(¢) Experiment

(1) A sample of quartz prepared by ion-bombard-
ment thinning was oriented to the [0001] zone-axis
setting in a convergent-beam diffraction camera. This
setting is obtained when the ¢ axis is parallel to the
mean incident-beam direction (the direction of the
central ray in the incident cone). Convergent-beam
patterns then show trigonal symmetry. This trigonality
is detectable in the inner reflexions of the zone in two
ways. The 1120 reflexions lying on the mirror lines
of the pattern alternate in intensity sequentially around
the central, directly transmitted beam, while them-
selves possessing an internal mirror symmetry. The
1010 reflexions, which lie between the mirror lines of
the pattern possess an internal asymmetry, and this
asymmetry alternates in direction around the central
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Fig. 4. Perspective representation of the zone-axis projection for
the alternative space group P3,21 for a-quartz.
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beam in a way consistent with a trigonal pattern.
Hence, if we wish to measure trigonality (or the degree
of departure from hexagonality) from the 1120 re-
flexions, we can most conveniently use the central re-
gion of the reflexion discs, corresponding to an inci-
dent beam parallel to the c axis, whereas measure-
ments of this effect from the 1010 reflexions must be
made from regions near the edges of the reflexion discs,
corresponding to a finite inclination of the incident
beam to the ¢ axis. Usable crystal thicknesses ranged
from about 500 to 5000 A. Thinner regions showed
stronger trigonal symmetry from the 1010 reflexions
and rather weaker 1120 reflexion intensities, while in
thicker regions the trigonality showed up more strong-
ly in the 1120 reflexions. It was desirable to find a tri-
gonal intensity distribution which had an unambiguous
interpretation. Calculations to this end showed that
the 1010 intensity trigonality was most definitive,
since the direction of trigonality varied only weakly
with thickness. For thicknesses under 1000 A inter-
pretation of the intensity asymmetry is unambiguous,
and in fact this asymmetry shows no substantial re-
versal for thicknesses up to 2000 A. This calculated
result is shown in Fig. 5. Fig. 6(a) shows the pattern
obtained from the thinner crystal regions. The arrow
on the right-hand side of this figure indicates the direc-
tion of view of the operator of the diffraction camera,
viewing the pattern from above. The horizontal axis
of this picture was chosen as the [1120] axis, about
which the crystal was rotated to obtain the results
for part (ii) of the investigation. The intensity asym-
metry of the pattern together with the results of the
calculation shown in Fig. 5 made for points of the pat-
tern identified in the sketch of Fig. 6(b), allowed us to
identify the absolute orientation. It was thus decided
that the left side of the projection of Fig. 2 (labelled
A) was facing the operator. The fact that the reflexion
discs overlap does not invalidate interpretation using
Fig. 5, which was calculated for single reflexions. The
mirror relation of neighbouring 1010 discs, plus the

Ih/tine
007

0-05)

[ L—
1500 A

500 1000 A
Fig. 5. The result of a 37-beam multislice calculation for the two
points (i) and (i) in Fig. 6(b). Is/I;a. (vertical scale) represents the
plotted beam intensity I, for a single 1010 (full line), and 0110
(broken line) reflexion, as a fraction of the total incident intensity
Iine. The hatched area indicates the only region within the 0-
2000 A range for which the intensity ratio between the beams is
greater than 2:1.
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addition of intensities at points (i) and (ii), simply
doubles both intensity values. Fig. 6(c) shows the cor-
responding orientation of those Si sites related by the
threefold screw axis at the origin.

(i) For the final step in the space-group identifica-
tion we seek pairs of reflexions from the same hkil
set having structure factors which may be readily
distinguished. The 3301 reflexions provide suitable can-
didates for this identification since, as pointed out by
de Vries (1958), |V 3301|3 |V 3301| for a-quartz [for the
relation between Vj,;, and Fy,; see Dawson, Goodman,
Johnson, Lynch & Moodie (1974)]. The direction of
the inequality is space-group dependent. In order to
determine the direction of this inequality, simple
methods of structure-factor measurement can be used
since we are no longer, contrary to part (i), concerned
with the structural phases oy,;. The oy do not enter
either the kinematic or the two-beam expressions for
diffracted intensity. Consequently, the simple diffrac-
tion conditions for which these expressions are approx-
imately applicable, while inadequate for determining
structural asymmetry [part (i)], would suffice here.

