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Preface

My first motivation to have been concerned in convergent-beam electron diffraction (CBED) was to
measure the absorption coefficient of barium titanate (BaTiO,). For this purpose, | stayed at the labora-
tory of Professor K. Moliére of Fritz-Haber-Institut der Max-Planck-Gesellschaft. There, | learned the
CBED technigue from Dr. G. Lehmpfuhl, who had already published pioneering papers in the field of
modern CBED, and learned many theoretical aspects from Dr. K. Kambe, whose profound knowledge
on diffraction physics impressed me grately. After coming back to Japan, | had to wait several years to
begin CBED work because of financial and technical problems. JEOL microscopes in those days were
equipped with a conventional objective lens, which was inconvenient for CBED work, and did not have
a good enough vacuum. In the meantime, Dr. P. Goodman made a great contribution to the symmetry
determination of crystals. Professor J. W. Steeds and his coworkers established a method to deter-
mine crystal point-groups. Owing to these developments, the importance of the CBED method rapidly
gained recognition in the electron microscopy community. We purchased at length an electron micro-
scope, converted for CBED use, the JEM-100CX. Since then, | have concentrated on CBED studies.
The LaB; electron source of the microscope was replaced by a brighter one or a field-emission gun.
Afterwards, an electron microscope, the JEM-2010 equipped with an imaging plate system, has been
installed for both CBED and HREM use. These two electron microscopes, together with the JEM-
2000FX, have helped create our achievements. It is happy for us that we have been able to make con-
tributions in the field of electron microscopy and crystallography — the large angle technique, symme-
try determination and lattice-defect identification.

| owe our achievements on CBED work firstly to the warm-hearted late Professor G. Honjo, the
supervisor of my doctor thesis, who had made the effort to send me to Professor K. Moliére. Secondly,
| owe very much to Professor K. Moliére for his generous hospitality during my whole stay in Berlin.
Thirdly, my great thanks are due to Dr. G. Lehmpfuhl for his instruction in the CBED technique and col-
laboration in the work on barium titanate, and to Dr. K. Kambe for his theoretical advice and personal
encouragement. | also thank Mrs. L. Schulz for her skillful and kind arrangements for my stay in Berlin.

The CBED method was established in the mid-1980's as an important technigue in analytical electron
microscopy and has now entered into the stage of application. We have already published two books
on CBED and have received favorable reviews. After those publications, the method to determine the
space groups of incommensurate crystals has been completed, the space groups of decagonal gua-
sicrystals have been clarified and some of them have been discovered, and the methods to identify
crystal lattice-defects have been polished up. In the present volume, we include these materials. We
also deal with coherent CBED patterns (a recent topic), CBED patterns taken with a high-voltage
electron microscope, crystal structure analysis which is our final goal, and other subjects. We
provided some personal computer programs in the previous editions. Various good programs have
become widespread in recent years in a very convenient form; therefore, we do not carry the programs
in this edition. We have paid great attention to providing photographs that are as near perfect as possi-
ble. | hope these materials serve to allow readers to appreciate a glimpse of the beauty and exquisite-
ness of nature.

The data shown herein was obtained with the cooperation of successive graduate students of
Physics Course, Tohoku University. They include Mr. T. Kaneyama (EM Group, JEOL Ltd.), Mr. A,
Ishikawa (R&D Department, Nippon Precision Circuits Inc.), Mr. M. Saito (Hitachi Research Laboratory,
Hitachi, Ltd.), Miss M. Takahashi (LS| Memory Division, NEC Corporation), Mr. A. Fujiwara (R&D
Group, Oki Electric Industry Co., Ltd.), Mr. S. Yamada (Doctor Course of Physics, Tohoku Univ.), Miss
M. Takizawa (Application & Research Center, JEOL Ltd.), Mr. O. Kamimura (Advanced Research Lab.,
Hitachi, Ltd.), Mr. K. Saitoh (Doctor Course of Physics, Tohoku Univ.}, Mr. Y. Nishida (Master Course of
Physics, Tohoku Univ.) and Miss N. Kanda (Master Course of Physics, Tohoku Univ.}). The photographs
included in this publication were taken with a JEOL electron microscope JEM-100CX equipped with a
field emission gun (FEG), a JEM-2000FX, a JEM-2010 equipped with an imaging plate system, a JEM-
2010F owned by JEOL Ltd. and a JEM-ARM1250 installed at the High Voltage Electron Microscope
Laboratory of Tohoku University.



| express my cordial gratitude to the JEOL Ltd. staff, especially Mr. T. Eto (President), Mr. A. Fuse
and Dr. Y. Harada for promoting and supporting this publication and to Mr. Y. Ishida and Mr. T. Honda
for their devoted collaboration in instrumental development. | wish to thank Mr. F. Sato of our lab for
his dedicated maintenance of the JEM-100CX-FEG, JEM-2000FX and JEM-2010, and for his highly
skilled photography. Thanks are also due to Mr. E. Aoyagi of our university for his favorable arrange-
ments to use the JEM-ARM1250. | am grateful to Miss M. Kita of our lab for her devoted typing of the
manuscript.

Also, without the unstinted help of Mr. H. Matsuo and Mr. T. Handa of JEOL Ltd. in the compilation
of the book, and of Mr. T. Takamatsu of JEOL Technoservice Co., Ltd. in the critical reading of the
manuscript, this edition could never have been possible. It is my pleasure to pay a tribute also to Mr. T.
Kondo of Kyoritsu Printing Co., Ltd. for the excellent printing of this book. Some of the photographs
contained herein were reprinted from our papers with the publishers’ kind permission.

This work was supported financially by the Grant-in-Aid for Scientific Research (No. 02402055), the
Grant-in-Aid for Developmental Scientific Research (No. 01880014, No. 0554005) and the Grant-in-Aid
for the Encouragement of Young Scientists (Terauchi: No. 03780053, No. 04740186, No. 05740193;
Tsuda: No. 0523, No. 056740218), from the Ministry of Education, Science and Culture of Japan.
Recently, | have been informed that my proposal to Grant-in-Aid for Specially Promoted Research for
purchasing a new electron microscope equipped with an energy filter was accepted by the same
Ministry (No. 06102003).
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Introduction

When the accelerating voltage for the incident beam
is lowered, higher-order Laue-zone (HOLZ) reflections
with lower indices are excited. This enables us to
obtain three-dimensional symmetries more easily than
at higher accelerating voltages. If a low accelerating
voltage and an ultrahigh vacuum specimen chamber
are available in an electron microscope, convergent-
beam electron diffraction (CBED) of the transmission
type can be applied to studies of surface science. We
already showed CBED patterns taken at an accelerat-
ing voltage of 20kV [1]. We have challenged to take
CBED patterns at low accelerating voltages around
10kV,

Introduction of diperiodic plane figures by Buxton et
al. [2] clarified that a fourfold rotoinversion or 4-axis
can be observed in CBED patterns. The symmetry,
however, has not ever been observed in a complete
form, and thus not used for the point-group determina-
tion of materials because it requires four different
crystal (or condenser aperture) settings. To complete
the examination of the symmetries appearing in CBED
patterns, a CBED symmetry 4, due to the 4-axis has
been examined by three methods which include the
technique developed by Terauchi and Tanaka [3], [4).

The recording device for electrons is now changing
from a traditional negative film to a slow-scan charge-
coupled device (SSCCD) and to an imaging plate (IP)
or, in other words, from an analogue device to a digital
one. The new tools, each of which has a wide dynamic
range and linear response in intensity recording,
enable quantitative studies using the intensities of
CBED patterns. Prior to quantitative studies, the
devices are used effectively for the examination of
symmetries of CBED patterns. Digital image-process-
ing allows us to elucidate the symmetries of reflections
with weak-intensity and monotonic-intensity distribu-
tions in a CBED disk — sometimes producing humor-
ous patterns — and to make clear the CBED patterns
by subtracting the background intensity. Effectiveness
of the image processing is demonstrated for several
examples. In a previous volume [4], the sensitivity of
CBED patterns to the small breakdown of crystal sym-
metries was shown. In the present volume, the degree
of real symmetries appearing in CBED patterns is
expressed in a quantitative manner by digital process-
ing of the patterns recorded on imaging plates. It is
interesting to know what extent of deviation from the
correct symmetry is permissive for visual examination.

4

It is fun to determine a space group from the symme-
tries of CBED patterns. We shall here introduce three
examples which help readers become familiar with
space-group determination by CBED. The first exam-
ple is rutile (TiO,), whose space group is well known.
The second is the intermediate- and low-temperature
phases of hexagonal BaTiO,, whose space groups were
determined reliably by CBED for the first time. The
third is Sm,Se,, which is expected to have a different
space group from the reported one.

The previous volume [4] included the CBED symme-
tries of incommensurate crystals. One-dimensional
incommensurately modulated crystals can be regarded
as four-dimensional crystals. We have clarified the the-
ory interrelating the symmetries of CBED patterns and
four-dimensional point-group symbols for incommen-
surately modulated crystals. The above theory is
demonstrated using Sr,Nb,O. and Bi,Sr,CaCu,O,, ; with
incommensurate modulations [5]. It is shown that
approximate dynamical extinctions occur in incom-
mensurate reflection disks [6]. In our treatment, the
amplitude of the incommensurate modulation wave is
assumed to be small. The study should be extended to
composite crystals, which consist of two structures
whose periods are of an incommensurate ratio.

In quasicrystals, the icosahedral phase was first dis-
covered and became a target for intensive research.
The phase can have two point groups, 235 and m35,
the latter having been found to date. Recent studies
have been focused on the decagonal phase. We derived
the point groups of decagonal and pentagonal systems,
by analogy of hexagonal and trigonal point groups. We
discovered decagonal quasicrystals which belong to
two different point groups or to three different space
groups. Among them, the decagonal phase with a
space group of Pl0Om?2 is included, which is the first
noncentrosymmetric space group in quasicrystals. The
phase with Pl0m2 exhibits inversion domains accom-
panying an antiphase shift at the domain boundary.
Further studies to discover other decagonal phases
having different point and space groups are continu-
ing.

Crystal-structure analysis is one of the development
goals of the CBED technique. Its greatest advantage
exists in making possible structure analysis from a
crystal area about one nanometer or less in size, which
X-ray and neutron diffraction can not achieve. In the
structure analysis by X-rays and neutrons, positional



parameters are refined by measuring the intensities of
many reflections, namely, more than five times the
number of the parameters to be determined. Since
electron diffraction requires no difficult correction like
that of extinction, which is important in X-ray analysis,
accurate intensity profiles can be obtained, which is
suitable for fitting with the intensities calculated by
the dynamical theory of electron diffraction. This mat-
ter probably decreases the number of reflections
needed in obtaining the parameters with high accu-
racy. When the reflection intensities originated from a
specific Bloch wave are used, the positional parame-
ters of a definite atom can be selectively determined.
As far as inorganic materials are concerned, it is hard
to find substances whose structures are completely
unknown. Secondary structures or deviations from the
basic structures govern the physical properties useful
in technology. Thus, it is important from the practical
viewpoint to develop a CBED structure-refinement
method similar to the Rietvelt method. In this volume,
crystal-structure refinement of SrTiO, [7], which under-
goes a typical second-order phase transformation, and
CdS, which has a simple noncentrosymmetric struc-
ture, are demonstrated. Energy filtering is an indis-
pensable technique for quantitative CBED studies.
Since plasmon scattering and phonon scattering at
small angles cause intraband and interband transitions,
respectively, the former had been considered less
harmful to diffraction patterns than the latter, until we
demonstrated what clear patterns appeared when plas-
mon scattering was removed [8]. The effect of energy
filtering is demonstrated for Si and FeS,.

Crystal lattice-defects are sorted by their dimensions:
point defects (0-dimension), dislocations (1-dimen-
sion), stacking faults and twin boundaries (2-dimen-
sion) and voids and clusters (3-dimension). From
the viewpoint of the contrast theory of electron
microscopy, it is convenient to sort them into defects
causing phase shifts and those causing angular
changes. A typical example of the former is a stacking
fault and that of the latter is a twin boundary.
Dislocations have been treated as an extension of the
former. We have described the identification methods
for stacking faults, dislocations and twin boundaries
[4], [9]. The diffraction intensity I from a lattice defect
is given as a function of position r and orientation 8 or
I(r,8). The traditional electron-microscope method
examines in most cases the intensity with respect to

the distance from the defect, I(r). Contrary, the con-
ventional CBED method studies diffraction intensity
changes at the defect with respect to the incident
beam orientation, I(6). These two methods give com-
plementary information for lattice-defect identifica-
tion. The large-angle CBED (LACBED) method [10],
[1], however, provides intensity variation for both
parameters, I(r,0). Therefore, the LACBED method is
quite an effective method to identify lattice defects. A
procedure to determine the shift vector of the stacking
fault [11] using LACBED is presented for TiO, and Si.
The rocking curves obtained from the fault are inter-
preted by phase-amplitude diagrams calculated dynam-
ically. In the case of Burgers vector determination,
Niu, Wang and Lu [12] gave a more useful convention
for determining the sign of g-b than we did [4], where
g is a reflection vector and b is the Burgers vector of a
dislocation. We give an exercise to determine the
Burgers vector of a dislocation using their convention
[9]. Wen, Wang and Lu [13] discovered a clever method
to distinguish a screw and an edge dislocation using
zone-axis LACBED patterns. A clear difference
between the LACBED patterns produced by screw and
edge dislocations is demonstrated for graphite and Si
[9]. The LACBED method provides an accurate deter-
mination method for an angular difference at a twin
boundary, which lies oblique to the incident beam [9].
Examples of the determination are shown for NiO and
Co0. Based upon such developments since the last vol-
ume, the standard methods to identify the three types
of lattice defects using LACBED are described effi-
ciently. It should be noted, however, that the methods
for stacking faults and twin boundaries hold for not-
strongly dynamical situations. When strong dynamical
effects occurring at excitation error w<1 are studied in
detail and utilized, further information may be
obtained. A method which corresponds to the weak-
beam method should also be studied.

