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Abstract

Paper deals with application of electron diffraction for de-
termination of point-group symmetry. Two electron-dif-
fraction methods, SAED and CBED, were discussed.
Determination of point-group symmetry was demonstrated
on the single crystals of Si and sphalerite (ZnS). CBED
opens the way for determination any of 32 point groups re-
gardless of their centro- or non-centrosymmetric character.

1. Introduction

Information about point-group symmetry of crystalline
matters is useful tool in the identification process of crystal,
characterization and spatial distribution of phases and/or
textures. In addition to X-ray and electron diffraction, point
group determination can be performed using morphologi-
cal study, by etch figures and using some of physical prop-
erties [1].

Information obtained by routine X-ray as well as elec-
tron diffraction experiments (Selected Area Electron Dif-
fraction - SAED) leads only to one of 11 Laue groups.
Using CBED (Convergent Beam Electron Diffraction) ex-
periments, it is possible to determine point-group symme-
try without any restrictions even if the crystals are smaller
as are necessary for X-ray and SAED experiments.

2. Working examples

We used cubic single crystals of silicon (centrosymetric
space group Fm3m ) and sphalerite ZnS (acentric space
group F 43m). Both crystals belong to the same Laue group
and their types of crystal structures are frequently desig-
nated as fcc structures.

Corresponding point-group symmetry is m3m for sili-
con and 43m for sphalerite, respectively. Symmetry of spe-
cial projections (defined as one of 10 plane point-groups)
is:

o for Si in direction [100] 4mm, [110] 2mm and [111]
6mm (common symmetry for both crystals as appears on
the Laue and SAED photographs),

e for ZnS in [100] 4mm, [110] m and [111] 3m.

3. Experimental

Sample preparation and apparatus
TEM samples from Si was prepared by mechanical grind-
ing and polishing down to 0,05 mm. Final thinning was car-

ried out by means of the sample double-side bombardment
by neutral Ar" ions on the ION-TECH ion mill, operating at
an accelerating voltage of 5 kV and 10° incidence angle.

Natural ZnS crystals were powdered in agate-mor-
tar. Water suspension of particles was mounted on car-
bon-coated collodium membrane.

TEM patterns were recorded from thin parts of the crys-
tals which were transparent for electron beam. All experi-
ments were carried out on JEOL 2000 FX transmission
electron microscope operated at 120 and 160 kV. In order
to obtain the proper orientation of the crystal, double-tilt
holder was employed.

Methods
Although many terms are used to describe electron diffrac-
tion in TEM, they essentially refer to one of two basic ap-
proaches:

1. Selected Area Electron Diffraction (SAED)

2. Convergent Beam Electron Diffraction (CBED).

In SAED method, spot diffraction pattern can be ob-
tained from single crystal with optimal thickness. Every
spot of the pattern corresponds to the crystal plane for
which Bragg’s law is fulfilled. Diffraction pattern is an al-
most planar section of the weighted reciprocal lattice by
plane normal to primary electron beam (as an Ewald sphere
of reflections with very large radius cuts it) and is created
by all reciprocal lattice spots lying in this plane. These
spots belong to Zero-Order Laue Zone (ZOLZ) and fulfil
the condition su + kv + Iw =0, where A, k, [ are Miller indi-
ces of the diffracting plane and u, v, w are indices of the di-
rection parallel to primary electron beam. Diffraction
pattern comprising only ZOLZ spots is two-dimensional
(2-D) pattern that provides information about projected
symmetry rather than true symmetry of a zone axis. From
2-D patterns only point-group symmetry operations and
the corresponding symmetry elements parallel to primary
beam are possible to ascertain, i.e. only plane point group
of the pattern can be determined. From symmetry of more
special projections of SAED patterns only Laue group of
the crystal can be identified [1,2].

Unlike SAED, CBED patterns consist of discs of vari-
able intensity and provide more information than spot pat-
tern. The intensity distribution within the discs is the
function of inclination between the incident electron beam
and particular crystal direction, thickness of the crystal and
its structure [2, 3, 4]. CBED patterns can carry important
information on true point 3-D crystal symmetry (not only
2-D point symmetry as in SAED patterns), if there are
present deficient High-Order Laue Zone (HOLZ) lines in-
side the 000 disc. They originate due to elastic scattering
from Akl planes in non-zero order layer of reciprocal space.

© Krystalograficka spole¢nost



&

M. (V:apl()viéové, P. Fejdi, J. Kristin 81

HOLZ lines have large scattering angles and therefore are
not visible in a regular diffraction pattern. In CBED pat-
terns they are detected because of complementary nature of
intensity. A dark deficient HOLZ lines in a central disc cor-
respond to an excited reflex on the HOLZ circle. Arrange-
ment of the HOLZ lines is very sensitive to exact crystal
orientation and lattice parameters [2, 4].

