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Effect of Specimen Thickness on Symmetry Determinations by
Convergent-Beam Electron Diffraction

J.M. Howe and R. Gronsky
Materials and Molecular Research Division
Lawrence Berkeley Laboratory
Department of Materials Science and Mineral Engineering
University of California
Berkeley, CA 94720
ABSTRACT

The application of covergent-beam electron diffraction to the study of local
symmetry is becoming increasingly popular in the materials science community.
One of the most important tests for determining the point and/or space group
of a material is the *+g experiment which is used to test for a center of symmetry.
This study shows that thin specimens may appear to lack centrosymmetry due only
to their limited thickness along the beam direction, rather than to the actual
space group of the material. Also, zone axis convergent-beam patterns from thin
specimens may display a Symmetry which is higher than the actual symmetry of
the material, due to a loss of higher:order Laue zone lines in the patterns under
weak dynamical scattering conditions. Extreme care must therefore be taken to
ensure that point and/or space group determinations are performed on specimens
which most closely satisfy the conditions of an infinitely thick, parallel-sided
crystal.

INTRODUCTION

The determination of the point group of a material by convergent-beam electron
diffraction (CBED) was. originally introduced by Buxton et a].], who used group
theory and graphical construction to determine the pattern symmetries of the
31 diffraction groups and relate these to the 32 crystal point groups. Further

refinements of the technique by Steeds and Vincent? and Tanaka et al.3:4 now

make point and space qroup determinations by CBED relatively straightforward



procedures, and numerous examples of these applications have appeared in the
literature®s6. The most commonly used procedure for determining the point group
of a material requires a detailed examination of the intensity distributions
and higher-order Laue zone (HOLZ) Tlines within the convergent-beam discs, and
comparison with Tables 2 and 3 in Buxton et al.l. One of the most important
tests for determining the point group of a material by this method is the g
experiment, where the intensity distributions within opposite hkl discs are
compared after having been set at their respective Bragg conditions. Such a
test indicates whether the material possesses a center of symmetry. Columns
6 and 7 in Table 2 of Buxton et al.l 1list the symmetries observed between -+g
pairs of reflections for the 31 diffraction groups. One of tHe main advantages
that CBED has over x-ray diffraction for determining the pdint group of a material
is the ability to readily distinguish  between  centrosymmetric  and
noncentrosymmetric crystals simply by comparing the intensity distributions between
pairs of hkl discs, due to the breakdown of Friedel's law/ for a noncentrosymmetric
crystal in electron diffraction8,9. For electron diffraction; this law can be

expressed as:

)UVW = (I __)UVW ) (-I)

(T RKT

where Iphk1 représent the dynamic intensities corresponding to the incident beam
direction (uvw). Formal testing of this Tlaw requires that the intensity
distributions be compared between the diffraétion patterns of a crystal which
has been rotated 180 deqrees. However, since HOLZ lines may introduce asymmetry

into a CBED pattern, the condition of centrosymmetry for a convergent-beam pattern
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or group of patterns may be defined by:

)UVW —

= (IEEO)UVW , (2)

(Inko

for all possible reflections for a structure which is at least centered in a
fo01] projectiong. Consequently, violation of this law indicates a lack of center
of symmetry in the projection and thus, in the crystal as a whole.

OQur interest in the validity of center of symmetry determinations by CBED
resulted from the application of this technique to the study of y' plate-shaped
precipitates in an Al-Ag alloy (Fig. 1). These plates require both chemical
and structural changes for growth, and it was hoped that CBED could be used to
follow any symmetry or lattice parameter changes which might occur during the
early stages of the growth process. Pure <x-titaniun1 was chosen as a standard
for lattice parameter measurements because it has similar lattice parameters,
a similar average atomic scattering factor and thevsame space group anticipated
for the y' precipitates. However, space group analyses of the thin v' plates
yielded confusing results; that is, the combination of symmetry elements and
Gjonnes-Moodie lines -of dynamical extinctionl0 that were observed in the'patterns
indicated that the precipitates should contain a center of symmetry, although
+g experiments in several orientations failed to verify this symmetry element.
Subsequently, this same group analysis was performed on the a-titanium standard
for comparison with the precipitates. In addition, +g experiments were performed
over a range of sample thickness for the o-titanium in a [1702] orientation,
because it was suspected that the limited thickness of the y' precipitates might
be responsible for their apparent loss of symmetry. This paper reports the results

of these +g experiments.