When an electron source with high brightness (i.e.,
field-emission gun: FEG) is used, interference fringes
are produced in the overlapping regions of CBED
disks. An early observation of interference fringes in
overlapping CBED disks was conducted by Dowell and
Goodman [14] for a graphite double-crystal, using a
tungsten filament as the electron source. Spence and
Cowley [15] discussed in detail the interference effect
from perfect single crystals appearing in overlapping
CBED disks for both cases of scanning transmission
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electron microscopy (STEM) and conventional trans-
mission electron microscopy (CTEM). Cowley [16]
observed the interference fringes in CBED patterns
(shadow images) from 2TiO,.-7Nb,O, with a lattice spac-
ing of 1.05nm, using an HB5 scanning transmission
electron microscope equipped with an FEG, though
the fringes were distorted by the aberration of the
probe forming lens. Lin and Cowley [17] analyzed the
distorted figures to calibrate the operating parameters
of the STEM instrument. Vine et al. [18] and Steeds et
al. [19] observed the distortion-free interference
fringes of 6H polytype SiC with a lattice spacing of
1.51nm in overlapping regions of CBED disks, by using
an HF-2000 electron microscope equipped with an
FEG. They showed that the fringes with a shift of a
half period were due to the existence of a glide sym-
metry. They demonstrated that the phases of crystal
structure factors can be determined from the relative
positions of the fringes. Terauchi et al. [20] observed
mirror and glide symmetries of Sr,Nb,O,, Sr,Ta,0, and
FeS,, using the interference fringes. They observed
interference fringes of FeS, with a lattice spacing of
0.27nm, using a JEM-2010F electron microscope
equipped with an FEG. Recently, Tsuda et al. [21] suc-
ceeded in observing interference fringes of Si with a
lattice spacing of 0.192nm, using the JEM-2010F. This
implies that a beam smaller than the lattice spacing of
0.192nm was realized at the focused point of the inci-
dent beam. Application of the interference effect or
coherent CBED to real crystals requires to obtain a lat-
tice spacing of at least 0.2nm. A recent development of
an electron microscope equipped with an FEG has
made it possible to create a fine probe and obtain the
fringes of such a spacing. It is a future problem how
small a beam can be attained in an electron micro-
scope. Electrical and mechanical stabilities of the
microscope as well as the electron source, and the
aberration of the objective prefield are important fac-
tors for solving this problem. We have succeeded in
taking interference fringes of 1.3nm, using an LaB,
emitter with the aid of imaging plates and digital image
processing. The fringe features which can be kinemati-
cally interpreted appear only for thin crystalline speci-
mens up to approximately 10nm. Interpretation of real
fringes necessitates dynamical calculations, though the
symmetries between the fringes in the different disks,
which originate from crystal symmetries, are pre-
served. How the phases of the observed fringes vary
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with the specimen thickness is demonstrated, their
quick changes with the thickness being noted. Various
applications of coherent CBED are open to imperfect
crystals.

The greatest advantage of high-voltage electron
microscopes is to improve resolvable distances in elec-
tron microscope images mainly due to the decrease in
the wavelength of electrons, though radiation damages
become serious. Another advantage is to allow us to
examine thick specimens. The accelerating voltage is
an important parameter also for CBED, though three-
dimensional information is apt to be lost at high accel-
erating voltages. CBED is a suitable method to observe
the critical voltage [22], which is useful for studying
ionic states of atoms. In fact, such studies have been
continued using critical voltages for systematic reflec-
tions. The zone-axis -critical voltage was studied by
Steeds et al. [23], though it has not since been used for
materials researches because of its insufficient sensi-
tivity to the accelerating voltage. Systematic studies of
the critical voltage for different crystal types and dif-
ferent crystal orientations should be performed. We
demonstrate CBED patterns taken with a new high
voltage electron microscope, the JEM-ARM 1250, which
is installed at the high voltage electron microscope lab-
oratory of Tohoku Univ. These patterns show another
different beautiful aspect of CBED patterns, not
obtainable in those taken at lower accelerating volt-
ages, to which we are accustomed. We have succeeded
in taking CBED patterns at 1250kV, the highest accel-
erating voltage to date.

The “Miscellaneous” section contains the observa-
tion of magnetic domains, the determination of the lat-
tice parameters and alloy compositions, and selected
area CBED patterns. It should be noted that CBED
provides a new method to observe magnetic domains.
HOLZ lines are conveniently used for lattice parameter
determination. As an example, determination of the
compositions of Fe-Ni alloys using HOLZ lines is pre-
sented. Selected area CBED patterns vividly show one-
to-one correspondence between the electron probe
position on the image and the CBED pattern.

Original or monochrome CBED patterns are very
enjoyable for our eyes. Color presentations will offer
another way of enjoying the patterns.

Lastly, we introduce a book by Spence and Zuo [24],
which is the best reference to learn extensive sub-
stances of the CBED method. A chapter of the



International Tables for Crystallography by Goodman
[25] is important literature written by a true pioneer of
CBED. A book chapter of Eades [26] provides a neat
guide to CBED. A short handbook by Jackson [27]
includes a CBED chapter, which carries simple but
useful figures, equations and tables. A recent review
on CBED [28] treats symmetry determination of three-
dimensional and high-dimensional crystals and crystal
structure determination.
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Abbreviations of Technical Terms

CBED Convergent-Beam Electron Diffraction

ZAP Zone-Axis Pattern

WP Whole Pattern

BP Bright-Field Pattern

DP Dark-Field Pattern

+DP +G Dark-Field Pattern

ZOLZ Zeroth Order Laue-Zone

H(F, S)OLZ Higher (First, Second) Order Laue-Zone

GM Line Gjgnnes-Moodie Line = Dynamical Extinction Line
LACBED Pattern Large-Angle CBED Pattern

SMB Pattern Symmetrical Many-Beam Pattern

SA-CBED Pattern Selected-Area CBED Pattern

CTEM Conventional Transmission Electron Microscopy
STEM Scanning Transmission Electron Microscopy
HREM High-Resolution Electron Microscopy
SAMAG Mode Selected Area Magnification Mode

SADIFF Mode Selected Area Diffraction Mode

BF Image Bright-Field Image

DF Image Dark-Field Image

FEG Field Emission Gun

CL Condenser Lens

OL Objective Lens

IL Intermediate Lens

1P Imaging Plate

SSCCD Slow Scan Charge-Coupled Device

WS Work Station

MEM Maximum-Entropy Method

FWHM Full Width at Half Maximum

CTB Coherent Twin Boundary
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Symmeitry
Determination



Low Accelerating Voltages

When the accelerating voltage is lowered, the probe
current on a specimen decreases because the potential
at the first accelerator in the accelerating tube lowers.
In the normal use of a JEM-2010 microscope, electrons
emitted from an LaB; cathode are accelerated serially
by six accelerators, which are each supplied with a
potential of one-sixth the total accelerating voltage. It
is a question how to obtain a sufficient probe current
on a specimen for the observation of CBED patterns at
lower accelerating voltages.

In our microscope, two-stage acceleration is possible
instead of usual six-stage acceleration when it is used
at accelerating voltages below 50kV. That is, the poten-
tials of the second and subsequent accelerators are set
at the anode (ground) potential; electrons are acceler-
ated at the first stage by a potential of half the total
accelerating voltage. This technique allows easy obser-
vation of CBED patterns at lower accelerating voltages.

When the accelerating voltage is lowered, the
background due to inelastically scattered electrons
becomes serious. Use of the selected area (SA) aper-
ture can eliminate inelastically scattered electrons to
high angles. We have succeeded in taking CBED pat-
terns of graphite at 8kV, which is the lowest accelerat-
ing voltage employed to date. It appears that CBED
patterns can be obtained even at accelerating voltages
lower than 8kV with our JEM-2010.
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Graphite [0001]

20kV

15kV
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Graphite [0001]

10kV

8kV
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Fourfold Rotoinversion

A perfect crystalline specimen, which is parallel sided
and extended infinitely in two dimensions, has ten
point-group symmetry elements, viz., one-, two-, three-,
four- and six-fold rotation axes and a mirror plane,
which are perpendicular to the specimen surface; an
inversion center; a twofold rotation axis and a mirror
plane, which are parallel to the surface; and a fourfold
rotoinversion or 4-axis perpendicular to the surface.
The symmetries of CBED patterns caused by the last
four elements can be understood with the help of the
reciprocity theorem. The CBED symmetry of the last
symmetry element or the 4-axis is exhibited in three
ways [a].

The symmetry element or the 4-axis is illustrated in
Fig. (a). It is noted that the 4-axis contains a twofold
rotation axis. The symmetry of a CBED pattern due to
the axis is illustrated in Fig. (b). The cross at the center
is the direction of the 4-axis. The four larger circles
show the reflection disks in four different CBED pat-
terns taken at the Bragg settings for the reflections.
The center of each disk corresponds to the exact Bragg
position of each reflection. The smaller circles in the
disks are the marks to express the symmetry of the pat-
tern. This symmetry is called 4,. The operation 4, is a
combination of a rotation 2774 of a smaller circle about
the zone axis (+) and a rotation 7 about the exact Bragg
position. A set of four reflection patterns can not be
taken simultaneously with one exposure but with four
exposures by the excitation of respective Bragg reflec-
tions. Hence, this pattern symmetry has not been used
for the detection of the 4-axis because of experimental
inconvenience.

1) A clever way of detecting the 4-axis is to use a
zone-axis pattern taken at an electron incidence paral-
lel to the 4-axis. The pattern of a bright-field (BF) disk
shows a fourfold rotation symmetry, which is created
by displacing the four diffraction disks in Fig. (b) onto
the zone axis or the BF disk. The whole pattern, which
is composed of the BF pattern and reflection patterns
surrounding the BF disk, shows a twofold rotation
symmetry because the 4-axis contains a twofold rota-
tion axis. It should be noted that the twofold rotation
symmetry does not appear until three-dimensional
interaction takes place or higher-order Laue-zone
reflections appear.

2) When we apply the symmetrical many-beam (SMB)
method [b], symmetry 4, can be observed in one CBED
pattern, though the pattern obtained is a half of the pat-
tern of Fig. (b). That is, Fig. (¢) schematically shows
the CBED symmetry due to the 4-axis appearing in a
simultaneously excited four-beam pattern, which is
obtained by tilting the incident beam from the zone
axis to g/2, g being the diffraction vector of reflection

G. Thus, the centers of the DF disks G, F and F’ are set
at the exact Bragg positions. Between the two DF disks
F and F” is seen the symmetry 4,, which corresponds
to a half of the pattern of Fig. (b).

3) When the technique invented by Terauchi and
Tanaka [3], which is a kind of an LACBED technique, is
applied to the 4-axis, the symmetry 4, of Fig. (b) can be
obtained on one film with one exposure. We demon-
strate the CBED symmetry 4, due to the 4-axis for ZnTe
and GaAs, which belong to the space group F43m.

References

[a] M. Tanaka, M. Terauchi and F. Sato: Ultramicro-
scopy, 55 (1994) 241.

[b] M. Tanaka, R. Saito and H. Sekii: Acta Cryst., A39
(1983) 357.
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ZnTe

[001]

60kV

Diff. group Bright-field pattern

4R

4pmmp

The photograph shows a zone-axis CBED pattern of
ZnTe, which was taken with the [001] electron inci-
dence at an accelerating voltage of 60kV. The BF pat-
tern shows a fourfold rotation symmetry and two types
of mirror symmetries along the <100> and <110> direc-
tions, the total symmetry resulting in a 4mm symmetry.
The whole pattern symmetry is determined by examin-
ing HOLZ lines appearing in the diffraction disks. A

16

4

dmm

Whole pattern
2

2mm

close inspection reveals that the defect HOLZ lines in
the 200 and equivalent disks, which are indicated by
the arrowheads, form a 2mm symmetry. That the BF
pattern has a fourfold rotation symmetry and the whole
pattern a twofold rotation symmetry ascertains the
existence of the 4-axis or the fourfold rotoinversion in
ZnTe.