The determination of point groups from CBED patterns
can be performed by means of two methods:

1. Approach of Buxton et al. [5] requires the knowledge
of:

e Bright-Field Pattern Symmetry (BP) - symmetry of

central disc

e Whole Pattern Symmetry (WP)—symmetry of ZOLZ

and HOLZ

o Dark-Field Pattern Symmetry (DP) - symmetry of

diffracted discs

e Symmetry of pair diffracted discs, for which the

diffraction indices have opposite signs (zDP).

There exist flow diagrams and tables, which are neces-
sary to employ in point group assigning process. Very of-
ten, three CBED patterns taken from the same zone axis are
sufficient to identify the crystal point group.

2. Approach of Tanaka et al. [6] — represents an easier
method as described above, diffraction group is deduced
from symmetry of intensity distribution in diffracted discs
appearing in hexagonal 6-beams, rectangular 4-beams and
squared 4-beams patterns. For point-group determining
there are elaborated flow diagrams and tables and may be
sufficient to inspect only one CBED pattern.

4. Results and discussion

As a first step, SAED technique was used. SAED patterns
served to assign the relevant zone-axis orientation. The de-
termination of point groups by means of SAED is shown on
fig. 1a, b, c. SAED spot patterns of Si single crystal in di-
rections (111), (100), and (110) have symmetries 6mm,
4mm and 2mm, respectively and so point group of Si is
m3m [1]. SAED patterns of ZnS (fig. 2a, b, ¢) in special
zone axis (111), (100) and (110) are identical with those of
Si (from the view of pattern symmetry) so the determined
point group of sphalerite is 73m, as well. This is not con-
sistent with its true point group.

CBED pattern symmetry and point-group studies are
performed according to the method proposed by Buxton et
al. [5].

The zone (111) axis CBED pattern from Si crystal is in
fig. 3. At first sight it exhibit a hexagonal symmetry (6mm),
but from the distribution of fine deficient HOLZ lines in
000 disc is apparent that the BP symmetry degenerated to
3m. Whole pattern (WP) from Si single crystal in (111) di-
rection has the symmetry 3m, as well (fig.4). This plane
point group is determined on the basis of the symmetry of
First Order Laue Zone (FOLZ), which do not respect the
6-fold symmetry of ZOLZ. From fig. 5a, b is possible to as-
sess symmetry of intensity distribution in equivalent dif-
fracted discs with indices 220and 220 (+DP). The 220 DP
intensity maps has only one mirror plane m perpendicular
to the reflection vector, which connects the central beam
with relevant diffracted disc (apparent symmetry 2mm is

000 220
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Figure 1. SAED patterns of Si crystal (2-D information only). (a)
View down (111) zone axis showing 6mm symmetry, (b) view
down (100) zone axis shows 4mm symmetry, (c) (110) zone axis
shows 2mm symmetry.
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Figure 2. SAED patterns from ZnS crystal (2-D information).
(a) View down (111) zone axis showing 6mm symmetry, (b)
view down (100) zone axis, pattern symmetry is 4mm, (c) (110)
zone axis showing 2mm symmetry.
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—d
Figure 3. (111) zone axis CBED pattern from Si single crystal.
When the symmetry of HOLZ lines is taken into consideration,
plane point symmetry of 000 disc (BP) is 3m with three mirror
planes perpendicular to the plane of the pattern (arrowed).

Figure 4. Si (111) zone axis CBED pattern. ZOLZ and FOLZ
are registered (WP). The symmetry as shown by ZOLZ reflec-
tions only is 6mm. When FOLZ reflections are taken into con-
sideration, the whole symmetry is reduced to 3m.

decreased because of presence of deficient HOLZ lines in
diffracted disc). The symmetries of both diffraction discs
220and 220 are consistent. They are translated towards
each other only. Therefore, £DP symmetry is called trans-
lation symmetry (labelled 2z,) and it indicates the presence
of an inversion centre [5]. Using tab. 1, on the basis of al-
ready known plane point groups of (111) zone axis CBED
patterns (BP, WP, DP, #DP symmetries), diffraction group
of Si crystal is 6zmmy. Two point groups — trigonal 32/ m
and cubic m3m are resulting from this diffraction group,
tab. 2. To find true point group, experiment must be re-
peated for other zone axis. That point group, which appears
in identification process for all orientations, is true crystal
point-group symmetry. In our case is sufficient to tilt Si
crystal to (100) direction. Since symmetry 4mm, which is
shown in fig.6, cannot be present in trigonal crystal system,
the only convenient point group is cubic m3m. m3m is

Figure 5. Si (111) off-zone axis patterns. (a) 220 and (b) 220
DP symmetry is m with mirror plane normal to diffraction vec-
tor.

