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Foreword to the Sixth Edition

Standardizing the space-group tables has been a priority for
crystallographers since at least 1929. The 1935 publication of the
first set of such tables predated the founding of the International
Union of Crystallography (IUCr) by 12 years. That book was one
of the two volumes of Internationale Tabellen zur Bestimmung
von Kristallstrukturen (or International Tables for the Determi-
nation of Crystal Structures). It established conventions so
fundamental to the field that it is hard to imagine the confusion
they prevented.

Major revisions of the space-group tables were published by
the IUCr in 1952 (International Tables for X-ray Crystallography
Volume I: Symmetry Groups) and 1983 (International Tables
for Crystallography Volume A: Space-Group Symmetry). The
considerably revised fifth edition of Volume A was made avail-
able online in 2006 at http://it.iucr.org/ along with the other seven
volumes of the series as International Tables Online, which
features many links within and between the electronic versions
of the volumes. In 2011 the online series was complemented
by the addition of the Symmetry Database, which provides
more extensive symmetry information than do the volumes
themselves.

Over the decades the information about space-group
symmetry has been expanded so greatly that no single volume
can contain it all. Some information about group-subgroup
relationships was present in the 1935 volume but was left out
of the 1952 edition. That information, augmented by some
group-supergroup relationships, reappeared in the 1983 book. A
full treatment of the subject was published in 2004 as the new
Volume Al: Symmetry Relations Between Space Groups. The
ability to follow electronic links back and forth between the
online versions of Volumes A and Al makes their combination
very powerful.

In 2002 the new Volume E, Subperiodic Groups, was
published. It contains the tables for the space groups of two-
dimensional patterns that are periodic in only one dimension (the
frieze groups) and three-dimensional patterns that are periodic in
only one dimension (the rod groups) or two dimensions (the layer
groups). The distinction between the 80 layer groups and the 17
plane groups is important. The latter had been included since
1952 along with the 230 space groups because the plane groups
are so useful for teaching; they do not, however, allow for layer
thickness. Layer groups may have more symmetry elements than
are allowed for a plane group, i.e. inversion centers, a mirror
plane within the layer, and 2 and 2, axes within the layer.

The new Volume C: Mathematical, Physical and Chemical
Tables appeared in 1992 as a successor to Volume II of Inter-
nationale Tabellen zur Bestimmung von Kristallstrukturen, which
had grown to Volumes II-1V of the series International Tables for
X-ray Crystallography; Volume C includes a section on the
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symmetry descriptions of commensurately and incommensu-
rately modulated structures. Since then, that field has grown so
much that the material is currently being expanded and relocated
to the next edition of Volume B, Reciprocal Space.

Symmetry descriptions of magnetic structures are still under
development. The number of magnetic groups is so large that any
volume of International Tables listing them will have to be elec-
tronic only. In 2014, as an interim step, the IUCr published an
e-book by D. B. Litvin (Magnetic Group Tables) that is available
for downloading from the IUCr website at http://www.iucr.org/
publ/978-0-9553602-2-0.

Because Volume A is usually the first volume of International
Tables encountered by non-experts, an important aim of this
edition has been to make its contents more accessible. The text
sections have been completely reorganized and new introductory
chapters have been written by authors experienced in teaching
crystallography at all levels. Many explanatory examples have
been added, and the terms and symbols used have been made
consistent throughout. Diagrams for the cubic space groups
have been redrawn so that they are easier to comprehend and
axis labels have been added for the orthorhombic groups.
Introductions to the topics covered in Volumes A1l and E, as well
as to magnetic symmetry, have been added.

Volume A continues to evolve; this new edition, the sixth, is a
major revision intended to meet the needs of scientists in the
Electronic Age: users of the online version will also have access
to the Symmetry Database, which is under continuous develop-
ment and contains far more data than can be presented in print.
The database can be used to calculate, among other things, the
symmetry operations and Wyckoff positions for nonstandard
settings in order to facilitate the tracking of symmetry relation-
ships through a series of phase transitions or chemical substitu-
tions.

We are all greatly indebted to Mois Aroyo, the Editor of this
edition, for having had the vision for this revision of Volume A
and for then having seen the project through. Getting experts to
write for a wide group of readers and to agree on consistent
terminology required erudition, tact and patience, all of which
Mois has displayed in abundance.

Those who have been involved with this sixth edition are also
indebted to all the crystallographers who contributed to previous
editions. Two of the longtime architects of Volumes A and Al,
Theo Hahn and Hans Wondratschek, recently passed on, but
not before making very significant contributions towards the
preparation of this new edition. It is an honor to acknowledge
their many contributions.

CAROLYN PratT BrOCK
Editor-in-Chief, International Tables for Crystallography



Preface

Like its predecessors, this new sixth edition of International
Tables for Crystallography, Volume A (referred to as ITA 6)
treats the symmetries of two- and three-dimensional space groups
and point groups in direct space. It is the reference work for
crystal symmetry and provides standard symmetry data which are
indispensable for any crystallographic or structural study. The
text and data in /TA 6 fall into three main parts: Part 1 serves as a
didactic introduction to space-group symmetry; Part 2 contains
the authoritative tabulations of plane and space groups, and a
guide to the tabulated data; and Part 3 features articles on more
specialized, advanced topics.