67kV

Diff. group Dark-field pattern
T 7
4R

4Rmm R
4 R

. U +

The photograph shows an SMB-CBED pattern of
ZnTe, which was taken by exactly exciting the 220, 220
and 400 reflections at an accelerating voltage of 67kV.
The accelerating voltage was chosen so that the HOLZ
lines are clearly seen in the DF disks. A 4, symmetry is
seen between the 220 and 220 disks, showing the exis-
tence of a 4-axis. An m, symmetry [1] appears to exist
in each of the two disks, and 4,m, symmetry, which
does not exist theoretically, looks to exist between the
two. It should be noted that the m, symmetry is a spuri-
ous symmetry described in the reference [4].
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The method of Terauchi and Tanaka [3], [4] can take
a CBED pattern from a specimen area about 100 nm in
diameter with exact Bragg positions simultaneously
kept at the centers of all DF disks.

The figure illustrates the ray diagram of the method.
The incident-beam angle is made larger than that in the
ordinary CBED method by removing the condenser
aperture from the optical axis. The selector aperture is
inserted in the optical axis. The excitation of the objec-
tive lens is increased so that the crossover point of the
incident beam is imaged above the selector aperture.
As aresult, the back focal plane moves from plane A to
a plane written as Diff. plane, but the two planes are so
close to each other that they need not be distinguished.
The intermediate lens remains focused on plane A. The
specimen position is shifted from S to S” with a speci-
men height control so that the exactly Bragg reflected

beam crosses the optical axis at the selector aperture.
The dotted line in the diffracted beam shows the direc-
tion of the exact Bragg angle. This implies that the
exact Bragg position can be brought to the center of
each diffraction disk.

The maximum nonoverlapping disk size on plane A is
limited to the Bragg angle of the lowest-order reflection
or one-half the angle obtained by the ordinary CBED
method. Larger angular spreads can be obtained when
CBED patterns are taken at a plane B. A disk size
almost twice that at plane A is obtained. The selector
aperture normally selects a specimen area, but in the
present method, it selects both the illuminated speci-
men-area size and the angular size of the incident beam
because a defocused image is formed on the selector
aperture.

Optical axis

i OL

......

Diff. plane

A

HY O W

Selector aperture
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ZnTe [001] 60kV

The photograph shows a CBED pattern taken with
the [001] electron incidence at 60kV using the tech-
nique of Terauchi and Tanaka [3], by which the centers
of all the diffraction disks are brought to the respective
Bragg positions. The 200 and 800 reflections and their
equivalents clearly show an m, symmetry [1] due to a
horizontal twofold rotation axis parallel to the <100>
axis. It is seen that the defect HOLZ lines shaped like

scissors form a 4, symmetry between the 800 and
equivalent reflections, though the m, symmetry is
superposed on it. The resultant symmetry is schemati-
cally shown in the figure. This symmetry is also seen
for the curved doublet of HOLZ lines appearing
between the 200 and equivalent reflections. The photo-
graph provides a complete observation of the 4, sym-
metry of Fig. (b) on page 15.
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GaAs

[001] 60kV

Diff. group

4pmmp

The photograph shows a [001] zone-axis CBED pat-
tern of GaAs taken at an accelerating voltage of 60kV.
The BF pattern shows a 4mm symmetry. The inner-
most intensity lines of two HOLZ reflections, A and B,
have stronger intensities than those in the reflections C
and D. Hence, the HOLZ reflections form a twofold
rotation symmetry. This result shows the existence of a

20

Bright-field pattern

4dmm

Whole pattern

2mm

4-axis in GaAs though two mirror symmetries about the
<110> directions are added, the whole pattern symme-
try being 2mm. Another set of four insets in the [100]
and [010] directions also shows a 2mm symmetry
clearly. The selective observation of only symmetry 4,
is possible when the 420 and its equivalent reflections
are used.



[001] 60kV

The photograph shows a CBED pattern taken with
the [001] electron incidence at 60kV by the technique of
Terauchi and Tanaka [3]. Two sets of 420 reflections, A
and B, each consisting of four reflections, contain a
+ fine defect line originating from HOLZ reflections. The
defect lines in each set form a 4, symmetry without the
superposition of other symmetries.
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Image Processing

CBED patterns have a wide dynamic range of intensi-
ties. When traditional films are used for recording
them, their weak-intensity parts are below the level of
background noise and strong-intensity parts exceed
the saturation level of the film. The imaging plate (IP)
has high sensitivity, wide dynamic range and linear
response to the dose of incident electrons. Since
recorded images on IPs are read out by a laser beam as
digital data, image processing is easily carried out
using a computer.

When CBED patterns are taken from a thick region,
background intensity is high due to inelastically scat-
tered electrons. The background intensity can be easily
subtracted in a computer when the patterns are
recorded on an IP. Therefore, clear symmetries can be
recovered from a smeared pattern. When a pattern
recorded on an IP is processed by a comb-shape func-
tion, then both weak- and strong-intensity parts are
brought to a similar grayscale level. CBED patterns
taken from thin specimen areas have a monotonic
intensity distribution and do not show a clear symme-
try. When such patterns are processed by a comb-shape
function, the intensity difference can be enhanced and
hidden symmetries are revealed. A high pass filter was
applied to subtract a pattern formed by ZOLZ reflec-
tions and to elucidate HOLZ lines.

Symmetries of actual CBED patterns were quantita-
tively investigated by examining the difference between
symmetry-related parts in the patterns. It is interesting

to know the magnitude of the deviation from a perfect
symmetry, which is negligible in the examination with
the naked eye. The use of the imaging plate followed by
image processing is effective in observing the symme-
tries of CBED patterns and examining CBED patterns
quantitatively.
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Subtraction of background

Au,Cug,

Original

Processed

Photograph (a) shows an original CBED pattern
recorded on an IP from a thick specimen area of
Au,Cug,. Photograph (b) is a processed pattern, in
which background intensity is subtracted by a process-
ing function as shown in the attached figure.

100kV

(a)

(b)

Gray-scale

1

|

| I | ol
Original intensity

]

I
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Comb-shaped filter

GaAs [001]

Photograph (a) shows a positive print of an original
CBED pattern of GaAs recorded on an IP. The inner-
most 200 reflection is too weak to show a symmetry.
The BF pattern is oversaturated in intensity on the pos-
itive print.

Photograph (b) on the opposite page is a pattern
processed by a comb-shape function, showing a clear
4mm symmetry in the BF and 200 DF disks. This pro-
cessing produced humorous patterns in DF disks: fly-
ing birds in the 200 disks, monkeys in the 220 disks,
raccoons in the 400 disks and frogs in the 440 disks.

24

100kV

(a)



Gray-scale

B N O
Original intensity
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Nd,CuO, [001]

(a) Original

26

(b) Processed

100kV

Pattern (a) is a positive print
of an original CBED pattern
of Nd,CuO, recorded on an
IP. Because of small specimen
thickness, the intensity distribu-
tion shows monotonic changes
over the entire area of each disk.
Image processing by a comb-
shape function elucidates a hid-
den symmetry 4mm (Pattern

(b)).




Photograph (a) is an original
CBED pattern of FeS, recorded
on an IP, showing GM lines
in the 00/ (l=odd) reflections.
Intensities are oversaturated in
strong reflections on the posi-
tive print. A mirror symmetry is
clearly seen in a processed pat-
tern, Photo (b).

FeS, [100]

100kV

(a) Original
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Si [111] 100kV The effect of image processing
using a comb-shape function is

demonstrated for three patterns
with different specimen thick-
nesses, in Photos (a) to (f).

(a) Thin

(b) Medium

(c) Thick
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(f) Thick
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Si [111]
B

At

Image-processed CBED pattern of [111] Si by a comb-shape function.



TiO, [001]

100kV

Original

Processed
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Graphite [0001]

Image-processed LACBED pattern of graphite.




High-pass filtering

In a previous volume [1], analogue signal processing
using a band-pass filter was applied to elucidating fine
details of CBED patterns. In the following pages, exam-
ples of digital processing using a high-pass filter are
shown. ZOLZ interaction produces broad or low-fre-
quency CBED patterns but HOLZ reflections usually
form fine lines. When a high-pass filter is applied to the
patterns, broad ZOLZ patterns are removed but fine
HOLZ lines remain. HOLZ lines are thus clearly seen
without strong ZOLZ intensities though high-frequency
components included in the ZOLZ pattern still remain.
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Original

Processed

(c)

(d)

Si [111]

A series of zone-axis BF patterns of [111] Si. Photograph (a) is
the original simulated pattern, exhibiting ZOLZ and HOLZ patterns.
Photographs (b) to (h) are patterns processed by a high-pass filter
at different cut-off frequencies. The broad ZOLZ pattern is com-
pletely removed. The cut-off frequency increases from (b) to (h). It
is seen that the patterns of only higher frequencies remain in the
arranged order from (b) to (h).

(e)

(g)

(h)



SiC [0001]
(a) Original (b) Processed 100kV
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Comparison of zone-axis BF patterns of [0001] SiC without image processing (a) and with processing (b). Patterns (c) and (d) are
contour map presentations of patterns (a) and (b), respectively.
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FeS, [111]

(a) Original (b) Processed 100kV

(c) Original (contour map) (d) Processed (contour map)

Comparison of zone-axis patterns of [111] FeS, without processing (a) and with processing (b). Patterns (c) and (d) are contour
map presentations of the BF disks of patterns (a) and (b), respectively.
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Fvaluation of Symmeitries

Symmetries of CBED patterns are evaluated quantita-
tively using S-factor for a fourfold rotation symmetry of
a [100] zone-axis pattern of Si, a threefold rotation sym-
metry of a [111] zone-axis pattern of Si, and for a mirror
symmetry of a [100] zone-axis pattern of Si. In advance
of calculating S-factor, the axially symmetric back-
ground intensity, which is assumed expressed by a
Lorentz function b(7), is subtracted from the original
pattern. S-factors, S,.,., Sgr and S, are calculated for
the entire pattern, BF pattern and DF pattern, respec-
tively.

Real CBED patterns, which were considered to have
a perfect symmetry by visual examination, showed a

. \/ 2|1, -1, y)*

ZI(x, y)*

Huw?

72+w2

b(r)=

value of S=10%. The value may be attributed to the
angular inhomogeneity of the incident beam intensity
and to the thickness variation in the illuminated speci-
men area, the latter being a dominant contribution.
S-value for the inhomogeneity of the incident beam and
thickness variation are given on page 43.

()

Background surface

37



Si [100] — fourfold rotation —

(a) Original (b) Difference pattern 100kV

(a) Original pattern. (b) Difference pattern between the pattern (a) and the pattern rotated by 90° about the zone axis of the
original pattern

2000

1000

Counts / Pixel

000 022
| [ |
Thick and thin curves show line profiles along OA and OB in Photo (a).
Syt = 10.1%, Spp=T7.6%, Spr=12.4+0.5%

T
-
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Si [111] — threefold rotation —

Original Difference pattern 100KV

4000 — ;
MG

M Line profile

2000 -

Counts / Pixel

500 &
g
------------------------------------------------------ --—-500 A
| s 1 % Tl 5 1 - | e 1
0 200 400
Pixel
| 000 | | 220 |

| | | |
Siorar = 10.0%, Sgp=9.1%, Spp= 104+ 2.0%
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Si [100]

Original

— mirror symmetry —

| m Difference pattern

2000

1000

Counts / Pixel

| 000 | 022

| | | |
Sira = 10.3%, Spr=82%, Spp=12.0+ 1.3%

100kV




The table summarizes values of S-factors investigated

for three symmetries of three materials, which were
judged to have a very good symmetry by visual exami-

nation. All the S-factor values are about 10%.

The figure shows changes of S-factor with the rota-

at an exact rotation of 90°.

Sym. op. Siota (%) Spr (%) Spr (%)
4 10.1 7.6 12.4+0.5
Si[100]
m 10.3 8.2 12.0+1.3
3 10.0 9.1 10.4+2.0
Si[111]
m 9.5 8.2 10.0+1.5
FeS,[111] 3 10.4 8.1 13.9+2.8
TiO,[001] 4 9.9 5.1 9:6+3.1
80 .
70
60
280
e
“ gk
sb
et e e TR
0 £ 2] iy 1 .
80 85 90 95 100
Rotation angle (deg.)

tion angle for a fourfold rotation symmetry of [100] Si.
It is seen that S-factor takes a minimum value of 10.1%
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100kV

Thickness dependence of difference patterns
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0.4nm

At=0nm

2.0nm

How S-factor changes with small changes of speci-
men thickness was investigated for a BF pattern of
[100] Si calculated with a specimen thickness of 150 nm
at an accelerating voltage of 100kV. Twelve BF patterns
were calculated for different thicknesses of 150+A¢ nm.
Difference patterns between those patterns and the
pattern with a thickness of 150 nm are shown in two
ways on this page and on the opposite page.

The figure on the opposite page is a plot of the values
of S-factor as a function of the increment of thickness

At, showing a linear increase of the value of S-factor
with increasing thickness.

A separate experiment revealed that the inhomogene-
ity of the incident beam intensity in a CBED disk
accounted for about S=3%. The rest of S=10% observed
or S=7% may be attributed to a thickness variation in
the illuminated specimen area. The value of S=7% is
seen to correspond to a thickness increment of about
1.3 nm.
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Space-Group Determination

Procedure

A procedure of space-group determination is de-
scribed here in a simple manner. A rigorous and pre-
cise description is given in a review paper by Tanaka
[a], [28].