Figure 6. Si (100) zone axis CBED pattern. BP plane
point-group symmetry is 4mm.
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Figure 7. (111) zone axis CBED patterns from ZnS crystal. (a)
Distribution of deficient HOLZ lines in 000 disc (BP) shows 3m
symmetry (3-D information), (b) WP plane point- group symme-
try is 3m because of FOLZ circle symmetry.

centrosymmetric point group, therefore this result is con-
sistent with that one obtained by SAED method.

Point group of ZnS was determined from CBED pat-
terns shown in fig.7a, b and 8a, b. At electron beam inci-
dence parallel to (111) direction, symmetries of BP and WP
are 3m (fig.7a, b). If electron beam is perpendicular to the
{100} plane, symmetries of BP and WP are 4mm and 2mm,
respectively (fig.8a, b). These data with possible diffrac-
tion and point groups, which are deduced by means of tab.1
and 2, are listed in tab. 3. The 43m is the only one point
group, which occurs for both crystal orientation. Conse-
quently it is true point group of ZnS.

b)

Figure 8. ZnS (111) zone axis CBED patterns. (a) BP shows 4mm
symmetry with four mirror planes perpendicular to the plane of
pattern (arrowed). (b) WP plane point-group symmetry is 2mm
with two orthogonal mirror planes normal to CBED pattern (ar-
rowed). ZOLZ 4mm symmetry is decreased to 2mm because of
FOLZ symmetry.

5. Conclusions

In this paper was shown, that by CBED method is enabled
to determine not only centrosymmetric point groups of the
crystals but non-centrosymmetric point groups, as well.

Single crystals Si and ZnS belong to the same m3m
Laue group. It is a consequence of inspection of SAED pat-
tern symmetry. The same non-real results can be obtained
by CBED method too, if HOLZ lines will not appear in 000
disc. But in the case of their presence, the true point group
can be unambiguosly determined inclusive non-centro-
symmetric (i.e. non-Laue) groups, as well. By CBED
method the sphalerite point-group symmetry 43m is recog-
nized.
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Table 1. Relation between the diffraction groups and plane symmetry of CBED patterns published in [3, 5]

Diffraction| Bright |Whole Dark Dark +DP =DP | Projection
group field |pattern field field (general) | (special) | diffraction
(BP) | (WP) (DP) (DP) group
(general) | (special)
1 1 1 1 none 1 none 1z
1z 2 1 2 none 1 none 1z
2 2 2 1 none 2 none 21z
2r 1 1 1 none 2z none 21z
21z 2 2 2 none 21z none 21z
mg m 1 1 m 1 mg mlz
m m m 1 m 1 m mlp
mly 2mm m 2 2mm 1 mlg mlg
2mpmp 2mm 2 1 m 2 - 2mm]lg
2mm 2mm 2mm 1 m 2 - 2mmly
2pmmp m m 1 m 2z - 2mmly
2mmly 2mm 2mm 2 2mm 21z - 2mmly
4 4 4 1 none 2 none 41,
4z 4 2 1 none 2 none 41,
415 4 4 2 none 21z none 41,
dmpmp 4mm 4 1 m 2 - dmm]ly
4mm Admm Admm 1 m 2 - Admml g
4pmmp 4mm 2mm 1 m 2 - 4mm]lg
dmmlyg 4mm 4mm 2 2mm 21z - dmm]l g
3 3 3 1 none 1 none 31z
31z 6 3 2 none 1 none 31z
3mp 3m 3 1 m 1 mp 3mly
3Im 3m 3m 1 m 1 m 3mlg
3mly 6mm 3m 2 2mm 1 mlg 3mlg
6 6 6 1 none 2 none 61,
6r 3 3 1 none 2z none 61z
61z 6 6 2 none 21z none 61z
Ompmp 6mm 6 1 m 2 - 6mmly
6mm 6mm 6mm 1 m 2 - 6mmly
6pmmp 3m 3m 1 m 2z - 6mmly
ommly 6mm 6mm 2 2mm 21z - 6mmly
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Table 2. Relation between diffraction groups and point groups symmetry [3, 5]. Some of point-group nomenclatures are cor-

rected according to [1].

6mmly

3m1R

6mm

6mRmR

61z

31

6RmmR

3m

3mR

6r

dmm]

4RmmR

4mm

4mRmR

41

4r

2mm1R

2RmmR

2mm

2mRmR

mlR

21

2p

Ip

2/m
222
mm?2
mmm

4/m

422
4mm
42m
4/mmm
32

3m
32/m

6/m
622

6mm
6m2
23

m
432

6/mmm

43m
m3m

Table 3. Flow diagram for ZnS crystallographic point-group determination.

Zone axis

BP symmetry

WP symmetry

Possible diffraction
groups

Possible point
groups

<111>

3m

3m

3m, 6gmmp

3m, 43m R gm, m3m

<001>

Admm

2mm

4RmmR

ZZm, 43m
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