Apart from new topics and developments, this sixth edition
includes important modifications of the contents and of the
arrangement of the text and the tabulated material of the
previous (fifth) edition (ITA 5). The most salient feature of this
edition is the introductory material in Part 1, which offers a
homogeneous text of educational and teaching nature explaining
the different kinds of symmetry information found in the tables.
Although the first part is designed to provide a didactic intro-
duction to symmetry in crystallography, suitable for advanced
undergraduate and postgraduate students and for researchers
from other fields, it is not meant to serve as an elementary
textbook: readers are expected to have a basic understanding of
the subject. The following aspects of symmetry theory are dealt
with in Part 1:

Chapter 1.1 (Souvignier) offers a general introduction to group
theory, which provides the mathematical background for
considering symmetry properties. Starting from basic principles,
those properties of groups are discussed that are of particular
interest in crystallography. Essential topics like group—subgroup
relationships, homomorphism and isomorphism, group actions
and Wyckoff positions, conjugacy and equivalence relations or
group normalizers are treated in detail and illustrated by crys-
tallographic examples.

Chapter 1.2 (Wondratschek and Aroyo) deals with the types of
crystallographic symmetry operations and the application of the
matrix formalism in their description. The procedure for the
geometric interpretation of a matrix—column pair of a symmetry
operation is thoroughly explained and demonstrated by several
instructive examples. The last section of the chapter provides a
detailed discussion of the key concepts of a symmetry element
and its constituents, a geometric element and an element set.

Chapter 1.3 (Souvignier) presents an introduction to the
structure and classification of crystallographic space groups.
Fundamental concepts related to translation lattices, such as the
metric tensor, the unit cell and the distinction into primitive and
centred lattices are rigorously defined. The action of point groups
on translation lattices and the interplay between point groups
and lattices is discussed in detail and, in particular, the distinction
between symmorphic and non-symmorphic groups is explained.
The final part of this chapter deals with various classification
schemes of crystallographic space groups, including the classifi-
cation into space-group types, geometric crystal classes and
Bravais types of lattices.
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Chapter 1.4 (Souvignier, Wondratschek, Aroyo, Chapuis and
Glazer) handles various crystallographic terms used for the
presentation of the symmetry data in the space-group tables. It
starts with a detailed introduction to Hermann—-Mauguin symbols
for space, plane and crystallographic point groups, and to their
Schoenflies symbols. A description is given of the symbols used
for symmetry operations, and of their listings in the general-
position and in the symmetry-operations blocks of the space-
group tables. The Seitz notation for symmetry operations
adopted by the Commission on Crystallographic Nomenclature
as the standard convention for Seitz symbolism of the Interna-
tional Union of Crystallography [Glazer et al. (2014). Acta Cryst.
A70, 300-302] is described and the Seitz symbols for the plane-
and space-group symmetry operations are tabulated. The so-
called additional symmetry operations of space groups resulting
from the combination of the generating symmetry operations
with lattice translations are introduced and illustrated. The
classification of points in direct space into general and special
Wyckoff positions, and the study of their site-symmetry groups
and Wyckoff multiplicities are presented in detail. The final
sections of the chapter offer a helpful introduction to two-
dimensional sections and projections of space groups and their
symmetry properties.

Chapter 1.5 (Wondratschek, Aroyo, Souvignier and Chapuis)
introduces the mathematical tools necessary for performing
coordinate transformations. The transformations of crystal-
lographic data (point coordinates, space-group symmetry
operations, metric tensors of direct and reciprocal space, indices
of reflection conditions etc.) under a change of origin or a change
of the basis are discussed and demonstrated by examples. More
than 40 different types of coordinate-system transformations
representing the most frequently encountered cases are listed
and illustrated. Finally, synoptic tables of the space and plane
groups show a large selection of alternative settings and their
Hermann-Mauguin symbols covering most practical cases. It is
worth pointing out that, in contrast to ITA 5, the extended
Hermann-Mauguin symbols shown in the synoptic tables follow
their original definition according to which the characters of
the symbols indicate symmetry operations, and not symmetry
elements.

Chapter 1.6 (Shmueli, Flack and Spence) offers a detailed
presentation of methods of determining the symmetry of single-
domain crystals from diffraction data, followed by a brief
discussion of intensity statistics and their application to real
intensity data from a P1 crystal structure. The theoretical back-
ground for the derivation of the possible general reflections is
introduced along with a brief discussion of special reflection
conditions. An extensive tabulation of general reflection condi-
tions and possible space groups is presented. The chapter
concludes with a description and illustration of symmetry deter-
mination based on electron-diffraction methods, principally using
convergent-beam electron diffraction.