Four CBED patterns are taken from a thin parallel-
sided crystalline specimen: a bright-field pattern (BP),
whole pattern (WP), dark-field pattern (DP) and a pair
(+G) of dark-field patterns (+xDP). BP implies the
bright-field pattern observed in a pattern taken with the
electron incidence parallel to a zone axis (ZAP). WP
implies the resultant of BP and all the diffraction pat-
terns surrounding BP in the ZAP, or implies the ZAP
itself. DP implies the dark-field pattern containing an
exact Bragg position (angle). +DP implies a pair of DPs
whose reflection indices have opposite signs.

The diffraction group of a specimen is determined
from the symmetries of the above four patterns by
referring to Table (a) [1] in the following pages with the
help of the illustration of the DP and £DP symmetries
on page 48. Table (a), in which all the possible symme-
tries are given to avoid confusion, is a modification of a
table given by Buxton el al. [2]. When a diffraction
group is identified, possible point groups are seen by
referring to Table (b) on page 49, given by Buxton et al.
[2]. In a lucky case, one point group is selected but usu-
ally plural point groups correspond to the diffraction
group obtained. A different diffraction group is
obtained by examining CBED symmetries at the sec-
ond zone axis, and again its corresponding point
groups are selected using Table (b). Then, one point
group is identified by selecting a common point group
among the point groups obtained at different zone
axes. High-symmetry zone axes have to be chosen for
point-group determination because low-symmetry zone
axes exhibit only a small number of crystal symmetries
in CBED patterns.

When HOLZ reflections are weak and only ZOLZ
reflections are observed in a CBED pattern, the pattern
exhibits only the symmetry elements of the specimen
projected along the zone axis. Ten projection diffrac-
tion groups are given in the last column of Table (a).
When CBED patterns show only ZOLZ reflections, pro-
jection diffraction groups are obtained. Hence, if a dif-
fraction group is identified carelessly from CBED
patterns in which only ZOLZ reflections are observed,
wrong point groups are deduced. However, combined
use of projection (two-dimensional) symmetries and
HOLZ reflection (three-dimensional) symmetries often
makes it easy to determine point groups.

In the course of point-group determination, orienta-
tions of symmetry elements and then those of the crys-
tal axes are given on diffraction patterns. Based on the
results, an integral index is given to reflection spots in
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each diffraction pattern. The systematic absence of
reflections reveals the lattice type of a crystal (Table
(¢)). It should be noted that the reflections forbidden
by lattice types are always absent even if dynamical dif-
fraction takes place.

Conventional extinction rules (Table (d)) for glide
planes and screw axes hold only in the approximation
of kinematical diffraction. Kinematically forbidden
reflections caused by these symmetry elements have a
certain intensity owing to Umweganregung of dynami-
cal diffraction; however, extinction of intensity still
takes place in these reflections for certain directions of
the incident beam.

A glide plane and a screw axis produce dynamical
extinction line A in the kinematically forbidden disks
through the interaction between ZOLZ reflections. Line
A runs along the diffraction vector of the forbidden
reflections. When a kinematically forbidden reflection
is exactly excited, dynamical extinction line B is pro-
duced perpendicularly to line A along the exact Bragg
position (line). These lines are named A,- and B,-GM
lines. When Umweganregung paths pass through
HOLZ reflections, a glide plane and a screw axis pro-
duce A, and B, lines, respectively, suffix 3 indicating
three-dimensional interaction. GM line tables were
given for all the possible crystal settings and for all the
space groups [b], [1], [4]. Tables (e) [1] and (f) [4] show
GM lines appearing in ZOLZ and HOLZ reflections for
the space groups of the monoclinic system. 181 space
groups can be identified by referring to the GM line
tables. A flow chart of space-group determination is
given on the opposite page.

References

[a] M. Tanaka: J. Electron Microsc. Tech., 13 (1989) 27.

[b] M. Tanaka, H. Sekii and T. Nagasawa: Acta Cryst.,
A39 (1983) 825.




Space-group determination

1) Whole-, bright-field, dark-field
and £G dark-field patterns

Table (a)

Y
2) Diffraction groups

Table (b)

3) Point groups

Kinematical
extinctions

= Table (¢)
¥

4) Lattice types

Dynamical
extinctions
= Tables (e) and (f)

5) Space groups
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CBED pattern symmetries of diffraction groups

Table (a) Symmetries of CBED patterns

Diffraction Bright-field Whole Dark-field +G dark-field Projection
oy pattern pattern pattern patterns diffraction group
1 1 1 1 .
2 - L
L A ! s 1
2 2 2 1 2
2. 1 1 1 2 21
21, 2 2 2 21,
m l 1 { ! { :n
i R
(m,) m, 1
1 (!
m m, m, { m, mln
m, 1
ml 2mm m, { 2 { :n 1
5 v VR
(m,+my+(15)) 2m,m, 1
2mm 1 2
2mgmy 2+m,) : { m, 2mg(m,)
1 2
2mm zmvmu' zmvmv’ { m, zmv’ (mv)
1 2. 2mml,
2mm, m, m, [ My Zaty (Ms)
m, 2RmR (mv)
; . 5 " { 2 21,
mml, MMy MMy 2m,m, 21;m,, (m,,)
4 4 4 4 2
4, 4 2 1 : e
al, 4 4 21,
4mm 1 2
4mnmn (4 +m2) 4 { m2 ng (mz)
1
dmm 4mvmv' 4mvm”' [ m, 2mv’ (mv)
e 1 4mml R
4,,’mmR zmvmv' [ m, sz (mZ)
@m,m +m,) 727% gm,, (m,)
1
4mm1,; 4mvmv’ dm,my { 2mvm2 2l:mv’ (mv)
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Table (a) Continued

Diffraction Bright-field Whole Dark-field +G dark-field Projection
group pattern pattern pattern patterns diffraction group
3 3 3 1 1
6 31
31, B+1,) 3 2 1 2
1
3m, o 3 {1 e
(B+m,) m, 1
1 1
3m 3m, 3m, [ m, 3ml,
m, 1
1
6mm 2
3ml, 3m, { m,1,
(Bm,+my+(15)) om,m, 1
6 6 6 1 2
6, 3 3 1 2: 61,
61, 6 6 2 21,
6mm 1 2
b, (6+m,) 6 { m, 2my, (m,)
1
6mm 6m,m, 6m,m, { m, om,, (m,)
1 2, 6mml,
6;mmy, 3m, 3m, m, 2m,; (m,)
;"’v glimn (m,)
st Gy Gty L i 21,m, (m,)




lllustration of dark-field pattern and £G dark-field pattern symmetries




Point groups vs. diffraction groups

Table (b) Relation between diffraction groups and crystal point-groups

6mml, O
3ml, O
6mm O
6mmy, O
61, O
31, )
6 O
6,mm, O O
am O O
3m, O O
64 O O
3 O O
4mml, O
4, mm, O O
4mm O
4mm, O O
a1, O :

4, )
4 O

2mm, @, @, OHOENG
2,mmy O O O O 1 O O O
2mgn, O @ O OO

ml,

3

O
OO0 O
CIOD)
QOO0
O

O
000,
OO O
OO0

21,

OO
@,
@,
@,
O
OO
O
@
&
O

O
O

2 10 1O | 1O
A OHOENGE

@,
OHOOHOOOHNONOE
e[ z[]

m OO
2/m
22 ()
mm2 O
D
O
a2 )

@,
g
$

4/mmm
6/mmm

B.F. Buxton, J.A. Eades, J.W. Steeds and G.M. Rackham: Phil. Trans. R. Soc. London, 281 (1976) 171.
Courtesy of the Royal Society of London
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Lattice types

s Tetragonal P Tsaoni Table (c) Absence rules of reflections due
to lattice types

Lattice type Forbidden reflections

P None

AT I h+k+1=2n+l
C h+k=2n+1

A k+1=2n+1

B h+1=2n+1

F h, k, | mixed parity

Rypy —h+k+1=3n+1,3n+2

il Bt oo sl Rev h—k+1=3n+1,3n+2

Kinematical and dynamical extinctions

Table (d) Kinematical extinctions for glide planes and screw axes

Symmetry elements Set of reflections Conditions
Glide plane J/ (001) h=2n

k=2n
h+k=2n
h+k=4n

hk0

k=2n
l=2n
k+l=2n
k+l=4n

~ Glide plane //(100)
Okl

|RI D TR I &L

Glide plane J/(010) h=2n
1=2n
h+l=2n

h+l=4n

hOl

]R3 O 8

Glide plane J/(110) c 1=2n
n hhl h+l=2n
d 2h+l=4n
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Table (d) (continued)

Symmetry elements Set of reflections Conditions
Screw-axis [/ ¢ 2,,4,,6, 1=2n
3,,3,,6,,6 1=3n
1 2y V2 V4 0ol
4,,4, l=4n
6,, 65 1=6n
Screw-axi 2,4, h=2
rew-axis [/ a 14 100 n
4,,4, h=4n
Screw-axis /| b 2,4, k=2n
0k0
4,4, k=4n
Screw-axis // [110] 2, hh0 h=2n

Details are referred to the International Tables for Crystallography A.

Dynamical extinctions (examples for the monoclinic system)

Table (e) GM lines in ZOLZ reflections

Incident beam Incident beam
direction [u0w) direction [u0w)
Space group Space group
3 P2 10 P2/m
0k0 A, B, 0K0 A, B,
4 P2, 2, I 11 P2/m 2, B
5 C2 12 Cc2/m
6 Pm 13 P2l ok a2 B
3
7 Pc A% 22 B, 0k0 A; By
2 8 14 P2 2, By
ROl Ay B,
8 COm ¢ Ay
9 ce helo ﬁ; B, 15 C2% hello ﬁz B,
Table (f) GM lines in HOLZ reflections
Incident beam Incident beam
direction [u0w] direction [0w]
Space group Space group
6 Pm 11 P2/m
7 Pc 10k, A, 12 C2/m
8 Om 13 P2/ 10k, A,
9 ce 1ello A 14 P2 10k, iy
10 PUm 15 C2e s A,




TiO, (Rutile)

The space group of rutile is well known to be
P4,/mnm. Determination of the space group, however,
is rather sophisticated. Hence, it provides a good exer-
cise for those who want to acquire experience in the
CBED space-group determination method. Our lab
uses this example for newcomers. The determination is
carried out by assuming that the lattice parameters are
known.

a=b=0.459 nm
¢ =0.296 nm
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First incidence [001] 80kV

Proj. WP: 4mm

Point group

Ist incidence

Proj. WP : 4mm

Proj. diff. group :

4mm1R

Possible diff. groups :

dmpmp
4dmm

4pmmyp
4mm1 g




Second incidence [101] 100kV

(a) Proj. BP, proj. WP: 2mm

(b) WP: m

2nd incidence

WP :m | Proj. WP and BP :

2mm

Possible diff. groups :

m1 Proj. diff. group :
mig 2mmlp
2pmmp

| Diff. group : 2pmmp

Ist incidence

dmpmp
4mm

4pmmp
4mml g

Possible diff. groups :

Point group : 4/mmm

4mml,

4,mm,,

4dmm

dm,m,

41,

4,

4

2mml,

2
2,mm,,

OO
O

2mm

9
2mm,

ml,

m

izm (OO0

4/mmm

e

2/m
mm?2 OO
mmm

4/m

dmm OO
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[001] 80kV

Lattice type

No kinematical
extinction

Lattice type : P

54

Space group

Point group : 4/mmm
Lattice type : P

Possible space groups
Nos. 123~138

Ist incidence [001]
100 disk : A, GM line

Possible space groups :

No.127 P4/mbm
No.128 P4/mnc

No.135 P4,/mbc
No.136 P4,/mnm

l




Third incidence  [110] 100kV

2nd incidence [101]
010 disk : A, GM line
101 disk : no GM line

Possible space groups :

No. 128 P4/mnc
No. 136 P42/mnm

3rd incidence [110]
001 disk : no GM line

001 exact excitation

Space group :

No. 136 P42/mnm

Incident beam
direction [100] [001] [110] (u0w]*
Space group
h00 R0l A, By
127 P4/mbm 0k0 | @as,2;; | Ay By a Ay
| =0 Pam2yb2im | 2, By | 0kO A, B, 0kO A, B,
[ b1, 21 o 2 By
hOl
001 h00 \ hi= | A, B,
| 1o Pd/mne ny Ay ny, 2y | Ay By | 000 | entl | Ag
| %% Pa/m2ym2/c | 0kO | 0k0 | A3 By | ¢ | Ag o
212 By | ny,2p | gI\O Ay By
| | |- By
t noo | { [n0t | A,B,
135 P4,/mbe 0k0 as, 2, | Ay By 001 a Aq
2 paym2/b2lc | 24 By | 0kO As By | Ay | 00 | A, B,
by, 255 [ [ 2 By
‘ hol
001 h00 h+l= ADB)
136 P4y/mnm ny Ag Ny, 21 | As By 2n+l | Ay
P4y/m2y/m2/m | OkO 0k0 A3 By n
2p9 B, ny, 21 0k0 Ay By
2 By

*The symbol “a" in the column of [uOw] incidence is equivalent to the symbol “b" in the space groups
of the first column.
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Hexagonal BaTiO,

Hexagonal: a = 0.573 nm
¢ = 1.397 nm (at 293K)

56

Point group

Ist incidence

BP :2mm
WP :2
DP :m,

1DP : 2mp(m,)

Diff. group : 2mgm,

Possible point groups :
222,422, 2m,
622, 23, 432

6-fold axis of high
temperature phase

= 2-fold axis

Point group : 222

Hexagonal BaTiO, undergoes two phase transforma-
tions at 222K and 74K. The high temperature phase
above 222K has a hexagonal space group P6,/mmc [a].
From an X-ray diffraction experiment, Yamamoto et al.
[b] reported that the intermediate phase belongs to the
space group C222. Akishige et al. [c] measured the lat-
tice parameters as functions of temperature. The para-
meters are a, = a = 0.573 nm, b, = (a + b)/2 = 0.989 nm,
and ¢, = ¢ = 1.394 nm at 100K, where a and c are the lat-
tice parameters of the hexagonal phase. The low tem-
perature phase below 74K is expected to have a point
group mm2 or 2.