EXPERIMENTAL PROCEDURES

Hot-rolled 0.8 mm thick, 99.99% Ti sheet was ground to 125 um thickness
on water-cooled SiC papers down to 600 grit. Discs 3.0 mm in diameter were punched
from the sheet, vacuum encapsulated, and annealed for 1 hour at 600°C to produce
a completely recrystallized o-phase microstruéture. Thin foils wére polished
in a twin-jet Fischione apparatus using a 25% HNO3 / 75% CH30H electrolyte at
about -35°C, 16 V and 25 mA. All1 CBED experiménts werevperformed 6n a Philjps
EM400, modified such that the objective and 2nd condenser lens currents could
be 1independently varied to achieve a wide range of incident beam convergence
angles on the specimen. Convergence angles of about 15 mrad were obtained in
the TEM mode by using a 300 uym 2nd condenser aperature, an 0.2 1st condensef
spot size (probe diameter ~ 400 K), and then increasing the objective lens current
s0 that the diffraction discs in the zéro-order Laue zone (ZOLZ) just touched
without overlapping, while focussihg the probe independently on the sample with
the 2nd condenser lens control. Tilting experiments were performed by translating
the 2nd condenser aperture (equivalent to a gqun tilt), after having obtained
a zone axis pattern. A 450 mm camera length was used to photograph the intensity
distributions within the ZOLZ discs, and a double-tilt, 1liquid nitrogen cooled
specimen holder (Temp. = -188°C) was employed to eliminate contamination and
reduce diffuse scattering in the specimen.

RESULTS AND DISCUSSION

In its a-phase form, Ti has a hexagonal close-packed structure with a =
2.950 ; and ¢ = 4,683 K. Alternatively stated, it has a two atom unit cell basis
and is centrosymmetric, with the space group P63/mmc. Goodman!l and Goodman

and Whitfield'2 have shown that the +g test for centrosymmetry is most effective
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if performed at a low-symmetry zone axis, where the electron intensity is
concentrated in the pair of hkl discs of interest and these discs lack mirror
symmetry perpendicular to the horizontal rotation diad, thus enabling the perfect
translation operation between hkl and hkl discs in a centrosymmetric material
to be easily identified. In this investigation the [1502] zone axis was chosen
for the center of symmetry versus thickness tests, because the zone-axis pattern
and f]O]/]fOf discs satisfy these conditions. The [1702] zone axis lies at an
angle of about 11 degrees from the high-symmetry [0001] principal zone and can
usually be reached by rotating the specimen about a [1150] axis from this zone.
HoweVer, the Ti thin foil used here contained a grain at the edge of the hole
which has already near a [1?02] zone axis and hence, a rotation of only a few
degrees was required to achieve an exact zone axis orientation. The letters
(a) through (d) In Fig. 2(a) indicate where the probe was positioned relative
to the edge of the foil (lower right corner) for the thickness versus center
of symmetry determinations, and correspond directly to the four series of +g
CBED patterns.labe11ed (a) through (d) in Fig. 3. The probe was located at these
positions by observing the ghost image with the 2nd condenser 1lens in an
underfocussed condition, as illustrated in Fig. 2(b), where the probe is located
at position (d) in the thinnest region of the foil. The results of the center
of symmetry tests are shown in Fig. 3, where the sample thickness decreases from
(a) to (d), and 1101 and 1701 discs are shown on either side of the [1102] zone
axis pattern for each thickness.

Examination of the intensity fringes and HOLZ lines within the ZOLZ discs
in the zone axis pattern in Fig. 3(a) shows that both the bright field disc and

whole pattern have 1m symmetry, as indicated in the figure. In addition, the

7101 and 1707 discs both have the same Im symmetry when located at the Bragg



position, and the detail within these discs is related by a perfect translation
operation rather than by a 180 degree rotation. Thus, reference to Table 2 in
Buxton et al.l indicates that the diffraction group of this specimen is 2gmmg,
where the perfect translation operation (2g) between the hkl and hk1 reflections
consists of a rotation of either hkl disc by 180 deqrees about the center of
the pattern, followed by an additional rotation of 180 degrees about its own
center. Further knowing that the zone axis is [1?02], allows determination of
the point group from Table 3 as 6/mmm, which is correct for the space group
P63/mmc.

Fig. 3(b) shows a similar series of patterns taken in a thinner area of
the specimen, where HOLZ lines are just visible in the bright field disc in the
zone axis pattern. Analysis of these patterns yields the same results as above,
and the point group is again identified as 6/mmm. However, when the same g
experiment is performed in a slightly thinner area, where HOLZ lines are no longer
visible in the pattern and only weak 3-dimensional dynamical diffraction is
occurring, a different point group is obtained. First, notice that the intensity
fringes in the zone axis Z0LZ discs in Fig. 3(c) have 2mm symmetry. This is
not different from the previous patterns, but the absence of HOLZ lines now allows
this pattern to be interpreted as having a higher symmetry than before. .In
~addition, although the f]O] and 1101 discs still have 1m-symmetry, they are no
longer related by a perfect translation operation but rather, by a 180 degree
rotation. Hence, reference to Table 2 in Buxton et al.l now indicates that the
diffraction group of this specimen is 2mm, rather than 2gmmg, and similar reference
to Table 3 yields a lower-symmetry point group of émz, which 1is incorrect for
the space group P63/mmc. - The same experiment was again repeated in the thinnest

areas of the foil, where intensity distributions were just visible within the
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Z0LZ discs. .As shown by Fig. 3(d), the same incorrect diffraction and point
groups are obtained.