Chapter 1.7 (Wondratschek, Miiller, Litvin and Kopsky) gives
a short outline of the content of International Tables for Crys-
tallography Volume Al, which is devoted to symmetry relations
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between space groups, and also of the content of International
Tables for Crystallography Volume E, in which two- and three-
dimensional subperiodic groups are treated. The chapter starts
with a brief introduction to the different kinds of maximal
subgroups and minimal supergroups of space groups. The rela-
tions between the Wyckoff positions for group-subgroup-
related space groups and their crystallographic applications are
discussed. Illustrative examples of the application of the rela-
tionship between a crystal space group and the subperiodic-group
symmetry of planes that transect the crystal in the determination
of the layer-group symmetry of such planes and of domain walls
are also given.

The essential data in Volume A are the diagrams and tables of
the 17 types of plane groups and of the 230 types of space groups
shown in Chapters 2.2 and 2.3 of Part 2. For each group type the
following symmetry data are presented: a headline block with the
relevant group symbols; diagrams of the symmetry elements and
of the general positions; specifications of the origin and of the
asymmetric unit; symmetry operations; generators; general and
special Wyckoff positions with multiplicities, site symmetries,
coordinate triplets and reflection conditions; and symmetries of
special projections (for the space-group types). Compared to the
tabulated symmetry data in ITA 5, two important differences are
to be noted:

(i) The subgroups and supergroups of the space groups were
listed as part of the space-group tables in the first to fifth
editions of Volume A (from 1983 to 2005), but the listing was
incomplete and lacked additional information on any basis
transformations and origin shifts that may be involved. A
complete listing of all maximal subgroups and minimal
supergroups of all plane and space groups is now given in
Volume A1 of International Tables for Crystallography, and
to avoid repetition of the data tabulated there, the maximal-
subgroup and minimal-supergroup data are omitted from the
plane-group and space-group tables of ITA 6.

(ii) To improve the visualization and to aid interpretation of the
complicated general-position diagrams of the cubic space
groups, the stereodiagrams that were used for them in the
previous editions of Volume A have been replaced by
orthogonal-projection diagrams of the type given in Inter-
nationale Tabellen zur Bestimmung von Kristallstrukturen
(1935). In the new diagrams the points of the general position
are shown as vertices of transparent polyhedra whose origins
are chosen at special points of highest site symmetry. To
provide a clearer three-dimensional style overview of the
arrangements of the polyhedra, additional general-position
diagrams in perspective projection are shown for each of the
ten space groups of the m3m crystal class, and are included in
a new four-page arrangement of the data for each of these
space groups. The general-position diagrams of the cubic
groups in both orthogonal and perspective projections were
generated using the program VESTA [Momma & Izumi
(2011). J. Appl. Cryst. 44, 1272-1276].

There are further modifications of the symmetry data in the
space-group tables, some of which deserve special mention:

(iii) To simplify the use of the symmetry-element diagrams for
the three different projections of the orthorhombic space
groups, the corresponding origins and basis vectors are
explicitly labelled, as in the tables of the monoclinic space
groups.

(iv) Modifications to the tabulated data and diagrams of the
seven trigonal space groups of the rhombohedral lattice
system (the so-called rhombohedral space groups) include:
(a) changes in the sequence of coordinate triplets of some
special Wyckoff positions of five rhombohedral groups
[namely R3 (148): Wyckoff positions 3d and 3e; R32 (155): 3d
and 3e; R3m (160): 3b; R3m (166): 3d, 3e and 6h; R3¢ (167):
6d] in the rhombohedral-axes settings in order to achieve
correspondence between the sequences of coordinate
triplets of the rhombohedral and hexagonal descriptions; (b)
labelling of the basis vectors (cell edges) of the primitive
rhombohedral cell in the general-position diagrams of the
rhombohedral-axes setting descriptions of all rhombohedral
space groups.

The diagrams and tables of the plane and space groups in Part
2 are preceded by a guide to their use, which includes lists of the
symbols and terms used in them. In general, this guide (Chapter
2.1) follows the presentation of the material in /TA 5 but with
several important exceptions related to the modifications of the
content and the rearrangement of the material as discussed
above. The improvements include new sections on: (i) symmetry
elements (Hahn and Aroyo), explaining the important modifi-
cations of the tables of symbols of symmetry elements; (ii)
Patterson symmetry (Flack), with tables of Patterson symmetries
and symmetries of Patterson functions for all space and plane
groups; and (iii) the general-position diagrams of the cubic
groups (Momma and Aroyo). An extended section on the
computer preparation of ITA 6 (Konstantinov and Momma)
discusses the specific features of the computer programs and
layout macros applied in the preparation of the set of diagrams
and tables for this new edition.

Advanced and more specialized topics on space-group
symmetry are treated in Part 3 of the volume. Most of the articles
are substantially revised, upgraded and extended with respect to
the versions in /TA 5. The major changes can be briefly described
as follows:

In Chapter 3.1 on crystal lattices and their properties, the
discussion of the Delaunay reduction procedure and the resulting
classification of lattices into 24 Delaunay sorts (‘Symmetrische
Sorten’) by Burzlaff and Zimmermann is supplemented by i