We intend to conduct crystal-structure determination
of the intermediate phase. In advance of the determina-
tion, we identified the space groups of the intermediate
and low temperature phases.

References

[a] H. T. Evans, Jr. and R. D. Burbank: J. Chem. Phys.,
16 (1948) 634.

[b] T. Yamamoto, Y. Akishige and E. Sawaguchi: J.
Phys. Soc. Jpn., 57 (1988) 3665.

[c] Y. Akishige, G. Oomi and E. Sawaguchi: Solid State
Commun., 65 (1988) 621.




Intermediate phase

First incidence [001]

T = 100K

100kV

BP: 2mm

WP: 2

DP: m,
+DP: 2m,(m,)
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Hexagonal BaTiO; — intermediate phase —

Lattice type and space group

Ist incidence [001]

Forbidden reflections :
hkO ( h+k=2n+1)

l

Possible lattice types :
C and [

l

2nd incidence [010]

Forbidden reflections :
hOl (h=2n+1)

Lattice type : C

222

Point group :

|

Possible space groups :
No.20 (222,
No.21 (C222
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l Second incidence [010]

—

First incidenc
. > b*
000 010 020
100 T 110 *
200 -
. 2 —@

;3 [001]

. @ Observed

V.

ar
A

Second incidence [010]

X Forbidden

1< —




Second incidence [010] 7 =100K 80kV

001 excitation

003 excitation

Incln_de:r}:.beam 2nd incidence [010]
- oSgefier [100) 1010] -
Space group .
— — = 00/ (I=o0dd):B; GM lines
20 €222, 2, ‘B |2 “B,
21 €222

Space group :

No.20 €222,
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Hexagonal BaTiO; — intermediate phase —

T = 100K 80kV

[130]

[010]
Photographs (a) and (b) show CBED patterns of the are weak. (b) A, GM-lines are difficult to see because
intermediate phase of hexagonal BaTiO, taken at the of a strong HOLZ reflection effect, A, GM-lines being
[130] and [010] incidences, respectively. (a) A, GM- absent.

lines due to a screw axis are seen because HOLZ lines
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Hexagonal BaTiO; — low temperature phase —

First incidence [001]

WP: 2

T = 22K

Point group

Ist incidence

WP:2,BP:2 |

Possible diff. groups :
2, 2lg

Ortho., mono., tricli.

Possible point groups :
2, 2Im

v

2nd incidence [010]

| WP : no mirror _L ¢ ]
No photo is given here.

}
[ roin grow 2 |

100kV
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Hexagonal BaTiO,

[001] 100kV

BP: 2

Low temperature phase
T=22K

(a)

BP: 2mm

Intermediate phase
T=100K

(b)

Zone-axis BF patterns of the low temperature phase (a) and intermediate
phase (b) of hexagonal BaTiO,, showing symmetries 2 and 2mm, respec-
tively.
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Low temperature phase

Second incidence [010] T =22K 100kV
Space group

Point group : 2

Possible space groups :
No.3 P2
No. 4 P2
001 002 !
No.5 B2 (Ist setting)
Incident beam
direction = s :?t]ing) 2nd incidence [010]
Space group 001 disk : B; GM line
3 P2
4 P2, g(l" A gi
- Space group :
i No.4 P2,




Sm,Se,

Sm,Se, takes a Th,P, type structure with the space
group /43d at high temperatures. From a measurement
of dielectric constant, it has been expected to undergo
a phase transformation at 305.5K. Sm,X, (X =S, Se, Te)
and Eu,S, have structures of the same type and their
valence electrons of metal atoms fluctuate in space and
time between +2 and +3 [a]. Eu,S, was found to
undergo a phase transformation at 168K, resulting in an
ordered state of electrons with the two valences. Thus,
a similar behaviour has been expected also in Sm,Se,.

We have investigated the space group of the material
at 100K and room temperature, but found no change in
the space group.

Reference
[a] F. Holtzberg: Phil. Mag., B42 (1980) 491.

Point group

Ist incidence

|WP:3m| Proj. WP : 3m
Possible diff. groups :| | Proj. diff. group :
3m 3mlg
3m1R
6RmmR
[

Possible diff. groups :

3m
3m1R

Possible point groups :
3m
43m
6m2

2nd incidence

‘WP:2mm| Proj. WP : 4mm
Possible diff. groups :| | Proj. diff. group :
2mm 4mmlg
2mmlg
4RmmR
I
Possible diff. group:
4pmmp
Possible point groups :
43m
42m

64

Point group : 43m




First incidence [111] 7 =100K 80kV

L edaime gl L W WP: 3m

Point group

Ist incidence

WP : 3m Proj. WP : 3m

Possible diff. groups :| | Proj. diff. group :
3m 3mlg

3mlg
6pmmp

[

|

Possible diff. groups :

3m
Imly

Proj. WP: 3m |

Possible point groups :
gm
43m
6m?2

|
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Sm,Se,

m

Second incidence [100]

2nd incidence

IWP : 2mm |

[ Proj. WP : 4mm

2mm
2mml g
4pmmp

Possible diff. groups :

Proj. diff. group :
4mml gz

[

l

Possible diff. group:
4pmmp

1

Possible point groups :

A3m
2m

Point group : 43m
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T = 100K

Proj. WP: 4mm

80kV

WP: 2mm



[100]

Lattice type

Forbidden reflections
0kl (k+l=2n+l1)

Lattice type : [

b*
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Sm;Se,

68



Space group

Point group : 43m
Lattice type : [

Possible space groups :

No.217 I43m
No.220 43d

1st incidence [100]

033 disk : Ay B,GM-lines
2,22,22 disk : A GM-line

ZOLZ GM line table

Space group :

No.220 143d

Incident beam
direction

Space group

[100]
(cyclic)

217 I43m

220 I43d

A; By
Az

HOLZ GM line table

Incident beam
direction

Space group

(100]

217 I43m

220 I43d

hekk
hokk
2k+he=4n+2
d
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Incommensurate
Crystals



Theoretical Background

Displacively modulated crystals

The incommensurately modulated crystals do not
have three-dimensional lattice periodicity, and their
symmetries are not described by three-dimensional
space groups.

The crystals, however, recover lattice periodicity in a
space higher than three dimensions. de Wolff [a], [b]
showed that one-dimensional displacively and substi-
tutionally modulated crystals can be desciibed as a
three-dimensional section of a (3+1)-dimensional peri-
odic crystal. The analysis of incommensurately mod-
ulated crystals using (3+1)-dimensional space groups
has become familiar in the field of X-ray structure

analysis.
\
e o ® o o
b
([ [ ] o [ J o
-
(a)
|
> y it o
b
| & & - —|—
- S~ . Rt e . =l /.P
i
< A
(b)
References One-dimensional displacively modulated crystal:
[a] P. M. de Wolff : Acta Cryst., A30 (1974) 777. (@) without modulation, (b) with modulation of wave-
[b] P. M. de Wolff : Acta Cryst., A33 (1977) 493. length A.
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Infinite crystals

Figures (a) and (b) illustrate (3+1)-dimensional
descriptions of a crystal structure without modulation
and a one-dimensional displacively modulated struc-
ture, respectively. The arrows labeled as a,~a; and a,
indicate the (3+1)-dimensional crystal axes. The hori-
zontal line labeled as R; represents a three-dimen-
sional space (real world). In the (3+1)-dimensional
description, an atom is not located at a point as in a
three-dimensional space but expressed by a string,
which extends along the fourth direction a, perpendic-
ular to the three-dimensional space R;. The shaded
parallelogram is a unit cell in the (3+1)-dimensional
space. The unit cell contains two atom strings. The
straight atom strings in Fig. (a) express a structure
without any modulation. The wavy atom strings in Fig.
(b), which are periodic along a,, represent a displacive
modulation. The width of the atom strings indicates the
spread of the atoms in R;. The atom positions of a mod-
ulated structure in R; are given as a three-dimensional
section of the atom strings in the (3+1)-dimensional
space.

a ~ag

(a)

(b)

a,~a;

(3+1)-dimensional description of a one-dimensional displacively modulated crystal. Straight strings in (a) express no modulation

in atom positions and the wavy strings in (b) represent a displacive modulation.
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Diffraction pattern

The diffraction vector G is written as
G = ha*+h,b*+h,c*+hk,

where a set of hhhsh, is a (3+1)-dimensional reflec-
tion index, and a*, b* and c* are the reciprocal lattice
vectors of the real lattice vectors a, b and ¢ of the
average structure. The modulation wave vector k is
written as

k = ka*+k,b*+ksc*,

where one coefficient k; (i = 1-3) is an irrational num-
ber and the others are rational. The figure schemati-
cally shows a diffraction pattern of a crystal with an
incommensurate modulation wave vector k,a* (k, = k;
= 0). The large black circles and the small ones respec-
tively represent the fundamental and incommensurate
reflections, only the first-order incommensurate reflec-
tions being shown.

ka*

@ : Fundamental reflections

e :Incommensurate reflections
k.: Irrational

kz = k;; = 0
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Structure factor

The structure factor F(h,h:hsh,) for the (3+1)-dimen-
sional crystal is given by de Wolff ([a] , [b] on page 72)
as follows:

N — —_ P——
F(hihshsh) = 3. f,exp2mi (X +hoach +hsxch)
u=1
1 3 B S
xLepom' {Z(hi+h4ki)u¢»‘ +hah }dx‘; , (D
i=1

where
_'4‘ = (-T_'f +nl)kl+(ﬂ +n2)"'fz+(‘%—'g+n3)ks

The symbols f, and 2%(i = 1-3) are respectively the
atom form factor and the i-th component of the posi-
tion of the p-th atom in the unit cell of the average
structure. The symbol % is the i-th component of the
displacement from the atom position of the y-th atom.
Since the atom in the (3+1)-dimensional space is con-
tinuous along a, and discrete along R;, the structure
factor is expressed by the summation in R; and the
integration along a, A three-dimensional section of
the (3+1)-dimensional unit cell gives a modulated
atomic arrangement at a unit cell of the average struc-
ture in R;. Thus, the atom-strings in the (3+1)-dimen-
sional unit cell correspond to the sum of the atoms
with displacements over the infinite number of unit
cells of the average structure. This means that eq. (1)
is the structure factor for the unit cell with the lattice
parameter of an infinite length in R, along the direc-
tion of the modulation wave vector k.



Finite crystals

CBED patterns are obtained from a finite area of a
crystal. Hence, it is necessary to use the structure fac-
tor which takes account of the effect of the finite size,
to discuss the symmetries of the CBED patterns
obtained from the modulated structures [a]. A finite
volume of a modulated structure in R; corresponds to
a finite number of the three-dimensional sections of
the atom-strings in a (3+1)-dimensional unit cell, as
indicated in the figure.

The structure factor for the finite volume is derived
from eq. (1) by rewriting the integration over a unit
length along a, with the summation over a finite num-
ber of three-dimensional sections of the atom strings.
Thus, the structure factor for the finite volume
F’(hhshsh,) is written as

N — — —
F'(hiholshy) = Zlfyexp27n' (X +hy i +hsXs)
~

X

> Y Yexp2ni {i(hﬁh,;k;)uf" +h2’ }] )

ny ny ng
@

where N,<n,<N/, N,<n,<Ny', Ny<n,<Ny', and N'=(N,/—
N)(No'-N,)(Ns'-N3) is the number of unit cells of the
average structure included in the specimen volume
from which CBED patterns are taken. The term in [ ] in
eq.(2) expresses the effect of the finite volume on the
diffraction intensity.

Reference
[a] M. Terauchi and M. Tanaka : Acta Cryst., A49
(1993) 722.

a,~as
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Substitutionally modulated crystals

The substitutional modulation arises from a periodic
variation of the site occupation probability of atoms.
This type of modulated structures is also described by
the (3+1)-dimensional periodic structure. This type of
modulation does not originate from the modulation of
the atom displacement u; with x, as in the case of the
displacive type, but is expressed by the modulation of
the atom form factor f, in eq. (1) with x,. The modula-
tion is schematically shown in Fig.(a), and is
expressed in the (3+1)-dimensional space by strings
with density modulation (Fig.(b)), instead of wavy
strings. The structure factor F’ (h,hhsh,) for finite crys-
tals with this type of modulation is written as

N
F'(hihohshy) =2, exp27i (R, 2 +ho 20t +hs )
u=1

[T T f@hexp@rinan),

ny, n2 ng

where xh =2 (@h+n)k..
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(b)




Figure (a) shows a (3+1)-dimensional representa-
tion of a displacively modulated crystal. The modu-
lated structure in three dimensions is obtained by a
three-dimensional section of the (3+1)-dimensional
periodic structure. The diffraction pattern (Fig. (b))
of the modulated crystal is obtained by a projection
of the Fourier transform of the (3+1)-dimensional
periodic structure.