In classifying reflexions in this section and in Table
2 we use the term ‘equivalent reflexions’ for reflexions
having identical structure-factor moduli (as for example
hkil, khil, hk i1, since |Vigal = |Viial = |Viil) and having
hkil indices belonging to a set of geometrically equiv-
alent reciprocal-lattice points. Such reflexions could
also be called ‘kinematically equivalent’ reflexions. To
aid in the interpretation of the next experimental step
we list the kinematically equivalent reflexions (Table
2) belonging to the reciprocal lattice rows containing
the 3301 (column 1, Table 2) and 3301 (column 3,
Table 2) reflexions, these two named reflexions being
non-equivalent and being associated with two dis-
tinct projections of the structure.

Table 2. The kinematic intensity values,|Viyl?,
where the Vi, are in volts, shown for three reflexions
collinear with the 3301-indexed reflexion in the
diffraction pattern for a-quartz

These reflexions are shown encircled in Fig. 7(a) and (b). Absolute

indexing depends on (1) defining the positive direction of the [1120]

vector and (2) the space group. If we take the A direction in Fig. 2 as

the [1120] direction, then the tabulated values are for the space

group P3,21. To obtain corresponding values for the space group
P3,21 columns 2 and 4 must be interchanged.

hkil Vil hkil [ Vil
3301, 3301 424 3301, 3301 013
4371, 3201 , 3221, 4371 4
2321, 2471 048 3431, 2821 048
5141,35141, . 3141, 5141, ]
1341, 1541 0-61 1531, 1541 0-09

Under conditions in which N-beam dynamic inter-
actions are important, not only the relative structural
phases oy,; but also the scattering geometry is im-
portant. Equivalent scattering geometry leads to equiv-
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alent accompanying reflexions (called variously ‘ac-
cidental’ or ‘weak’ reflexions) with equivalent excita-
tion errors in two patterns (i.e. ‘dynamically equiva-
lent’ orientations), but this will lead to exactly the
same intensities only if all the structural phases are
the same in the two cases. Since the importance of N-
beam interactions can to some extent be controlled by
choice of crystal orientation, this leads to patterns of
varying degrees of complexity, depending upon what
is being determined and to what accuracy. Three levels
of sophistication which may be employed in practice
are illustrated in the following experiment.

If we label the horizontal vector in the diagram of
Fig. 6(a) as the [1120] axis, then the crystal was ro-
tated about this axis first in an anticlockwise, and then
in a clockwise sense, in order to excite firstly the 3301
reflexion, and then the 3301 reflexion, corresponding
to the two projections shown in Fig. 3. Table 2 lists
structure-factor values for these two projections, in-
cluding values for the 3301, 4221 and S5141-indexed
reflexions relevant to the diffraction pictures of Fig.
7(a) and (b). The tabulated values indicate a ratio for
the kinematic intensities of Is30,/I3307 of 40/1. By
relating these tabulated values for an alternatively
strong and weak 3301-indexed reflexion to the pro-
jection diagrams of Fig. 3(b) and (c), which are self-
identifying, we can ensure that we have the hkil and
space-group labelling correct. Fig. 7(a) and (b) shows
the point patterns (obtained with a fine-focus beam
having a low angular convergence) obtained from these
two settings. It is clear that the encircled reflexions in
Fig. 7(a) are strong and those in Fig. 7(b) are weak.
Because of the great difference in the two sets of struc-
ture factors and because of the very low values of
those of the weak set, the kinematically estimated in-
tensity values are sufficient to identify these patterns
in which the excitation errors for the compared re-
flexions are roughly the same. Combining the iden-
tified diffraction diagrams [Fig. 7(a) and (b)], labelled
with the rotation operation employed experimentally,
with the distinction between the left and right side of
the projection found by part (i) of the experiment
shows us that we have the space group P3,21, since
our actual operations are the opposite of those shown
in Fig. 3 for P3,21 (and our results opposite to those
indicated in Table 2). In other words Fig. 3(b) and
(c) would agree with Fig. 7(a) and (b) in operation and
result if the operator were facing side B, and not side
A as established by Figs. 5 and 6. This result agrees
with the established space group for dextrorotatory
a-quartz.