These results demonstrate conclusively that pattern symmetries which are
not representative of the actual projected symmetry of a material may be obtained
by CBED from thin specimens. In this investigation, two separate but related
effects were observed. First, Friedel's Tlaw (Egn. (1)) is a valid test for
centrosymmetry only under dynamical scattering conditions, where the intensities
in the CBED patterns are sensitive to the phases of the structure factors and
hence, to all of the symmetry elements of the space group. Thus, under conditions
where dynamical scattering is very weak and approaching kinematical scattering,
Egns. (1) and (2) may not apply. The result of approaching kinematical scattering
conditions in the CBED patterns in Fig. 3 is evidehced by an. increase in the
overall symmetry of the zone axis patterns, as large angle scattering is reduced
to the extent that HOLZ lines, which lower the symmetry of the zone axis patterns,
are no longer present. Second, Goodman and Moodie!3 have shown by n-beam dynamical
theory, that the presence of an incomplete unit cell at the surface of a crystal
can significantly alter the diffracted amplitudes from that crystal. Goodman'4
has also illustrated the effect of having such an incomplete unit cell on the
element of centrosymmetry in CBED. Hence, if relaxations or rearrangements of
atoms occur on the surfaces of specimens or through part of the bulk due to a
loss of elastic constraint in the thin dimension, the alterations of phases
introduced by these changes may be severe enough in thin specimens to mask the
element of centrosymmetry actually present in the material. This effect is thought
to have resu]ted in the failure of the specific +g test to identify the element
of centrosymmetry in thinner areas of the specimen in Figs. 3(c) and (d), where

only weak dynamical diffraction 1is occurring. A similar effect might also be



observed for thin specimens which are slightly bent. Thus, both of these effects
lead to the result that the symmetry which is observed in the CBED pattern may
be related to the conditions of the specimen, rather than to the actual space
group of the material. Obviously the ideal case of an infinitely-thick,

parallel-sided specimen is never achieved; however, for correct interpretation
of CBED patterns during point and space group determinations, these conditions
should be satisfied as nearly as possible. .

It is also significant that the failure of the +g test for centrosymmetry

occurs at about the same specimen thickness as the loss of HOLZ lines and-

concurrent increase in the overall symmetry of the zone axis patterns. Thus,

as long as HOLZ lines are visible within the convergent-beam discs, the +g test

for centrosymmetry appears to ‘be valid. The presence of these HOLZ lines in
CBED patterns can then be wused to experimentally verify that symmetry
determinations are being performed in an area of the specimen which satisfies
the required conditions of strong dynamical scattering. |
CONCLUSIONS
The results of specific +g CBED tests for centrosymmetry performed over
a range of specimen thicknesses in QQtitanium demonstrate experimentally that
thin specimens may display a lack of centrosymmetry and/or a hjgh zone axis pattern
symmetry due to the Timited specimen thickness, rather than to the space group
of the material. It is therefore important that point and/or space group
determinations be performed on specimens which are thick enough for strong
dynamical diffraction to occur, as evidenced by the presence of HOLZ Tines within
the CBED discs. Particular care must EF taken when performing symmetry

determinations on the small particles (<1000 A) which are of greatest to materials

scientsts because of their strong influence on the properties of engineering

materials.
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FIGURE CAPTIONS

High-resolution electron micrograph showing the interfacial structure at the
edge of a ' plate-shaped precipitate. The foil orientation is such that the
electron beam is parallel to the face of the pfecipitate, and the matrix and
precipitate are viewed along <110>fcc//<11§0>hcp directions, respectively. These
precipitates grow by the passage of Shockley partial dislocations along alternate
{117} matrix planes, which changes the fcc matrix stacking to the hcp precipitate
structure. A chemical change must accompany this structural transformation,
in order to produce y ' precipitates with the composition AgpAl from the Al-rich
solid solution matrix.

(a) Bright field electron micrograph showing where the electron beam was located
relative to the edge of the foil (a through d), for the four series of +g CBED
experiments in Figs. 3(a) through (d). (b) Ghost image of foil with probe positipned
at location (d), near the edge of the hole. The probe diameter is about 400
A.

(a) through (d) Four series of +g experiments performed over a range of specimen
thicknesses for o -titanium in a [1302] orientation. For each thickness, the
zone axis pattern is shown in the center, with the 1101 and 1101 discs at their
Bragg positions 1located to the left and right, respectively. Notice that the
decrease in specimen thickness from (b) to (c) produces an increase in the overall

symmetry of the zone axis pattern and a loss of translational symmetry between

the intensity fringes in the 1101 and 1107 CBED discs.



<17

A S

B e s S s o
N A

e
ek AR,
e S

s

i g
N

Sk

A

e
EIERE A e

e
o

e
o e,
b 0 3 7r www‘w.w«:&g ;

XBB 842-1212



~13-

XBB 840-7654

Fig. 2



Increasing Thickness(x Eg)—s

s | B

Fig.

0000

1101

'm
)y

XBB 840-7664

=



This report was done with support from the
Department of Energy. Any conclusions or opinions
expressed in this report represent solely those of the
author(s) and not necessarily those of The Regents of
the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy.

Reference to a company or product name does
not imply approval or recommendation of the
product by the University of California or the U.S.
Department of Energy to the exclusion of others that
may be suitable.




TECHNICAL INFORMATION DEPARTMENT
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

LI