Reference
[a] K. N. Ishihara and A. Yamamoto : Acta Cryst.,
A44 (1988) 508.

Real space

a,~a;

Reciprocal space

(b)
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Point-Group Determination

PPZ/W
11

The symmetries of the CBED patterns can be deter-
mined by examination of the symmetries of the struc-
ture factor F'(hh.hsh,) or eq.(2). For simplicity, we
assume that the modulation wave vector of a displaci-
vely modulated crystal is written as k = kyc* and that
the modulated structure belongs to the (3+1)-dimen-
sional space group P™™. This space group symbol indi-
cates the following matters.

(i) The modulation wave vector k exists inside the
first Brillouin zone for the average structure (P).

(ii) The average structure belongs to the space group
P2/m, the twofold rotation axis being parallel to the c-
axis.

(iii) The symmetry subsymbol 1, which is written
beneath symmetry symbol 2 in the expression for the
(3+1)-dimensional space group, indicates that the mod-
ulation wave vector k is transformed into itself by sym-
metry operation 2 of the average structure. The sym-
metry subsymbol I, which is written beneath symme-
try symbol m , indicates that the modulation wave vec-
tor k is transformed into -k by symmetry operation m.

The modulated structure has a twofold rotation axis,
which is common to both average and modulated
structures (subsymbol 1), but does not have a mirror
symmetry, which is possessed by the average structure
(subsymbol 1).

PP 2 /m
11

For the twofold rotation axis (symbol 2) of this
(3+1)-dimensional space group, the structure factor
F’ (h,hshsh,) is written as

F'(hihohshy)

N —_— —_— —
=Z. f.,exp2mi (hy Xt +ho2h+hyxch)
i

x[}: exp27mi (Rt +howh+(hy +hiks )ug+h4x_§}]

ngy

N —_— — —
+Y, f,exp2mi (—h, X —h, X +h,2h)
u=1

X[Z exp27ri {—hluf—h2u§+(m +h4ka)uf§+h497ﬁ}],

ng

(€)]
where X} = (Zf+n;)k;. The terms within [ ] in eq.(4)

represent the effect of the finite volume on the diffrac-
tion intensity.

78

We consider the reflections hhhsh, and hihohshs,
which are equivalent with respect to the twofold rota-
tion axis of the average structure. It is clear from eq.
(4) that the structure factor F’(hh:hsh,) is equal to
F’(h,h.hsh,). Hence, the intensities of the hhshsh,
and h,hohsh, reflections are equal. That is, not only the
fundamental reflections (k,=0) due to the average
structure but also the reflections (2,#0) due to the
modulated structure (incommensurate reflections)
show the twofold rotation symmetry about the c*-axis.

PPZ/ m
111

For the mirror plane (symbol m), the structure factor
can be obtained in a similar manner to the case of the
twofold rotation axis. It is seen that F’ (k,h.hsh,) is not
equal to F’(h.h.hsh,) for the incommensurate reflec-
tions h, # 0. Hence, the intensity of the h,h.hsh, reflec-
tion is not equal to that of the h,h.hh, reflection.

For the fundamental reflections (ks = 0), the inten-
sity of the hh.h;0 reflection is equal to that of the
hhohs0 reflection because F’(hh.hy0) is equal to
F’(h,h;h;0). It should be noted that this mirror symme-
try m between fundamental reflections is expected to
be destroyed by the dynamical diffraction effect be-
tween fundamental and incommensurate reflections.
In most modulated structures, however, the amplitude
of the modulation wave % is not so large as to affect
the symmetry of the fundamental reflections. There-
fore, the fundamental reflections ought to show the
symmetry of the average structure, while the incom-
mensurate reflections lose this symmetry.

Equations (2) and (4) hold for any number of N’, N;
and N/ (i=1-3). A change of the numbers N; and
Ni(i=1-3) with the number N’ kept constant corre-
sponds to a change of the illuminated specimen posi-
tion, from which CBED patterns are taken without
changing the illuminated volume. A change of all the
numbers N’, N; and N; (i=1-3) corresponds to a
change in both the illuminated volume and the speci-
men position. With these changes the magnitude of the
structure factor changes, but the symmetry of the
structure factor-is unchanged. Even if the number N’ is
reduced to one, egs. (2) and (4) still hold. This indi-
cates that the symmetry of the incommensurately mod-
ulated structure ought to appear in principle even in a
CBED pattern taken from one unit cell of the average
structure.



In the substitutional modulation case, the atom form
factor f, cannot be determined by one unit cell of the
average structure but is determined by the average
over a large number of unit cells. Thus, the symmetries
of this type of modulated structure are not determined
from one unit cell of the average structure, as in the
case of the displacively modulated structure. Since
CBED patterns, however, are taken usually from a
specimen volume of ~10nm diameter X ~100nm thick-
ness, the volume is large enough to obtain the average

Wave vector Point-group
transformation symbol

Symmetry of
incom. reflection

Same symmetry as

value of the occupation or the average atom form fac- k—k 1
tor. Therefore, the CBED patterns taken with a usual average structure
electron probe exhibit (3+1)-dimensional symmetries k — -k 1 No symmetry
also for substitutionally modulated crystals.
General rules 'Remarks
The results obtained are summarized into the fol- Remark (a) : Even if the size and position of an illu-

lowing rules:

Rule 1 : For symmetry subsymbol 1, both the fun-
damental and incommensurate reflections
show the symmetries of the average struc-
ture.

Rule 2 : For symmetry subsymbol 1, the fundamen-
tal reflections practically show the sym-
metries of the average structure but the
incommensurate reflections do not have
any symmetry.

The rules imply that the symmetries of incom-
mensurate reflections are determined by the point
group of the average structure and the modulation
wave vector k. Observation of the symmetries of
incommensurate reflections ascertains the point
groups of modulated crystals but the point groups
are identified without examination of the sym-
metries of the incommensurate reflections.

minated specimen area are changed,
the intensity distribution in the CBED
pattern changes but the symmetry of
the pattern does not.

Remark (b) : The symmetries of the modulated
structures can appear in CBED pat-
terns when more than one unit cell of
the average structure is illuminated
for the displacive modulation case and
when a specimen volume enough to
obtain the average atom form factor,
namely, an area ~10nm in diameter, is
illuminated for the substitutional mod-
ulation case.

To obtain the symmetries expected from the
(3+1)-dimensional symmetry symbols, it is not nec-
essary to take the CBED pattern from such a large
specimen area whose diameter is larger than the
approximate period of the modulated structure (the
approximate least common multiple between the
modulation wavelength and the unit cell length of
the average structure).
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Sr,Nb,O,

Many materials of the A,B,O; family undergo phase
transformations from the space group Cmcm to Cmc2,
and further to P2, with decreasing temperature. An
incommensurate phase appears, for example, between
the phase with Cmc2, and that with P2, in La,Ti,O; [a].
Sr,Nb,O; transforms at 488K from the phase with
Cme2, into the incommensurate phase with a modula-
tion wave vector of k = (1/2-6)a* (6 = 0.009-0.023) but
does not transform into the phase with P2,. The sym-
metry of the incommensurately modulated structure of
Sr,Nb,O; is expressed by the (3+1)-dimensional space
group P““[b]. Thus, the (3+1)-dimensional point
group of the structure is written as 77?. For the
description of symbols, refer to page 84. The symbol
implies the following. The modulation wave vector k
is transformed to —k by a mirror symmetry operation
perpendicular to the a-axis (}) and by a twofold rota-
tion-symmetry operation along the c-axis (%). The wave
vector is transformed into itself by a mirror symmetry
perpendicular to the b-axis(’) .

[010]

b—-Is

m
1

— DN

The photograph shows a CBED pattern of the incom-
mensurate phase of Sr,Nb,O; obtained with the [010]
incidence at an accelerating voltage of 60kV. The
reflections indicated by arrowheads are incommensu-
rate reflections due to the modulation. Other reflec-
tions are fundamental reflections due to the average
structure. The (3+1)-dimensional point-group symme-
try (') about the a-axis and the symmetry (‘%) about the
c-axis are seen in this CBED pattern. When Rule 2 is
considered, the symmetry (%) exhibits a mirror symme-
try perpendicular to the a*-axis between the funda-
mental reflections, but no mirror symmetry between
the incommensurate reflections. The same symmetries
are expected from symmetry (%) in the framework of
the projected potential approximation. The photo-
graph shows these symmetries exactly.

References

[a] M. Tanaka, H. Sekii and K. Ohi : Jpn. J. Appl. Phys.,
24 (1985) Suppl.24-2, 814.

[b] N. Yamamoto : Kotaibutsurt, 23 (1988) 547.

60kV
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Photograph (a) shows a CBED pattern of the incom-
mensurate phase obtained with the [201] incidence at
an accelerating voltage of 60kV. The reflections in two
rows indicated by arrowheads are the incommensurate
reflections. The other reflections are fundamental
ones. The (3+1)-dimensional point group symmetry
about the b-axis () is seen in this pattern. From Rule
1, the symmetry () displays a mirror symmetry per-
pendicular to the b*-axis not only between the funda-

[201] 7’

(b)

mental reflections but also between the incommensu-
rate reflections. Photograph (a) clearly shows the mir-
ror symmetry between both kinds of reflections.

Photograph (b) shows a CBED pattern obtained at
the same incidence as in Photo (a) but from a different
specimen area with nearly the same specimen thick-
ness. The pattern shows the same symmetry as in
Photo (a) but the intensity distribution is different.
This ascertains Remark (a).

60kV
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Bi,Sr,CaCu,0,,;

The oxide superconductor Bi,Sr,CaCu,0s.;s (T,~85K)
has an incommensurately modulated structure with a
modulation wave vector of k = k,b*+ c* (k,=1/4.7). The
symmetry of the incommensurate structure of this
material is expressed either by a (3+1)-dimensional
space group N7 or N*" [a]. (The symbol N of the
space groups indicates the lattice type whose modula-
tion wave vector has a commensurate component c*.)
Hence, the (3+1)-dimensional point group of the struc-
ture is written as 777 or 7%". The two possible (3+1)-
dimensional point groups originate from an ambiguous
determination of the space group of the average struc-
ture.

Reference
[a] N. Yamamoto, Y. Hirotsu, Y. Nakamura and
S. Nagakura : Jpn. J. Appl. Phys., 28 (1989) L598.
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Photograph (a) shows a CBED pattern of the super-
conductor Bi,Sr,CaCu,0s,s obtained with the [001] inci-
dence at an accelerating voltage of 60kV. Diffraction
disks of a large size were chosen for the ease of identi-
fication of the symmetry of fundamental reflections,
where the fundamental and incommensurate reflection
disks overlap. The intense diffraction disks are funda-
mental reflections. The intensities of incommensurate
reflection disks are sufficiently weak to produce no
effect on the symmetry of fundamental reflections. The
fundamental reflections show a mirror symmetry per-
pendicular to the a*-axis, but no mirror symmetry per-
pendicular to the b*-axis. These symmetries revealed
that the space group of the average structure is not
Bbmb but Bb2b. Thus, the (3+1)-dimensional point and
space groups are determined automatically as 7§71 and
N respectively, under the modulation wave vector
k = k.b*+ c*.

Photograph (b) shows a CBED pattern obtained at
the same electron incidence as that in Photo (a) but
with the disk size set to a smaller value than that for
Photo (a), to identify the symmetry of the incommen-
surate reflections, several of them being indicated by
arrowheads. These reflections show a mirror symmetry
perpendicular to the a*-axis, but no mirror symmetry
perpendicular to the b*-axis, as with the fundamental
reflections. The symmetry of the incommensurate
reflections has been ascertained to agree with those
expected from (3+1)-dimensional point group symme-
tries about the a-axis (%) and the b-axis (}) (Rule 1).
Therefore, these symmetries ascertain that the materi-
al belongs to the (3+1)-dimensional space group N*3}.