Since the excitation-error sets in Fig. 7(a) and (b)
are only approximately equal, a second measurement
of a critical reflexion was made as a check. Two higher
levels of sophistication in determining these structure
factors, made accessible by taking patterns with a
wider beam convergence, are illustrated by Figs. 8-10.
Firstly, in Fig. 8, we have excited the 3301 reflexion
(kinematically equivalent to the 33071 reflexion: see

IDENTIFICATION OF ENANTIOMORPHOUSLY RELATED SPACE GROUPS

Table 2) simultaneously with the weak 2240 reflexion,
while avoiding excitation of other reflexions of the
zone. This pattern contains sufficient information to
determine V330, to about 109 with the two-beam ex-
pression (instead of to within about a factor of two by
the kinematic method). Thus the local crystal thick-
ness as determined from the subsidiary maxima
spacings within the weakly excited 1120 intensity dis-
tribution is 2200 A. Inspection of the 3301 peak pro-
file shows this value to correspond to approximately
3 of an extinction length (see microdensitometer traces
in Fig. 9). These two measurements yield a value for
V3301 Of 20+0-2 V. This value is in agreement with
the calculated value appropriate to P3,21 (see |V,|2
values in Table 2) and gives further confidence to the
space-group identification made above. The 3301 re-
flexion was too weak to show effects of extinction in its
two-beam profile, but patterns obtained from an orien-
tation near the [ 1106] zone axis showed stronger dy-
namic effects. This pattern is shown in Fig. 10. How-
ever, interpretation of this type of pattern is unneces-
sarily complicated for the present problem and was
not pursued. Figs. 8-10 simply show the greater effort
needed when projections allowing direct identifica-
tion are not available.

Conclusions

The attempt to distinguish between the space groups
P3,21 and P3,21 for a sample of a-quartz shows that
there is indeed a very simple and rapid method for
distinguishing between enantiomorphously related

1
3301
o, _0o .
e B
2240 1120

Fig. 9. Relevant microdensitometer scans obtained from Fig. 8. The
lower trace, taken in a direction parallel to C in Fig. 8, shows the
subsidiary maxima from the weakly excited 1120 reflexion. The
spacings of these maxima give a crystal thickness H =2200 A,
using the kinematic expression. The directly excited 2240 peak
occurs on the same trace. The upper traces, shown as an inset,
give scans from the 3301 reflexion. These were taken either side
of the central third-beam intersection (see Fig. 8) and in a direc-
tion parallel to the direction D in Fig. 8. If the asymmetry of this
peak, arising from N-beam interactions, is ignored an approxi-
mate value for |V3;30,] of 220+ 02 V is obtained by means of the
two-beam formula.



ACTA CRYSTALLOGRAPHICA, VoL. A 33, 1977 —GOODMAN AND SECOMB PrLaTE 10

(a)

(i)

(h) (¢)

Fig. 6. (¢) Zone-axis convergent-beam diffraction pattern from a thin region of the specimen, showing strong trigonal symmetry
in the overlapping first-order reflexions (taken with 80 kV electrons; recorded with Polaroid-Land 3000 ASA film from a
transmitting fluorescent screen). (h) Graphic representation of the seven main discs in the pattern of Fig. 6 (a) shows points
(i) and (ii), for which the calculations in Fig. 5 were made. In both (a) and (b), the arrows indicate the direction of view of
the operator of the diffraction camera. (¢) Representation, in projection, of the three Si atoms that are related by the three-
fold axis through the origin of the cell, showing their deduced orientation relative to (a) and (b).

[To face p. 132
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(a)

(h)

Fig. 7. Point patterns, obtained by a fine-focus beam with a small angular convergence, from orientations of approximately
(a) +14-7 and (h) —14-7 from the zone-axis setting. These rotations are indicated on the side of the pattern (labelled by a
thick line and an arrow) which faced the operator of the diffraction camera. If we take the [1120] vector as being directed
away from the operator, the central encircled reflexions are in (a) 3307 and in (b) 3301. The reflexions on either side of 51371
type index have also been encircled. According to Table 2 these three encircled reflexions are especially sensitive to space
group. They are strong in (a) and weak in (b). Excitation errors are roughly equal in the two photographs as indicated by the
positions of the Laue circles. (A different set of accompanying reflexions appears in these two diagrams because the diffraction
geometries for exciting the 330T and 3301 reflexions are not equivalent. The same accompanying reflexions would occur when
exciting, say, the 330T and 330T, or 3301 and 3301 reflexions. This can be seen from the appropriate Ewald diagrams.)
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1120 2240

Joi

C

1120 000 1120

Fig. 8. Convergent-beam diffraction pattern taken so as to
excite only the 3301 [equivalent to the strong reflexion of
Fig. 7 (a)] and 2240 reflexions simultaneously. In this case
microphotometer curves from the weakly excited 1120
reflexion (encircled) can be used to determine crystal thick-
ness by scanning in a direction parallel to C in this figure,
vl 2 profleof the $301 rellvion, obiained b SATing i 1. Comergentbeam pater shoving the 3501 refeio
[V=5001] ’ [ll_w weak rcﬂcx_mn in Fig. 7(b)] excited simultaneously

30011« with other reflexions of the local zone.
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space groups using convergent-beam electron diffrac-
tion, and that this method could be applied to any
enantiomorphous space-group problem for substances
stable in the electron beam. The relative lack of so-
phistication needed is emphasized in this particular
determination, since all the diffraction pictures which
gave the necessary evidence were taken by indirect
photography (i.e. from outside the vacuum) of a
fluorescent screen within an ion-pumped diffraction
camera, and are of poorer than conventional quality
and resolution.