[001]

(a)

(b)

60kV
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Space-Group Determination

Table shows the space-group symbols for modulated
crystals. When a glide (screw) component 7, between
modulation waves of two atom rows is 0, 1/2, £1/3,
+1/4 or £1/6, symbol 1, s, t, q or k is given, respectively.
Such shifts can occur in the case of point-group sym-
metry 1 for modulations and do not for point-group
symmetry 1. For example, the mirror plane (%) and the
glide plane (%) perpendicular to the a-axis of a (3+1)-
dimensional space group are illustrated schematically
in Figs. (a) and (b). Figure (a) shows mirror symmetry
(") between atom rows A and B with no glide compo-
nent between these modulation waves (7, = 0). Figure
(b) shows a glide symmetry () between atom rows A
and B with a glide component 7, = 1/2. Tables of all the
(3+1)-dimensional space group symbols for one-dimen-
sional incommensurately modulated crystals were
given by de Wolff, Janssen and Janner [a]. The struc-
ture factor F(h,h.hsh,) (eq. (1)) is written for the glide
plane (7) perpendicular to the b-axis as

F (hyhohshy)
N — - =B
=Y. f,exp2mi (h, X} +h,xh+hsxh)
u=1
l — —
x| exp2ri (hout-+haut+ o+, Y+ 700

N — c— —
+exp(h, i)Y, f,exp2mi (b, X —hyxh+h,xh)
u=1

1 — —
x| exp2ri (Rt -haut+ (o +h Y +h T Q T

®)

Thus, the following phase relations or eq.(6) between
the two structure factors are obtained for the (3+1)-
dimensional glide plane (7).

F(h,hohshy) = F(hyhohshy) for hy even,
F(h,hohsh,) = —F (hli_lzhrs’h) for h, odd. (6)

These relations are analogous to the phase relations
between the two structure factors for the three-dimen-
sional glide planes. Dynamical extinction occurs for
the screw axes and glide planes of the (3+1)-dimen-
sional crystal with an infinite dimension along the
direction of the incommensurate modulation wave
vector k. It was shown that approximate dynamical
extinction occurs in the CBED patterns obtained from
a finite specimen volume of the (3+1)-dimensional
crystal [b].

Wave vector Point-group
transformation symbol

Space-group
symbol

1, s (1/2), t(*1/3),

k—k . q (E1/4), h (£ 1/6)
k — -k 1 1
References

[a] P. M. de Wolff, T. Janssen and A. Janner : Acta
Cryst., A37 (1981) 625.

[b] M. Terauchi, M. Takahashi and M. Tanaka : Acta
Cryst., A50 (1994) 566.
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Figures (a) and (b) respectively illustrate a usual dif-
fraction pattern and a CBED pattern expected from a
modulated crystal with a (3+1)-dimensional space
group P™""at the [100] incidence. The large and small
dots in Fig. (a) indicate the fundamental reflections (&,
= 0) and the incommensurate reflections (hy; # 0),
respectively. The 00h;h, (h,; = odd) reflections denoted
by the crosses are kinematically forbidden owing to
the (3+1)-dimensional glide plane () perpendicular to
the b-axis. For simplicity, only the first- and se-
cond-order incommensurate reflections are drawn.
Umweganregung paths "a", "b" and "¢" in ZOLZ to a
kinematically forbidden reflection are drawn in the fig-
ure. The two paths "a" and "b" are geometrically equiv-
alent with respect to the line (m—m) perpendicular to
the b*-axis. Since every Umweganregung path to a
kinematically forbidden reflection 00hsh, (hy = odd)
contains an odd number of F(0 k,; k;; hy;) with odd h,;,
eq. (7) holds.

When the 00hs;h, (h,= odd) reflection is exactly ex-
cited, two paths "a" and "¢" are symmetric with respect
to the bisector (m’-m”) of the diffraction vector of the
reflection, and have the same excitation error. The
waves passing through these paths have the same
amplitude but different signs as shown by eq. (8).

F(O h"l,l h:},l h’4,1) F(O hl.! h:!.?_ h»I.Z) """
—a F(O h‘Z,n h:i‘n hd,n) for pa'th "a"
=-F(0 hoy Ry s Ry )F(O Ry g By ) -
F(O h"&,n h’:i,u h-l,n) for path "b" (7)

F(O h‘l,l h3.l hJ,l) F(O h2,2 hii,z h-i,'.!) ....
. F(0 hy,, ks, hy,) for path"a"
= _F(O h".Z,n hl,n h-l.n)F(O__hﬂl-l h’:ln-l h-l.n~l) """
F(0 hy, b3, hy,) for path "c", ®)

where Y h,;=0, X hy;=hy, X ;= h, (h,=o0dd).
i=1 i=1 i=1

b*

(a)

c*
0012 B
0011 )
0010
0011 A
0002
0002 0102
0001 " 0101 v
0000 0100
0001 A 0101
0012 0102

(b)
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Sr,Nb,O0,

Cmc2:
1sl

The symmetry of the incommensurately modulated
structure of Sr,Nb,O; is expressed by the (3+1)-dimen-
sional space group P’ ([b] in page 80). The space
group symbol implies that the modulated structure has
(3+1)-dimensional glide planes (¢) perpendicular to the
b-axis with a shift of (c+a,)/2. Then, the reflections
h,0hsh, with hs+h, = 2n+1 (n : integer) are kinemati-
cally forbidden. The figure illustrates a schematical
diffraction pattern of Sr,Nb,O; at the [001] incidence.
The large and small dots indicate the fundamental re-
flections (h,=0) and the incommensurate reflections
(h,#0), respectively. Umweganregung paths "a" and "b"
in ZOLZ to the kinematically forbidden 0001 reflection
are drawn in the figure.

Photograph (a) on the opposite page shows an elec-
tron diffraction pattern of the incommensurate phase
of Sr;Nb,O; obtained with the [001] incidence at an
accelerating voltage of 60kV. The incommensurate
reflections in which dynamical extinction lines appear
are restricted to those with the indices h,...,00h .
because h; = 0 at this incidence and h,+h, = 2n due to
the lattice type C of the average structure. The reflec-
tions in four columns indicated by black arrowheads
are incommensurate reflections due to the modulation.
The reflections 0001, 0001, 2001 and 2001 indicated by
white arrowheads are kinematically forbidden but
have intensities due to multiple diffraction. Other
reflections are fundamental reflections due to the aver-
age structure.

Photograph (b) shows a CBED pattern correspond-
ing to Photo (a), taken from a 3-nm-diameter specimen
area. It is noted that the excitation errors between two
Umweganregung paths to a kinematically forbidden
reflection, which are geometrically equivalent about
the a*-axis, are the same at the incidence. The kine-
matically forbidden reflections indicated by white
arrowheads show no intensity. This results from
dynamical extinction in the (3+1)-dimensional crystal.
Dynamical extinction does not appear as lines A and B
drawn in Fig. (b) on the previous page because the size
of the diffraction disk was made small to avoid the
overlapping of the diffraction disks, and the width of
the dynamical extinction line exceeded the disk size.

Photograph (c) shows a CBED pattern taken at an
incidence slightly tilted toward the b*-axis from that
for Photo (b) or the [001] incidence. At this incidence,
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the excitation errors, which were equivalent between
the pairs of Umweganregung paths in Photo (b), are
not the same. Then, it is seen that the kinematically
forbidden reflections indicated by white arrowheads
have intensities due to an incomplete cancellation of
the waves coming through the paths.

2500

@ : Fundamental reflections
e : Incommensurate reflections




Sr,Nb,0,

©

(b)

(c)

» |Incommensurate reflections
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Quasicrystals



Decagonal Phase

The decagonal quasicrystal is quasi-periodic in two observed in Al-Cu-Fe stable icosahedral quasicrystals.
dimensions and periodic in the third dimension paral- The reflection spots were not sharp and had irregular
lel to a tenfold or a fivefold axis. The diffraction pat- shapes. Two point groups, 10/m and 10/mmm, were
terns of the quasicrystal are indexed by five indices. proposed for the alloys but CBED patterns taken from

A real decagonal quasicrystal was first discovered in the decagonal phases exhibited imperfect symmetries.
an Al-Mn alloy by Bendersky [a]. Decagonal phases Tsai et al. [b] produced metastable but good quality
were subsequently found in binary alloys of Al-Fe, Al- decagonal quasicrystals of a melt-quenched Al,Ni,;Fe;
Ru, Al-Pt and Al-Pd. These phases were thermodynam- alloy.
ically metastable and had small quasicrystalline grains We present symmetry studies of melt-quenched qua-
less than 10nm in diameter. sicrystals of Al-Ni-Fe, Al-Cu-Co, Al-Co and Al-Ni-Rh

Thermodynamically stable decagonal phases were alloys with good quality by quoting electron micro-
found afterwards in ternary alloys of AlgiCu,;Coy, scope images.

Al;;CuyCoy; and AlyNi;;Coy;. They were prepared by
conventional solidification and subsequent annealing. References
Electron diffraction patterns of these alloys taken at [a] L. Bendersky : J. de Physique, 47 (1986) C3-457.
an incidence along the decagonal axis showed only [b] A. P. Tsai, A. Inoue and T. Masumoto : Mater.
intense reflections and no weak reflections such as Trans. JIM., 30 (1989) 300.
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lllustration of a decagonal lattice. A stereoscopic image appears when viewed from the side of the book.
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Section method — higher dimensional space —

Two-dimensional quasi-periodic structures can be
described by a two-dimensional section of a four-
dimensional crystal, in which "atoms" are periodically
arranged in four dimensions, the method being called
the section method. The two-dimensional section of
the four-dimensional crystal provides a structure
which we can actually observe. We call the two-
dimensional section of the space the external space.
The two-dimensional space perpendicular to the exter-
nal space is called the internal space.

M, =\Z5)

ci—-1 s -1 sy

cs-1 sy ¢4-1 s

04—1 Sy 03—1

cj=cos(2jn/5), s;=sin(2jn/5)

03—1 Sg Cl—l S1

The unit vectors d; (i = 1-4) of the quasi-periodic
structure are expressed as d; = >, M;a;, where a, and
a, are the base vectors in the external space, and a;
and a, are those in the internal space. It is noted that
the reciprocal lattice vectors of d; are expressed as d.*
= X,;("M;)"a;* by the usual relation between the real
and reciprocal lattices. When a decagonal "atomic
domain" is given in the internal space as shown in Fig.
(a), the pentagonal Penrose pattern shown in Fig. (b)
is obtained.

i 81 C S
E Cy S C4 S84
(‘M) =N@/5)

C3 S3 € S

Cy S4 C3 S3

Atomic domain

(a) Internal space

(b) External space
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Pentagonal and decagonal point groups




Al-Ni-Fe Alloys

A metastable alloy of Al,Ni,;Fe,; was found to be the
first decagonal quasicrystal which can tolerate the
symmetry examination using CBED. It is interesting to
point out that the metastable quasicrystal has a higher
quality or order of quasicrystallinity than do stable
quasicrystals. Saito et al. [a] determined the space
group of the alloy to be P10m2 (= P5/mm2). The alloy
is the first quasicrystal which belongs to a noncen-
trosymmetric space group and has a fivefold axis.

Tsuda et al. [b] revealed that there exist inversion
domains, at whose boundaries an antiphase shift of ¢/2
is accompanied, ¢ being the lattice parameter in the
fivefold axis. They found specific pentagonal atom
clusters in high-resolution electron microscope
images, and showed that all the clusters in a domain
have the same sense polarity and those in the neigh-
bouring domains have the opposite sense polarity.

Tanaka et al. [c] investigated the symmetry of the
decagonal quasicrystals of Al,Ni,,. Fe,,_, (0£x<10)
and revealed that the alloys with 0<x<7 belong to the
noncentrosymmetric space group P10m2 and those
with 7<x<10 to the centrosymmetric space group
P10/mmm. High-resolution electron microscope
images detected the existence of the specific pentago-
nal clusters in all the alloys investigated. Dark-field
microscopy disclosed that the change in space group
at x = 7.5 takes place upon sudden decrease of the
domain size or rapid mixing of the atom clusters with
the positive and negative polarities.

References

[a] M. Saito, M. Tanaka, A. P. Tsai, A. Inoue and T.
Masumoto : Jpn. J. Appl. Phys., 31 (1992) L109.
[b] K. Tsuda, M. Saito, M. Terauchi, M. Tanaka, A. P.
Tsai, A. Inoue and T. Masumoto : Jpn. J. Appl.
Phys., 32 (1993) 129.

{c] M. Tanaka, K. Tsuda, M. Terauchi, A. Fujiwara, A.
P. Tsai, A. Inoue and T. Masumoto : J. Non-Cryst.
Solid, 153 & 154 (1993) 98.
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Al Ni Fe,, — symmetry —

Photographs (a), (b) and (c) on the opposite page
show conventional electron diffraction patterns
taken from a 110-nm-diameter area of Al,\Ni,;Fe;; at an
incidence along the decagonal axis (c-axis) and at
incidences A and B perpendicular to the c-axis, re-
spectively (indicated in Photo (a)).

Photograph (a) shows a number of fine spots
between strong reflections and the formation of a ten-
fold rotation symmetry. Reflections due to a lattice
spacing of 2.6nm are seen in the innermost part of the
pattern. The deviation of reflections from the correct
symmetry positions due to phason strains and the
irregularity of shapes of the reflection spots are small-
er than those observed in a good quality icosahedral
quasicrystal of AlgCuyFe;;.

Photograph (b) shows a regular periodicity in the c-
direction with a period of 0.4nm. Quasiperiodic reflec-
tion arrays are seen in directions perpendicular to the
c-axis. Diffuse streaks appear at positions correspond-
ing to 0.8/n nm in the c-direction, where n represents
an integer. The streaks are considered to be a section
of diffuse intensity sheets. This indicates that there
exist rodlike scattering objects, which extend in the c-
direction with a periodicity of 0.8nm and have a small
coherence length in the directions of quasiperiodicity.

Photograph (c) shows clear reflection spots on the
diffuse streaks, appearing at positions corresponding
to 0.8/n nm (n : integer) in the c-direction. Diffraction
spot arrays at the positions X (n : even) are explained
by the quasi-periodicity of the atomic arrangement.
Those at the positions Y (n : odd) are not attributed to
any periodicity or quasi-periodicity. The presence of
the arrays at Y can be explained by structural modula-
tions with wave number vectors k and k’. A pair of
reflection spots at Y appearing on both sides of an X is
considered to be satellites connected by the wave vec-
tor k or k’ with a fundamental reflection on the X. It
should be noted that the modulated structures may
not be simple ones because no two satellites which
form a pair have the same intensity.

Photograph (d) shows a CBED pattern taken from a
3-nm-diameter area with an incidence parallel to the c-
axis. The pattern clearly exhibits fivefold rotation and
mirror symmetry, the total symmetry being expressed
as 5m. A slowly varying intensity distribution in the
disks indicates that the pattern is not affected by the
interaction with higher-order Laue zone (HOLZ)
reflections, but is formed by interactions between
zeroth-order Laue zone (ZOLZ) reflections. Thus, the
projection approximation should be applied to the
analysis of the pattern. Changes of the illuminated
specimen area sometimes produced patterns related
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to each other by inversion of Photo (d), indicating the
existence of inversion domains. By consulting the
table of the pentagonal and decagonal point groups,
the point groups which satisfy the observed symmetry
5m in the projection approximation are 52, 5m and
10m2. The point group 52 is a possibility because the
horizontal two-fold axis is equivalent to the vertical
mirror plane in the projection approximation.

Photographs (e) and (f) were taken from 3-nm-diam-
eter areas with incidences A and B, respectively.
Mirror symmetry perpendicular to the c*-axis is seen
in Photo (e). Since this symmetry requires the exis-
tence of a twofold axis or mirror plane perpendicular
to the c-axis, point groups 52 and10m2 remain as pos-
sibilities. Photograph (f) exhibits symmetry 2mm.
Mirror symmetry parallel to the c*-axis requires the
existence of a mirror plane parallel to the c-axis. Since
the mirror plane does not exist in point group 52 but
does exist in 10m2, the point group of the alloy is
determined to be 10m2.

Since the reflections at the levels of 0.8/n nm (n :
odd) in the c-direction are considered to be satellites,
the periodicity of the fundamental structure in the c-
direction is 0.4nm. It is seen that there is no extinction
in the c-direction. Therefore, the space group of the
decagonal phase is determined to be PI0m2, though
modulated structures coexist.




Al;Ni;Fe,;

60kV

(d)

B ()
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Al,Ni,,Fe,;, — domain structure —
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Photographs (a) to (e) on the opposite page are
bright- and dark-field images due to reflections 0, 1, 2,
3 and -3 indicated in Photo (f), respectively. These
images were taken by exciting those reflections by
changing the electron incidence slightly from that in
Photo (f).

The dark-field image due to reflection 1, Photo (b),
shows irregular dark lines. The long straight segments
of the lines run roughly parallel to the c-axis. It should
be noted that the areas across the lines show no net
contrast, indicating no bending between the areas.
The dark lines disappear in the dark-field image of
reflection 2, Photo (¢). These results indicate that
there exists an antiphase shift of ¢/2 (~0.2nm) at the
dark lines. The antiphase shift corresponds to the lat-
tice spacing of the second-order reflection of the c-
planes. The size of the large domains is seen to be
about 0.5um square.

In the dark-field images due to reflections 3 and -3,
Photos (d) and (e) respectively, the domains show net
contrast. The contrast is reversed between Photos (d)
and (e). That is, the dark domain R and the light one S
in Photo (d) are, respectively, light and dark in Photo
(e). This suggests that the domains R and S form
inversion domains.

Photographs (g) and (h) show CBED patterns taken
respectively from the domains R and S in Photo (d) at
the same incidence as that in Photo (f). Although the
symmetry is slightly imperfect, the CBED patterns
exhibit a mirror symmetry perpendicular to the ¢*-axis
but no mirror symmetry parallel to the c*-axis. The fig-
ures of the two reflection disks indicated by arrow-

(9)

heads are interchanged between Photos (g) and (h).
The two CBED patterns are related to each other by
inversion operation about the center of the bright-field
disk and/or by mirror operation parallel to the c*-axis.

These results indicate that the domains are inversion
domains, which have the positive and the negative
polarity, respectively. Close inspection of Photos (b),
(d) and (e) ascertained that the boundaries of the
inversion domains agree with the antiphase bound-
aries. Therefore, it became clear that the domains
found in the Al;Ni;Fe,; quasicrystal are inversion
domains with an antiphase shift of ¢/2. It is noted that
the polarity is perpendicular to the c-direction.

e

l 0.2nm (antiphase shift)

P B S = Sy Sy g S S

P R S =
i Domain boundary

Inversion domains with an antiphase shift

60kV
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Al Ni, Fe,, — HREM image —

Decagonal axis
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High-resolution image of Al,(Ni;sFe;s taken at an incidence parallel to the c-axis. The polarity of the pentagonal clusters
is opposite between areas A and B. Area C is the overlapping region of domains A and B
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The photograph on the opposite page shows a high-
resolution electron microscope (HREM) image taken
at an incidence parallel to the c-axis. The image of a
specific atom cluster with a diameter of about 2nm is
clearly seen as encircled in black. The cluster is com-
posed of a light dot at the center, a dark pentagon
around it as indicated by an arrowhead, ten dark dots
surrounding the pentagon separated by the light skele-
ton, and a dark ring around the skeleton. The distance
between each two neighbouring dark dots is approxi-
mately 0.4nm.

The basic cluster is polar or noncentrosymmetric
due to the existence of the dark pentagon. It should be
noted that all the clusters in domain A have the same
polarity and those in B the opposite one. CBED pat-
terns taken from domains A and B showed the oppo-
site polarity with the fivefold rotational symmetry.
This ascertains that those domains are inversion
domains. In the boundary region C, the clusters do not
show a clear dark pentagon but a circular shape. This
can be interpreted by the loss of clear polarity due to
the overlapping of the domains A and B in the direc-
tion of the depth of the specimen.
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Al NiFe,;

200kV
Decagonal axis

Single-domain

Multi-domains

Selected area diffraction patterns of Al,oNi;sFe;s from a single domain (a) showing pentagonal
symmetry and from multi-domains showing decagonal symmetry (b).
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Stereogram of a schematic decagonal diffraction pattern.

101



Al Ni, Fe,, — symmetry —

Selected area diffraction patterns of Al;Ni,Fe,,
taken at incidences parallel to the c-axis show no pen-
tagonal patterns but decagonal ones, as shown in
Photo (a). Diffuse streaks appearing at positions cor-
responding to 0.8/n nm in the c-direction are weaker
than those in Al;Ni;Fe,;, indicating a good quasi-peri-
odic array (Photos (b) and (c)). Reflection spots pre-
sumably due to additional incommensurate modula-
tions appear at positions Y corresponding to 0.8/n nm
(n : odd) in the c-direction (Photo (c¢)).

(a)



(b)

(c)

100kV

Photograph (a) shows a CBED pattern of an
Al;Ni,Fe,, alloy taken at an incidence parallel to the
decagonal axis. The pattern exhibits tenfold rotation
and mirror symmetry, the total symmetry being
10mm. CBED patterns taken at incidences perpendic-
ular to the c-axis show mirror symmetry perpendicular
to the c¢*-axis (Photos (b) and (¢)). Since the symme-
tries of these patterns have to be considered by pro-
jection approximation, possible point groups are
10 2 2 and 10/mmm. HOLZ reflections in Photo (d)
shows 2mm symmetry, indicating the existence of
mirror planes. These results indicate that the point
group of the alloy is centrosymmetric 10/mmm. Since
no absence rule of the reflections was found in
conventional diffraction patterns, the space group of
the Al,Ni,Fe,, alloy was determined to be P10/mmm.

As concerns the quality of CBED symmetry, this
alloy is the best among all the quasicrystals of
P10/mmm which we have ever examined.

Q2
SN

10/mmm

(d)
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Al,Ni,,, Fe,,, — phase transformation —

Figure (a) shows the results of the space group Decagonal axis 100KV
determination for all the alloys Al;Ni,,.Fe,, . investi-

gated. It is seen that the alloys in a range between
0<x<7 belong to the noncentrosymmetric P10m2 and
those between 7<x<10 to the centrosymmetric
P10/mmm. Therefore, these results show that a phase
change occurs at around 17 at.% of Ni. It has been
found for the first time that two different decagonal
quasicrystal phases exist in one alloy system.

Recent examination shows that there may exist a
long-term annealing effect. That is, a specimen of
Al Ni,Fe,, whose space group had been determined
as P10/mmm, was found to transform to have a space
group P10;/mmec after the lapse of one year. The latter
space group is obtained presumably by a more perfect (a)
mixing of the basic clusters with the positive and nega-
tive senses of polarity. If this is the case, the state of
Al;NiyFe,, with P10/mmm may be an intermediate or
transient state.

L ' LJ L) L] L] l L) L] L] L) ' L]
20 @ e
- ~
k * : (b)
| q
- P CBED patterns of decagonal quasicrystals
; 15 - 1 A|70Ni13Fe17 (a) and A|70Ni20Fe‘|0 (b) taken
s at incidences parallel to the decagonal
i %b i axis. The pattern (a) shows fivefold rota-
i 1 tion and mirror symmetry, 5m and the pat-
[ @ . PiOm2 OO ] tern (b) tenfold rotation and mirror sym-
i -O . P10/mmm metry, 10mm.
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10 15 20
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(a)

Changes in space groups of Al,Ni..Fe,., with composi-
tions of Ni and Fe.
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(b)

(e)
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Changes in size of inversion domains with the composition
of Ni. The size suddenly becomes very small when the Ni
composition exceeds 17 at.%.

Photograph (a) shows a dark-field image taken from
Al,Ni,;Fe,; at an incidence perpendicular to the c-axis
with the first order reflection of the c-planes (0.4nm).
The dark lines running nearly in the c-direction are
inversion domain boundaries with the antiphase shift.
The alloy is seen to have domains with a size of rough-
ly 100nm.

Photographs (b) to (e) show dark-field images
due to the same reflection, taken respectively from
Al Ni,;;Feyy; (b), Al,NiFe,, (¢), Al,NigFe, (d) and
Al NiyFe,, (e), their space group being centrosymmet-
ric P10/mmm. A number of narrow black and/or white
bands along the c-axis are seen due to inversion
domain boundaries with the antiphase shift. One may
expect that inversion domains disappear in the cen-
trosymmetric phase. However, many small-sized inver-
sion domains exist. The domain size of the alloys
belonging to the noncentrosymmetric phase was a few
hundred nm but that of the alloys belonging to the
centrosymmetric phase was only a few nm. A rapid
decrease of the size in the nanometer scale is seen
with the increasing composition of Ni in Photos (b) to
(e).

Figure shows a plot of the inversion domain size that
changes with the composition of Ni, where the size
suddenly becomes very small when the Ni composi-
tion exceeds 17 at. %.
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Photograph (a) shows a high-resolution image of
Al Ni;;Fe,; taken at an incidence parallel to the c-axis.
It elucidates the existence of a specific atom cluster
with a diameter of about 2nm. The cluster is com-
posed of a light dot at the center, a dark pentagon
around it as indicated by an arrowhead, ten dark dots
surrounding the pentagon separated by the light skele-
ton, and a dark ring around the skeleton. It should be
noted that the basic cluster is polar or noncentrosym-
metric, and all the clusters have one sense of polarity.

Photograph (b) shows a high-resolution image of
Al Niy Fe,, taken at the same incidence as Photo (a). It
should be noted that the same clusters as those in
Photo (a) exist. In this case, however, the clusters
with the positive and negative senses of polarity are
intermixed. It is noted that there exist clusters which
do not show clear dark pentagons. Clear pentagon
images should disappear if the clusters with one sense
are on top of the clusters with the other sense.

High-resolution images of the noncentrosymmetric decagonal quasicrystal Al,,Ni;sFe;s (a) and the centrosymmet-
ric decagonal quasicrystal Al;oNiyFe;, (b).
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Al-Cu-Co and Al-Co Alloys

Decagonal quasicrystals of melt-quenched
Al;,Cu,Coy, (=2, 4, 6, 8, 10 and 12), Als;Cu,Cos;_,
(x=15 and 20) and Al;Co,; were investigated by CBED
and transmission electron microscopy [a], [b]. It was
found that all the alloys belong to the noncentrosym-
metric space group P 10m2. Al,;Coy, is the first noncen-
trosymmetric binary quasicrystal.

Figure shows the electron-atom ratio (e/a) of
Al;Cu,Cos, and AlgCu,Coss, as a function of compo-
sition (at.%) of Cu. Tsai et al. [c] proposed a value of
e/a=1.75 for the formation of stable decagonal qua-
sicrystals on slow cooling. The alloys Al;Cu,Cos._,
with a value of e/a=1.75, Al;;,Cu,Coy (e/a=1.70),
Al;CusCoy (e/a=1.7<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>