The authors are indebted to Mr A. F. Moodie for
drawing their attention to this problem. In addition,
they wish to thank Mr M. Grossbard for obtaining
and etching the sample, and Drs A. C. Hurley and
A. W. S. Johnson for valuable discussions and for
checking the manuscript.

Acta Cryst. (1977). A33, 133-136

133

References

BUVOET, J. M. (1949). Proc. Roy. Soc., Amsterdam, 52, 313.

BuxToN, B. F., EADES, J. A., STEEDS, J. W. & RACKHAM,
G. M. (1975). In the press.

DawsoN, B., GoobMaN, P., JOHNSON, A. W. S, LyNcH, D.
& MOODIE, A. F. (1974). Acta Cryst. A30, 297-298.

GOODMAN, P. (1975). Acta Cryst. A31, 804-810.

GoODMAN, P. & LEHMPFUHL, G. (1968). Acta Cryst. A24,
339-347.

GROSSBARD, M. & MOooDIE, A. F. (1974). International
Crystallography Conference, Melbourne. Unpublished.
International Tables for X-ray Crystallography (1965). Vol. 1.

Birmingham: Kynoch Press.
Lang, A. R. (1965). Acta Cryst. 19, 290-291.
TANAKA, M. & LEHMPFUHL, G. (1972). Acta Cryst. A28,
S$202.
TmNAPPEL, A. & KAMBE, K. (1975). Acta Cryst. A31, S6.
VRIES, A. DE (1958). Nature, Lond. 181, 1193,

Extinction-Free Measurements with Plane-Polarized X-rays
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A means of obtaining single-crystal data from which the effects of extinction have been eliminated is
described. The method involves the use of plane-polarized X-rays diffracting in the 7 mode from a crystal
plane. Measurements of integrated intensity are made over a range of 26 on either side of 20=90°. A
suitably chosen function of the intensities is plotted against a function of 26 and extrapolated to the limit,
20=90°. The prerequisite for this procedure is a source of plane-polarized X-rays of wavelength selectable
over a range such as 5 to 0-5 A, a facility previously difficult to establish but now feasible with synchrotron
radiation. The method is discussed in relation to symmetrical Bragg reflexion from an extended-face
crystal but is relevant to other cases such as the transmission (Laue) technique or a small crystal bathed

in the X-ray beam.

Introduction

In a recent paper, I discussed one experimental pro-
cedure (method I) for obtaining single-crystal diffrac-
tion data free from extinction, using asymmetric re-
flexion from extended-face crystals (Mathieson, 1976).
While that procedure requires a relatively large crys-
tal specimen and may involve its being shaped and
polished, nevertheless the requirements in respect of
diffraction equipment are simple.

Further consideration of the basic physical prin-
ciples underlying the occurrence of extinction has led
to the recognition of a second practicable experimental
procedure (method II) which is capable of controlled
variation so that, in the limit, it yields extinction-free
data. Method 1II involves the use of plane-polarized
X-rays diffracting in the = mode (Compton & Allison,
1935) and extrapolation of an appropriate function of
the measured intensities to 26 =90°.

In contrast to method I, method II requires some-
what specialized conditions which, in the past, would

have been rather difficult to set up. Now, however, a
synchrotron source can provide the necessary pre-
requisite, namely plane-polarized X-rays of wave-
length selectable over a wide range (see, for example,
Codling, 1973).

From the discussion which follows, it will be evident
that this second method is not as restrictive as the
first in terms of size, and especially shape, of the crystal
specimen. Hence method II may prove useful in cir-
cumstances where method I is not applicable.

Comment on the kinematical theory and extinction

Before dealing with the method, it may be as well to
clarify the approach to the question of extinction.

In the literature, one finds that the discussion of
kinematical theory varies sufficiently from author to
author, depending upon the specific aspect which he
wishes to treat, that it would appear advisable to pre-
sent an explicit statement as to the viewpoint adopted
here, namely that the formulae associated with the



